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Experimental and numerical investigations were conducted to study the effect of unsteady mass transfer on the dynamics
of an organic droplet released in quiescent water. The situation is important and relevant to deep sea oil spill scenario.
The droplet contains two components, one is heavier (immiscible) than water and other is lighter (miscible). When
released, with an initial mixture density (890–975 kg/m3) lower than that of surrounding water, droplet rises in the col-
umn. The mass transfer of lighter solute component into water causes the droplet density to increase and droplet sinks
when the density exceeds that of water. A mass-transfer correlation accounting for the loss of the solute, based on Reyn-
olds, Grashoff, and Schmidt numbers was developed. A two-dimensional axisymmetric Computational Fluid Dynamics
(CFD) model accounting for species transport was developed to emulate the experimental observations. The study also
helped in identifying dominant mass-transfer mechanisms during different stages of droplet motion. VC 2014 American
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Introduction

Liquid droplets form the most fundamental entity in
many physical systems of industrial importance. The
occurrence of mass transfer to and from droplets driven by
buoyancy can be found in applications such as liquid–liq-
uid extraction, and during the environmental hazards such
as deep water oil spills. The oil droplets entering the oce-
anic environment during an accidental release contain
plethora of hydrocarbons, many of which are soluble in the
ambient water. As reported by Yvon et al.,1 there exists a
strong evidence that in case of deep oil spills many readily
soluble species fail to reach the surface. So, accounting for
mass transfer of hydrocarbons is important in such
situations.

Droplets are often referred to as a dispersed phase, which
travel in an immiscible or partially miscible medium, the
continuous phase. Studying fluid dynamics pertaining to a
droplet becomes important as the predicted flow patterns can
potentially offer help in explaining the factors which influ-
ence the overall mass-transfer process in the system. Sound
understanding of fluid dynamics and thereby mass transfer in

a single droplet can serve in estimating total mass transfer in
a system with a swarm of droplets.

The motion of an immiscible droplet traveling in the stag-
nant medium draws a special interest due to the complex
dynamics associated with it. Unlike rigid particle, the fluid
droplet bears a deformable interface which allows for the
exchange of momentum with the surrounding medium as it
moves in the continuous phase. The shear at interface leads to
the development of internal circulations, the strength of which
depends on factors such as the viscosity ratio between the dis-
persed and continuous phase, the degree of contamination and
so on.2–4 The mass transfer occurs when concentration gra-
dients exist in a medium; solute being transported from a
region of higher to lower concentration. The interfacial mass
transfer depends on the flow patterns inside as well as outside
the droplet. The local diffusivities and advective currents con-
trol the movement of the solute in the system. Depending on
the diffusivities of solute in dispersed (Di;d) and continuous
(Di;c) phase, the mass-transfer rate is said to be controlled by
dispersed phase when Di;c � Di;d. Resistance to mass transfer
lies in continuous phase when Di;d � Di;c and finally problem
is referred to as conjugate problem when Di;c � Di;d. The
subscript “i” represents the solute, “c” and “d” represent the
solvents that comprise continuous and dispersed phases,
respectively.

Many theoretical,5–7 experimental,8–11 and numerical12,13

investigations have been carried out to gain good
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understanding of mass-transfer process occurring to and
from a moving single droplet. Skelland and Wellek14 experi-
mentally studied the mass-transfer process for solute, moving
into falling oscillating and nonoscillating droplets, consider-
ing the resistance to mass transfer to lie in dispersed phase.
Garner et al.15 examined the importance of circulations
inside the droplet and measured mass-transfer coefficients in
systems with droplets in which circulations were significant.
To ensure this, they used systems with very low interfacial
tensions. They found that mass transfer for stagnant droplet
could be correlated with Re

1
2Sc

1
3, whereas for circulating

droplets it was Re
1
2Sc

1
2.

The theoretical work for mass transfer has been carried
out for creeping and potential flow2,16 conditions for
which the analytical solutions are available. For compli-
cated flow profiles, numerical methods are preferred which
are based on obtaining solutions to Navier–Stokes equa-
tion and species convection–diffusion equation. Apart
from concentration gradients, the effective mass-transfer
rate also depends on the interfacial area available for the
solute transport. Hence, for a successful modeling of
mass-transfer process by numerical means, it is essential
to correctly resolve transient evolution of the interface
under prevailing conditions. Many methods have been
used by authors to capture interface in a multiphase sys-
tem viz. Volume of fluid (VOF) method,17 Marker and
cell method,18 Front Tracking Method,19 Level Set
Method,20 and so on.

Deshpande and Zimmerman13 used level set method to
track the motion of buoyancy driven droplet and carried out
mass-transfer simulation by solving concentration convec-
tion–diffusion equation and governing equations of level set
scheme separately, that is, the mass transport equation was
solved using the velocity field obtained from flow equations.
The mass-transfer coefficients obtained from the simulation
were found to be of same order of magnitude with those
evaluated using empirical correlations. Wang et al.21 also
used level set method for capturing interface but solved the
flow and species equations simultaneously in a moving refer-
ence frame with respect to droplet. The results from numeri-
cal model were found to agree well with their experimental
data.

Mass transfer from deformable droplets to continuous
phase was studied by Petera and Weatherley,22 in which a
falling droplet was modeled using modified Lagrange–Galer-
kin finite element method. They adopted the remeshing algo-
rithm to maintain a fine density of mesh near the interface of
the droplet. In a more recent work, Marschall et al.23 demon-
strated implementation of mass transfer using finite volume
method employing continuous species transport method to
account for concentration jump at the interface. This model
was built on lines of continuum surface force (CSF) model
suggested by Brackbill et al.24 A pseudo-VOF method was
used for interface capturing.

In another interesting work, Adekojo Waheed et al.25 have
discussed the significance of combined forced and free con-
vection for the mass transfer at lower Re for a conjugate
problem. From their numerical simulations which were based
on finite element formulation, they were able to reaffirm the
fact that the mass transfer is highly dependent on flow condi-
tions. Paschedag et al.,26 in their work, identified set of
parameters viz. Re, Pe, l�, and D� which dictate the mass
transfer and carried out study on sensitivity of these parame-
ters on Sh.

Outline

During the “Deepwater Horizon” accident in the deep
sea in 2010, about 4.9 million barrels of oil27 was released
(point of release was at the depth of around 5000 feet)
into the Gulf of Mexico, making the spill one of the worst
subsurface spills in recent times. Unlike with surface
spills, in deep water spills, the droplets generated by the
shear interaction between the oil emanating from oil well
and surrounding ocean water, spend larger amount of time
in the water column. The introduction of these alien
hydrocarbons in the marine environment can be detrimen-
tal to the existence of the aquatic life. The complex mech-
anisms that occur in the deep water oil spill where the
dissolved lighter hydrocarbons in the oil are eventually
transferred to the sea water, is one of the motivations for
this study. In this study, we focus on the mass transfer,
however, in reality many other coupled mechanisms such
as gas release with decreasing hydrostatic head, surfactant
effects on mass transfer and interaction with suspended
marine particulate matter that may result in eventual sink-
ing of droplet, are all important.28 The oil droplets can be
assumed as a pseudo binary mixture,29 the first component
includes all lighter hydrocarbons which are soluble in the
surrounding water and the second component represents all
heavier hydrocarbons practically insoluble in water. In this
study, we have substituted the actual oil droplet with a
binary organic mixture containing soluble and insoluble
components.

In this work, we have investigated the effect of transient
mass transfer on the dynamics of an organic droplet traveling
in the quiescent water column, experimentally as well as
numerically. Most of the researchers have studied mass
transfer in a system where the droplet either ascends or
descends in the continuous medium. However, in this experi-
ment, it was observed that, with occurrence of mass transfer
the droplet ascended in the water column initially, became
stationary and then descended. This provided us an opportu-
nity to explore different mechanisms which dictate the mass
transfer of solute at various stages of the droplet motion. A
mass-transfer correlation capable of accounting for the
observed mass transfer was also developed by proposing a
model based on first principles. A two-dimensional (2-D)
axisymmetric numerical model based on the finite volume
method which used VOF17 with an interface reconstruction
technique based on Piecewise Linear Interface Calculation
(PLIC) representation for tracking the water-organic droplet
interface was developed to gain insight on the changing flow
patterns in the droplet as it encountered deceleration and
acceleration during its motion.

The organic droplet consists of two components; a lighter
soluble component, acetonitrile which has a density less
than that of water and a heavier component, chlorobenzene,
which is immiscible in water. The droplet released into the
water column initially rises due to the buoyancy available
to it. Due to the existing concentration gradient, acetonitrile
is transferred from the droplet phase to the continuous
phase, causing its density to increase over a period of time.
The droplet starts decelerating and reaches a stationary
stage when its effective density becomes equal to that of
the surrounding water. Further loss in acetonitrile allows
the droplet to sink in the column. A typical trajectory
assumed by a droplet in the experiment is shown in
Figure 1.

AIChE Journal January 2015 Vol. 61, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 343



It is essential to note that due to continuous mass transfer
of solute, the droplet never attains a terminal velocity; it
either finds itself under acceleration or deceleration. Figure
2b shows the forces acting on the droplet in ascent and
descent stages. The mass transfer of acetonitrile begins at
the instant when the organic phase comes in contact with
water. The loss of acetonitrile occurs during:

� Droplet formation
� Ascent stage
� Stationary stage
� Decent stage

The mass transfer occuring during the droplet formation
depends on the rate at which it is introduced; which influ-
ences the flow patterns developing inside the droplet.11 The
slow formation of droplet eliminates the generation of inter-

nal circulations and the mass transfer can be described by
means of diffusion. A fast formation rate causes generation
of convection currents inside the droplet phase which
enhances mass transfer. Several authors have reported that
generated currents bring about enhancement of mass-
transfer process.30–33 The mass-transfer coefficients are
highest at the intial stages of droplet formation30 when cir-
culations are vigourous and decay significantly with time
when the circulations dampen out or die completely. Hum-
phrey et al.11 suggested a parameter called circulation num-
ber Ci given by

Ci5We � Re (1)

to depict the transition of flow patterns from circulating to
stagnate pattern during the evolution of the droplet. Ci has
highest value in the initial stages of formation and reaches a
minimum value at the time of detachment. In the present
study, the time taken for droplet formation was less than
10% of the total time spent by the droplet in the water col-
umn. This work does not focus on the mass transfer occuring
during the droplet formation rather it explores the unsteady
mass transfer that occurs after the droplet pinch off. Thus,
the actual droplet formation and allied mass-transfer process
was not included in the numerical model. However, the loss
of the solute, acetonitrile, was accounted for by estimating
the composition of droplet at the time of pinch off through
an optimization procedure described in later sections.

The article is organized as follows. The next section
describes the experimental setup and the methodology. This
is followed by a section that contains a brief discussion on
the numerical model developed to emulate the experimental
observations. It covers the governing equations followed by
a section depicting the implementation of the mass-transfer
process in the model. Next, we describe the procedure fol-
lowed to obtain a mass-transfer correlation capable of
describing the mass lost during the motion of droplet in the
water column. In later sections, we have highlighted the role
of natural convection in controlling mass transfer when drop-
let becomes stationary. It is followed by a discussion on key
observations from the experiment and the results obtained
from the numerical model.

Figure 1. The droplet motion in water column I to III
represents ascent stage, III corresponds to
stationary stage, III to V marks the descent
stage.

Figure 2. (a) Schematic representation of experimental setup (1) glass tank with stagnant water, (2) borosilicate
nozzle, (3) syringe pump, (4) illumination system, and (5) high speed camera. (b) Body forces acting on
the droplet during ascent and descent stages.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Experimental

The dispersed phase, composed of a mixture of acetoni-
trile and chlorobenzene with former being a solute, travels in
the continuous phase, water (free of acetonitrile). The com-
position of solute in dispersed phase ensures that the emerg-
ing droplet is buoyant than the surrounding medium. The
solute transfer from dispersed phase to continuous phase
occurs under existing concentration gradients. Acetonitrile
(95%) supplied by Sigma Aldrich

VR

and 99% chlorobenzene
from Alfa Aesar

VR

were used in the experiment. The proper-
ties of these materials can be found in Table 1. The experi-
mental setup consists of a vertical rectangular column made
of glass, with dimensions 50360 340 cm3, filled with
water. The assembly of all major components has been
shown in Figure 2a. The dispersed phase was released into
the stagnant pool of water through nozzle made up of borosi-
licate glass, with the help of a high precision syringe pump.
A long PTFE (teflon) tube was used to connect the syringe
mounted on syringe pump and the well machined nozzle
having an internal diameter (ID) of 2 mm. The outer wall of
the nozzle was passivated to reduce the wettability by
organic mixture and thereby it allowed for the smooth and
efficient evolution of the droplet. The dimension of the tank
was far greater than that of droplet which ensured that the
effect of the walls on the dynamics of droplets was minimal.

The organic droplet consists of a miscible component
(acetonitrile) and an immiscible component (chlorobenzene).
When it is released in tank containing water, with an initial
mixture density less than that of the surrounding medium, it
rises in the column. The mass transfer of lighter solute com-
ponent from dispersed phase to the continuous phase causes
the density of droplet to increase gradually, which causes
droplet to decelerate, reach a stationary state and eventually
sink when its density exceeds that of water. The dispersed
phase was introduced at a very small flow rate. To ensure
that only a single droplet was released at a time, the pump
was switched off as soon as the droplet detached from the
nozzle. Four sets of experiments were conducted for droplets
with various initial mixture densities; the details have been
provided in Table 2. Before each run, the tank was scrupu-
lously cleaned and the water was replaced.

The images of droplets were captured using a high speed cam-
era, Canon

VR

EX-ZR200, capable of capturing multiple images at
the shutter speed of 1/1000 s at 30 frames per second. The system
was illuminated using 60 W fluorescent lamps kept at the corners
of the tank. A background sheet was placed to improve the qual-
ity of images. The processing of images was done by subtracting

the background and converting it into a binary image using a
threshold feature available in ImageJ

VR

. The densities of the con-
tinuous and dispersed phases were measured at the beginning of
each run. The diameter of the organic droplet was estimated from
the sequence of images taken near the tip of the nozzle, at the
time when the droplet was about to pinch off from the nozzle.
The measurements were done for 20 droplets and the average
value was calculated. The trajectory data of the droplet were
extracted using the high definition video captured from the cam-
era. A graduated measuring scale was part of the experimental
setup and during image processing the number of pixels for a
known distance was determined and this was used for evaluating
the droplet size and its position.

Numerical Model

In this section, we present the numerical model which
accounts for the mass-transfer process and thereby predicts
the trajectory of the droplet observed in the experiment. The
model was built within an Eulerian framework using commer-
cially available finite volume CFD code, ANSYS Fluent

VR

. It
was observed in the experiment that motion of droplet during
ascent and descent stages, was rectilinear and the deviation of
the droplet from the plane of nozzle was negligible. These
observations substantiate the fact that in the present case, lift
forces in the present case are negligible. So, in order to save
on the computational effort, in this study, we have considered
the flow around the droplet to be axisymmetric. The other
assumptions that go into the model are:
� The fluids are Newtonian, incompressible, and viscous.
� Isothermal conditions prevail.
� Mass transfer has no effect on the properties of the

system.
� The interfacial tension is assumed to be constant and

the influence of the solute mass transfer on interfacial
tension has not been considered. No surface active
agents are present in the present experiments.

Governing equations

The continuity and momentum equations under axisym-
metric assumption can be written as
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where r � v!5 @vz

@z 1 @vr

@r 1 vr

r
Equations 2 and 3 represent the z and r component

momentum equations, respectively. F accounts for the body

Table 1. Physical Properties @ 25 �C of the Materials Used

Density
(kg/m3)

Viscosity
(kg/m s)

Dispersed Phase
Acetonitrile 791 0:000343
Chlorobenzene 1104 0:00073

Continuous Phase
Water 999:5 0:001

Properties
Interfacial Tension (mN/m) 36
Dispersed phase Diffusivity
Di;d (m2/s)

1:1431029

Continuous phase diffusivity
Di;c (m2/s)

1:4331029
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forces; in current case, it refers to volumetric force due to
interfacial tension, which is calculated according CSF
model24 given by

F5r
qcra
hqi (4)

where r is surface tension coefficient, c is local surface cur-
vature given by

c5r � n̂ (5a)

with n̂ being unit surface normal vector which can be writ-
ten in terms of volume fraction function as

n̂5
ra
jraj (5b)

The accuracy of the volumetric interfacial tension force
described by Eq. 4 depends on the proper evaluation of the cur-
vature. In this study, we have used the VOF gradients directly
from the nodes which are conjugated with node-based smooth-
ing of VOF field for accurate evaluation of the curvature.

In present study, VOF method17 has been used to capture
interface between the continuous phase and the dispersed
phase. The interface is constructed using piecewise linear
(PLIC) approach suggested by Young.34 VOF is advantageous
over other methods for they are relatively simple, robust,
accurate, and account for substantial topological changes in
the interface.35 The VOF method defines a single momentum
equation (Eqs. 3a and 3b) which is shared by both phases. It
is solved along with the continuity equation (Eq. 2) to yield
the velocity field. The method is naturally conservative, has a
fast convergence and a reasonable accuracy.36 The VOF
method works on a fixed grid and the position of interface is
determined by the solution of a scalar balance equation for
the volume fraction a of dispersed phase. For qth phase

@aq

@t
1r � v!aq

� �
5

S

qq

(6)

a50 in continuous phase and a51 in dispersed phase. The
smeared region with a taking values between 0 and 1 repre-
sents the interface. The term on the R.H.S accounts for the
change in the interface position due to the mass transfer. “S”
is the volumetric mass-transfer rate which represents
exchange of mass (solute) between the dispersed and the
continuous phase.

The convective transport of solute in the stagnant systems
depends on flow fields generated by buoyancy of droplet
which is attributed to the density difference between two
phases. The evolution of concentration fields of acetonitrile
in the continuous and dispersed phases is tracked by includ-
ing species transport equation. In computational cells where
interface is located, following species transport equation is
applicable

@ci

@t
1 v! � rci52Dij r2ci1S (7)

ci is the concentration of the acetonitrile (represented by
subscript “i”) and Dij represents the molecular diffusivity in
corresponding phases(denoted by subscript “j”). The convec-
tive term in Eq. 7 is evaluated using the velocity field
obtained after solving the continuity and momentum equa-
tions. It is important to note that “S” is invoked in the cells
through which the interface passes. “S” takes a value of 0 in
rest of the domain.

Implementation of mass transfer in ANSYS FluentV
R

The mass transfer has been facilitated in the model using
user-defined functions feature in Fluent

VR

. In ANSYS Fluent
VR

mass transfer between the phases is achieved by specifying
the volumetric mass-transfer rate at which solute needs to be
transferred from dispersed to continuous phase. To imple-
ment this, one of the foremost steps is to identify the cells
that constitute the interface (0 < a < 1Þ. In finite volume
method, it is essential to specify a source term in volumetric
sense and a volumetric mass-transfer rate is specified in
these cells

S5
klAdðci;d2ci;cÞ

Vi
(8)

S represents the volumetric mass rate (kg/m3s), which
depends on the instantaneous mass transfer coefficient kl,
surface area of droplet Ad, and the concentration difference
of acetonitrile between the dispersed phase and the continu-
ous phase. Vi is the total volume occupied by the dispersed
phase in the computational cells through which the inter-
face passes. In this study, the effect of compositional
changes on kl has been taken into consideration. The value
of kl depends on Re of droplet. More details on estimation
of kl has been described later in this article. During each
iteration, average concentration of acetonitrile is computed.
Using the value of kl, S can be evaluated from Eq. 8 and
is applied at the computational cells through which the
interface passes.

Numerical methods and simulation setup

The transient simulation was carried out using the explicit
scheme. The explicit scheme is advantageous as it renders a
clear, crisp interface without numerical diffusion. The pres-
sure velocity coupling was established using pressure-
implicit with the splitting of operators algorithm. The spatial
discretization used in momentum equation was the second-
order upwind differencing scheme. The calculation of gra-
dients was based on the Green–Gauss Cell-Based method.
Pressure staggering option scheme was used for pressure
interpolation. The geometric reconstruction scheme was used
for constructing interfaces in the cells where a varied
between 0 and 1 (representing interface).

Table 2. Details of the Droplets Found in the Experiment

Experiment #
Initial Mixture Density
(Experiment) (kg/m3)

Droplet Diameter
(mm)

Time for Droplet
Formation (s)

Mass Fraction of Acetoni-
trile at Time Off Pinch Off

from Model (x0)

1 890 3.30 0.50 0.48
2 920 4.10 0.77 0.39
3 950 4.65 0.95 0.34
4 975 4.90 1.00 0.32
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The computational domain consists of a small section
X5½ x; yð Þ : 0 � x � 60R; 0 � y � 15R	, where R refers to the
radius of the droplet. The 2-D axisymmetric computational
domain (shaded region in Figure 3) and the boundary condi-
tions used in the simulation are depicted in Figure 3. The
wall boundary condition imposes no slip (both components
of velocities are zero) at the lower face of the computational
domain

vr; vz50; ci50 (9a)

The assumption of axisymmetry implies that there are no
circumferential gradients in the flow. Thus

vh50;
@vr

@h
50;

@vz

@h
50 and

@ci

@h
50 (9b)

At the boundary of computational domain, symmetric
boundary conditions (terminology used in ANSYS Fluent

VR

)
are imposed, which ensures that at the normal component of

velocities is zero and the normal gradients of all other quan-
tities are zero

vr50;
dci

dr
50 (9c)

At the top surface, pressure outlet boundary condition is
applied which implies

@vr

@z
50;

dci

dz
50 (9d)

ANSYS ICEM
VR

was used to build the mesh containing
quadrilateral elements over the domain. The mesh dependency
test was performed with meshes containing 40,000, 72,000,
and 81,600 elements. The mesh was finer in the region near to
the axis where droplet motion is expected. The grid resolution
results are shown in Figure 4 and Table 3. The variation in
results with grid resolution 1:8531024 and 1:6531024 was
under 3% and the former mesh resolution was used for per-
forming simulations. The time stepping was chosen to keep
the global Courant number less than 0.25. The simulation was
carried out on eight processors using a supercomputing facility
at HPC, in LSU.

Estimation of Mass-Transfer Coefficient

When the droplet is in motion, the convection currents
around the droplet affect the mass-transfer rate. The mecha-
nisms of mass transfer at various stages of droplet motion
are summarized in Table 4. As shown in Figure 1, forced
convection dominates the mass-transfer process in the
regions between I to II and IV and V. Mass-transfer process
occurs by a combined mechanism in the regions II to III and
III to IV, when both forced and natural convection control
mass transfer. When droplet comes to rest (region III), mass-
transfer process is attributed to diffusion and natural convec-
tion. More details on this have been provided in the later
sections of this article.

Mass-transfer correlation has been developed using a
model based on first principles described in Appendix. The
chief assumptions that go into the model are:
� Droplet remains spherical.
� The droplet follows a rectilinear path.

Figure 3. Computational domain and boundary condi-
tions for 2-D axisymmetric simulation.

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

available at wileyonlinelibrary.com.]

Figure 4. Mesh dependency test; initial droplet density
970 kg/m3.
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Both the assumptions have been found to be valid in our
experimental observations. The mass-transfer correlation has
a form represented by Eq. 10 for the most part of ascent and
descent stage when forced convection is significant and influ-
ences overall mass transfer. Equation 11 is valid when drop-
let passes through the stationary stage

Sh5A1G RehSci (10)

Sh5A1B GrcScd1D ReeScf (11)

The first term on right-hand side represents the diffusion
term which has a numerical value of 2, a limiting value sug-
gested by Langmuir37 when no fluid motion exists. The sec-
ond term involving Re accounts for the contribution of
forced convection on mass transfer. The forced convection
depends on the relative motion between the drop and the
continuous phase. The natural convection becomes important
when the droplet approaches the stationary state, as Re
(which depends on the droplet composition) falls to a low
value.25 The second term in Eq. 11 consisting of Gr and Sc
represents the natural convection; where buoyancy effects
manifest in Gr. The origin and significance of natural con-
vection will be discussed in the later sections. At any instant
of time, the average droplet velocity is used for evaluating
Re. The definitions of all dimensionless numbers can be
found at the end of this article.

To estimate the parameters in Eqs. 10 and 11, initially a
guess value for each of them is supplied to solve the ordi-
nary differential equations (ODE’s) (given in Appendix)
describing the motion of the droplet. The integrated trajec-
tory profile is compared with the one observed in the experi-
ment. An objective function E expressing the error between
the two profiles is constructed

E5
Zexp2Znum

Zexp

� �2

(12)

where Zexp represents the location of droplet observed in the
experiment at particular instant of time and Znum represents
the corresponding value predicted from the solutions to the
ODE’s. The objective function E5E B;G; c; d; e; f ; h; i; x0ð Þ is
dependent on all previously mentioned parameters. Here, x0

is the mass fraction of acetonitrile at the instant when drop-
let pinches off from the nozzle. The objective function is
then minimized to yield appropriate values of all parameters
using a multivariable constrained optimization function

“fmincon” available in MATLAB
VR

. The sequence followed
for evaluation of parameters has been shown in Figure 5.

The correlation obtained after following the minimization
procedure were

Sh5210:4 Gr0:28Sc0:3110:213Re0:45Sc0:31 for Re < 20 (13)

Sh5210:573Re0:31Sc0:44 for Re > 20 (14)

Depending on the instantaneous Re, the overall mass-
transfer coefficient can be evaluated using the above corre-
lations. The calculated value of mass-transfer coefficient
falls in the range 1:731026– 431025 m/s which is compa-
rable to the values found in literature, for similar systems.
The correlations are valid in the regime observed in this
experiment where the value of Sc was around 800 and Re
was less than 200. Further, the correlations were used to
predict the overall mass-transfer coefficient for the system
described in Wang et al.21 and the values obtained were in
the same order as observed in their experiment. As the sys-
tem exhibits high Sc, which corresponds to high Pe
(Pe5Re � ScÞ, any convection induced near the interface
should influence the mass transfer rate strongly. It has been
stated earlier that the droplet loses acetonitrile during its
formation, so the mixture composition x0 at the time when
droplet pinches off is expected to be different from its ini-
tial value at the time of injection. The value for x0 has
been obtained by treating it as an additional parameter (see
Table 2); the error minimization sequence yields a more
reliable estimate. The droplet becomes stationary when its
density is equal to that of surrounding water and the corre-
sponding mass fraction of acetonitrile at this point is
0.2642.

Table 3. Mesh Dependency Test

# of Cells
in Domain

Grid Resolution Within
the Droplet (cm)

Height Reached
by Droplet (cm)

Time to Reach Highest Position
thighest (s)

Time at the End of Descent Stage
tfinal (s)

40,000 4:08 3 1024 11.71 4.37 9.08
72,000 1:85 3 1024 12.53 4.75 9.66
81,600 1:65 31024 12.95 4.69 9.76

Table 4. Mechanism of Mass Transfer During Different

Stages of Droplet

Region in Figure 1 Mechanism of Mass Transfer

I -> II and IV -> V Diffusion 1 Forced Convection
II -> III and III -> IV Diffusion 1 Forced Convection

1 Natural Convection
III Diffusion 1 Natural Convection

Figure 5. Steps undertaken for optimizing parameters
to estimate mass-transfer coefficient.
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Importance of Combined Transfer

In this section, we will examine the importance of the
combined mass transfer mechanism which is predominant at

low Re.25 The acetonitrile moving out of the droplet dis-
solves in the surrounding water forms a mixture which is
slightly less dense than that of water and rises in the column
due to buoyancy. During the ascent stage of the droplet, the
droplet travels with appreciable velocity and flow around the
droplet forces the acetonitrile-water mixture to accumulate at
rear end of the droplet (Figure 6a). The mass-transfer pro-
cess during this stage of droplet motion is governed by
forced convection (Eq. 14). However, when the droplet
approaches stationary stage, it slows down, and the velocity
of the surrounding acetonitrile-water mixture becomes com-
parable to that of droplet and hence the mass-transfer process
is influenced by both natural as well as forced convection
(Eq. 13). When a droplet comes to rest, the acetonitrile-
water mixture interacts with the stationary droplet and
enhances mass transfer and hence in this stage, natural con-
vection governs the mass-transfer process. Contour plot cor-
responding to t 5 4.95 s represents the stationary stage
(Figure 6b). Forced convection again becomes predominant
during the descent stage of the droplet which is accompanied
by accumulation of acetonitrile-water mixture behind the
droplet (Figure 6c). More details on this can be found in
concluding part of the article.

Figure 6. Mass fraction of acetonitrile in continuous
during (a) ascent stage, (b) stationary stage,
and (c) descent stage from CFD simulations.

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

available at wileyonlinelibrary.com.]

Figure 7. Significance of combined mass transfer dur-
ing stationary stage (initial mixture
density 5 950 kg/m3).

Figure 8. Trajectories of droplets observed in the
experiment.
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The significance of natural convection during stationary
stage can be understood from Figure 7, which compares the
trajectories of droplet obtained from numerical model by con-
sidering mass transfer to occur purely by forced convection
mechanism (Eq. 14) and the one where mass loss from the
droplet is dictated by Eqs. 14 and 13 (diffusion 1 natural con-
vection 1 forced convection). The latter case with combined
mass-transfer mechanism yields a trajectory curve which is in
good agreement with that from the experiment. This is
observed because the mass transfer during stationary stage
occurs due to diffusion and natural convection. However,
when the mass transfer is assumed to occur by correlation
given by Eq. 14, during stationary stage, the mass lost by drop-
let is purely due to diffusion. So, the rate at which the mass is
lost is much smaller than that observed for combined mass-
transfer case. Consequently, droplet in simulation is able to
reach a higher elevation and stay at the position for a much
longer time. Thus, it can be concluded that natural convection
enhances mass transfer over diffusion and plays in important
role when droplet passes through a stationary stage.

Results

Experimental

Figure 8 depicts the trajectories of droplets released with
different initial mixture densities in the experiment. The

starting density of the droplet is varied between 890 and
975 kg/m3. It is observed that the droplets with lower initial
mixture density are smaller in size and attain a higher level
than the droplets with higher initial mixture density. The
lower density difference between surrounding fluid and drop-
let, and the high rate of mass transfer, which is attributed to
the larger interfacial area, causes the droplet with higher ini-
tial mixture density to attain a much smaller elevation at the
end of ascent stage. The droplets in the experiment were
able to maintain the spherical shape during the ascent as
well as descent stages and did not exhibit shape oscillations.

The effect of initial mixture density on the size of droplet
formed at the nozzle has been depicted in Figure 9. It can be
observed that size of the droplet pinching off from nozzle
increases with increase in the initial density of the mixture
being injected. The pinch off mechanism of droplet is gov-
erned by the balance between the interfacial tension forces
and buoyancy. With increase in the mixture density, the
buoyant force required to offset the existing interfacial ten-
sion forces is achieved only when droplets grows to the
larger size. In the present study, we have not studied the
pinch off mechanism in detail and the focus has been on the
different regimes that the droplet passes through after it
pinches off from the nozzle. Because of the continuous loss
to acetonitrile, a net force always acts on the droplet which
is in motion and hence droplet is subjected to either acceler-
ation or deceleration.

Numerical results

A region equivalent to the size of the droplet observed in
the experiment was marked in the computational domain and
assigned a value of a51, to represent the dispersed phase.
The initial mass fraction of acetonitrile in the droplet was

Figure 9. Droplet sizes at the time of pinch off for mix-
tures injected at different initial densities.

Figure 10. Trajectory predicted by CFD model com-
pared to that observed in experiment
(dashed lines are from CFD simulations).

Figure 11. Velocity Magnitude predicted of the droplet
(Exp#4).

Table 5. Reduction in Droplet Size Because of Mass Transfer

from the Experiment

Density
(kg/m3)

Initial Droplet
Diameter

(mm)

Final Droplet
Diameter

(mm)
%

Reduction

890 3.30 2.98 9.69
920 4.10 3.61 12.02
950 4.65 4.25 8.66
975 4.90 4.65 7.55
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fixed according to values of x0 (Table 2); the continuous
phase was free from acetonitrile. Thus, the droplet was
allowed to start from the rest and it lost acetonitrile in
accordance to the imposed mass-transfer rate, as it traveled
in the water column.

Figure 10 shows comparison between the instantaneous
positions of droplet observed in the experiment with that pre-
dicted from the model. The agreement was found to be good
with a deviation of less than 15%. Figure 11 shows compari-
son of the droplet velocities obtained from the CFD model
with those observed during the experiment; the match
between the velocities was found to be satisfactory. The
close agreement of these results with the experimental obser-
vations suggests that the model is capable of predicting the
unsteady mass transfer occurring at the interface of the
droplet.

The droplet also witnesses overall reduction in its size
at the end of the descent phase, due the loss of acetonitrile
to the continuous phase. The data from the experiment
have been tabulated in Table 5. The reduction for various
droplets observed in the experiment was under 12%. In
CFD model, the variation in droplet size is captured by
inclusion of the source term on the right-hand side of Eq.
7, which accounts for the mass transfer. Figure 12 shows
the decrease in size of droplet in Exp#4 and confirms the
capability of the CFD model in correctly predicting the
trend.

Figure 12. Prediction of reduction in droplet size from
CFD model.

Figure 13. Internal circulations inside the droplet at different stages; velocity vector field is relative to droplet
motion.

Figure 14. Contours of mass fraction of acetonitrile inside the droplet at different instants of time.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Effect on dynamics of droplet

The change in dynamics of droplet as it moves in the
water column can be noticed in Figure 13 which reveals the
velocity vectors inside the droplet at different stages. Internal
circulations have been depicted by constructing velocity vec-
tor field relative to average velocity of the droplet, that is, at
any instant of time, the velocity with which the droplet trav-
els in determined and is subtracted from the velocity field
obtained by solving Eqs. 2 and 3. As soon as the droplet
acquires motion, the shear acting at liquid–liquid interface,
due to the relative motion between the dispersed and contin-
uous phase leads to the development of internal circulations
inside the droplet. With mass transfer of acetonitrile, the net
buoyant force on the droplet reduces and this decelerates the
droplet and hence the strength of internal circulation falls.
Eventually, the internal circulations die down when the drop-
let passes through stationary phase. As droplet begins to
acclerate, at inception of the descent phase, the internal cir-
culations again develop but in opposite direction. The inter-
nal convection along with the diffusion influences the
acetonitrile distribution inside the droplet. The concentration
profiles inside the droplet at different instants of time have
been shown in Figure 14.

The change in flow pattern inside and outside the droplet
can be more elaborately explained through Figure 15, which
depicts the axial velocity at different instants of time, along
the cut-line AB which lies on the equatorial plane and passes
through the center of droplet. The velocity profiles have been
obtained relative to the droplet’s motion. The vertical dashed
line in the plot gives an approximate position of the interface.
During initial stages, the axial velocities(for t 5 0.9 s) in the
regions inside the droplet along the cut-line bear a positive
value. With droplet as a reference, the surrounding fluid is
seen to flow in direction opposite to droplets motion and hence
the axial velocities outside the droplet possess negative values.
As the droplet decelerates, the strength of internal circulations
drop, which can be noticed for the curve at t 5 3.6 s. The exis-

tence of velocities near the interface outside the droplet (region
right to the dashed line) confirms the presence of convection
currents around the droplet which assists the overall mass
transfer. As it has been mentioned earlier, during this stage
mass transfer depends on the diffusion and forced convection.

The curve at t 5 4.95 s respresents the stationary stage,
where droplet comes to rest. It can be observed that the
velocities disappear (also see Figure 14) at all places except
in the region close to interface outside the droplet. As men-
tioned in earlier sections, this velocity is due to the rising
mass of lighter acetonitrile-water mixture present outside the
droplet. Though the droplet is stationary, the rising mass
causes fluid motion around the interface, and this influences
the rate at which mass transfer occurs. This provides evi-
dence for the existence of natural convection around the
droplet. Beyond t 5 4.95 s, the droplet begins to sink and the

Figure 15. Axial velocity profiles along the line AB passing through the center of the droplet.

Figure 16. Surface pressure variation for droplet with
initial mixture density 5 970 kg/m3 at 2.7 s
(ascent stage), 4.95 s (stationary stage), and
9.5 s(descent stage).
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the internal circulations now exist in a direction opposite to
that found during ascent stage.

Figure 16 shows the variation in the total surface pressure
across the droplet. The curve at 2.7, 4.95, and 9.45 s represent
the ascent, stationary, and descent stages, respectively. The
angle is measured from the upper pole of the droplet. It can be
seen that during the ascent stage the stagnation point lies at the
top. The lowest pressure is observed at the equatorial plane
(marked by 90�). During stationary stage, when the velocities
die down, the pressure distribution around the surface of drop-
let is fairly uniform. However, when droplet starts descending
the stagnation point shifts to the lower end of the droplet.

Conclusions

Experimental and numerical investigations have been con-
ducted to analyze the influence of unsteady mass transfer on
the dynamics of the droplet. An organic droplet composed of
a component miscible in water and an immiscible compo-
nent, is generated and the droplet is released into the quies-
cent pool of water. The initial mixture density at the time of
droplet release is less than that of water. The continuous
decrease in the density of droplet due to the mass transfer of
lighter miscible component, allows it pass through an ascent,
stationary, and descent stages.

It is observed that different mechanisms control mass
transfer of solutes as the droplet rises and sinks in the water
column. During the ascent stage and descent stage mass
transfer is influenced by the forced convection of surround-
ing fluid around the droplet. However, by the time droplet
approaches the stationary stage the flow patterns inside and
outside droplet change significantly and the mass-transfer
rate during this stage depends on the natural convection as
well as diffusion. Thus, this study has paved the way to
identify the dominant mechanisms that dictate mass transfer
during different stages of the droplet motion. A correlation,
capable of predicting the mass transfer occurring at different
stages of droplet motion has also been developed.

In addition to experimental work, a CFD model based on
axisymmetric assumption has also been developed. VOF
method with piecewise linear approach for interface (PLIC)
construction was used to track interface between continuous
and dispersed phases and the species profiles inside and out-
side the droplet was evaluated by including species transport
equation in the model. The results derived from the CFD
model are found to be in good agreement with the experi-
mental observations and provide insight in understanding the
dynamics of droplet.
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Notation
Ad = surface area of the droplet, m2

ci = mass concentration of acetonitrile, kg/m3

d = droplet diameter, m
Di;j = molecular diffusivity; i 5 of the acetonitrile, J 5 water (continu-

ous phase), j 5 chlorobenzene (dispersed phase), m2/s

D� = diffusivity ratio Di;d=Di;c

� �
F = external volumetric body force, N/m3

kl = overall mass-transfer coefficient, m/s
m = mass of the droplet, kg
S = volumetric mass-transfer rate, kg/m3 s
x = mass fraction of solute acetonitrile
u = velocity of the droplet, m/s
v! = velocity field vector, m/s

Vd = volume of the droplet, m3

Greek letters
a = volume fraction function
c = surface curvature
q = density, kg/m3

Dq = density difference between the phases, kg/m3

l = viscosity, kg/m s
l� = viscosity ratio [ld=lc

]
r = interfacial tension, N/m

Subscripts
c = continuous phase
d = dispersed phase
o = initial value of a specified property
r = radial direction
z = axial direction

Dimensionless numbers
Ci = circulation number
Re = Reynolds number,

duqc

lc

Sc = Schmidt number,
lc

qcDc

Sh = Sherwood number, kld
Dc

We = Weber number,qu2d
r

Pe = Peclet number, ud
Dc

Gr = Grashoff number,
Dq�qc �gd3

lc
2
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Appendix

The model for estimating mass-transfer correlation is

described briefly

d

dt

Vd qm

Ad

� �
5kl qmðxi;d2xi;cÞ (A1)

The mass conservation is given by Eq. A1, states that the rate of

change in mass of the droplet is solely due to the mass transfer of

acetonitrile. Here, Vd represents the volume of the droplet, Ad is the

interfacial area available for the mass transfer. kl refers to the over-

all mass transfer coefficient, xi;d and xi;c are the mass fraction of

the acetonitrile in droplet and water, respectively. The volume of

water surrounding the droplet phase is far greater than the droplet

volume, so the concentration of acetonitrile xi;c in water assumes a

very small value and can be safely taken equal to zero. qm repre-

sents the mixture density of the droplet which is given by

qm5
qACNqCB

qCB 12xi;d

� �
1qACNxi;d

(A2)

where qACN, qCB are densities of acetonitrile and chlorobenzene,

respectively. The solution to Eq. A1 gives the instantaneous

value of xi;d from which qm can be calculated using Eq. A2.

Equation A3 represents the momentum equation which gives

the force balance around the droplet(see Figure 2b)

m
duz

dt
5FD1FG2FB

m
duz

dt
5FD1Vdqmg 2 qf Vdg (A3)

dz

dt
52uz (A4)

FD accounts for the drag force acting on the droplet which is

evaluated using

FD5
1

2
CDqdU2A (A5)

where A represents the projected area of the droplet. Schiller–Nau-

mann correlation38 was used for evaluating CD:The instantaneous

value of qm obtained in Eq. A2 is used in Eq. A3 to evaluate uz.

The solution to Eq. A4 gives the position of the droplet.
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