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A level set approach was adopted in numerical simulation of interphase mass trans-
fer from a deformable drop moving in a continuous immiscible liquid, and the simula-
tion results on Marangoni effect were presented with respect to three experimental
runs in the methyl isobutyl ketone—acetic acid-water system. Experiments showed that
when the solute concentration was sufficiently high, the Marangoni effect would occur
with the interphase mass transfer enhanced. Numerical results indicated that the mass-
transfer coefficient with Marangoni effect was larger than that without Marangoni
effect and stronger Marangoni effect made the drop deform more easily. The predic-
tions were qualitatively in accord with the experimental data. Numerical simulation
revealed well the transient flow structure of Marangoni effect. © 2011 American Institute
of Chemical Engineers AIChE J, 57: 2670-2683, 2011
Keywords: drop, level set approach, Marangoni effect, numerical simulation, MIBK—

acetic acid—water system

Introduction

It is well known that many industrial processes in chemi-
cal engineering, material engineering, power engineering,
and other fields are driven by temperature and concentration
gradients, which affect significantly the mass/heat transfer
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rates. If the concentration gradient induces tangential flow at
the fluid—fluid interface (the so-called Marangoni convec-
tion), the hydrodynamic instability of two-phase flow and
therewith the change in the rate of interphase mass transfer
may arise. Although the phenomenon of interfacial Maran-
goni convection has been known for over 150 years, only in
recent years increasing interest in this type of instability
becomes more striking due to the changing point of view of
chemical engineers, who shift their interest gradually from
the traditional macroscopic approach to a more mechanismic
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comprehension of the different transport phenomena taking
place at phase boundaries.

The Marangoni convection driven by surface-tension gra-
dient due to concentration or temperature variations along
the interface can enhance or suppress the rate of mass or
heat transfer. Theoretical studies of the Marangoni effect
were mainly based on the linear or nonlinear theory of
hydrodynamic instability. A simplified mathematical model
from the linear instability theory was first presented by
Sternling and Scriven,' who predicted the induction of roll
cells at the interface, found that the occurrence of Marangoni
convection was affected by the direction of mass transfer,
concentration level, viscosities, diffusivities and the sensitiv-
ity of interfacial tension, and proposed a basic criterion.
Pearson” first studied thermocapillary convection by a linear
stability analysis. Brian® extended Pearson’s result by includ-
ing the mechanism of the Gibbs adsorption. Although several
approaches have been proposed based on the linear theory,
the experimental results in supercritical zones still cannot be
explained. Several nonlinear stability analyses of the Maran-
goni convection were focused on predicting the occurrence
of the flow pattern structure and its evolution. Scanlon and
Segal4 first studied the cellular convection driven by surface
tension in a semi-infinite liquid layer, and then a case of fi-
nite depth was considered by Cloot and Lebon.” Golovin
et al.’s nonlinear evolution equation was applied in a more
realistic system containing a thermally insulated two-layer
gas—liquid system with deformable interface.® Bragard et al.”
considered the effect of solute on the Marangoni convection
resulting from the mass transfer through the gas—liquid upper
surface of a thin liquid layer, and found that hexagonal con-
vection structures are more stable than rectilinear roll cells.

The Marangoni convection accompanied by mass transfer
and heat transfer has also been studied extensively using dif-
ferent computational fluid dynamics methods. The influence
of the Marangoni effect on the growth of single crystals was
considered by Okano et al.,* Kobayashi et al.,” Gatazka and
Wilke,'° Kawaji et al.,'! and Braescu and Duffar.'> A series
of papers'®>™'> addressed the Marangoni flows in the case of
a binary mixture for which the surface tension depends on
both temperature and solute concentration. The mixed buoy-
ant-Marangoni convection due to the dissolution of a droplet
in a liquid-liquid system with a miscibility gap was investi-
gated by Lappa et al.'® The Marangoni convections in sev-
eral gas absorption processes were reported.'’”'? The ther-
mocapillary migration of a droplet or a bubble in a nonuni-
form temperature field was investigated by Bassano.”’

To authors’ best knowledge, only a few numerical simula-
tions of the Marangoni effect induced by interphase mass
transfer to/from drops were ever reported.”'* However, the
results by Mao and Chen?! and Wang et al.>? have not been
validated by experimental results, and the shape of the drop
is presumed to be spherical. Wang et al.* relaxed the
restriction of the sphericity but the object of the simulation
remained quite general. Wegener et al.** simulated fluid dy-
namics and mass transfer in the Marangoni convection domi-
nated toluene/acetone/water system using the commercial
CFD-code STAR-CD on an unstructured grid in a spherical
coordinate with the assumption that the drop was spherical
and the deformation of drop was ignored. However, besides
at much small Reynolds numbers, the moving drop is often

AIChE Journal October 2011 Vol. 57, No. 10

Published on behalf of the AIChE

deformable in real systems and significant shape change may
be caused by the Marangoni effect. The numerical simula-
tion and experimental investigation of Marangoni effect
induced by mass transfer of a deformable drop is still an
interesting open problem to date. The complexities and diffi-
culties in experiment and numerical simulation of the inter-
phase mass transfer mainly come from the nonlinearity of
the fluid flow and the coupling between the velocity and
concentration fields through the governing equations and
boundary conditions imposed on the interface. Therefore, the
concentration distribution and the induced flow structure
may be quite different from case to case, in addition to the
surface deformation making the problem even more formida-
ble.

In recent years, several different methods for solving mul-
tiphase flows have been developed including marker and cell
method,25 volume of fluid method,26 front tracking method,27
boundary integral method,28 level set method,29 etc. Because
Osher and Sethian introduced the level set method for mod-
eling interfacial fronts, this method has been applied in
many fields due to its advantage of capturing easily the mov-
ing and deformable boundary and easy extension to three—
dimensional (3-D) cases.

In this study, the mathematical model of the mass trans-
fer-induced Marangoni effect is formulated for deformable
drops in transient motion. The concentration field coupled
with flow field is numerically simulated using an in-house
computer code. The drop surface evolution is modeled by
the level set method, in which the interface is represented by
the embedded set of the zero level of a scalar function
defined in the whole computational domain. Numerical simu-
lation of the Marangoni effect induced by interphase mass
transfer from single drops in unsteady motion with a finite
degree of deformation in liquid—liquid extraction systems is
performed in an Eulerian axisymmetric reference frame. In
particular, the numerical results are compared with the ex-
perimental data determined in a methyl isobutyl ketone
(MIBK) - acetic acid - water system.

Experimental

To provide the necessary parameters for validating the nu-
merical simulation, the mass transfer of a MIBK-acetic
acid—water system was experimentally determined. The
experiments were conducted as suggested by Li et al.*®

Experimental setup

As shown in Figure 1, the experimental equipment is similar
to Li et al.>° The contactor is a glass pipe with 50 mm internal
diameter and 700 mm height comprising five side taps for fit-
ting the injection nozzles at different heights. The MIBK drops
were formed at the needle tip at a constant rate, which was
controlled by a precision syringe pump. All drops were sepa-
rated by at least a distance of 80 mm. According to the num-
ber of drops, the volumetric flow rate of MIBK, and the for-
mation time, the volume-equivalent drop size could be calcu-
lated. The rising drops were finally trapped in a small inverted
funnel, which was fitted in a standard glass tap hole at the
contactor top for collecting the drops. The drops were then
sucked into the funnel neck promptly to minimize further mass

DOI 10.1002/aic 2671



Tl

rd
1
5 FAT
T pazeRs Lﬁ
oooo X \\8
3 vy O — 7
v N
v ¢ 6
0
e i T—T .
— |I=——5
1 2
-
1l
o~ 4
L]
o SO
9

==

Figure 1. Sketch of experimental setup.

1,2: dispersed phase tank; 3: precision metering pump; 4: noz-
zle for dispersed phase; 5: moving drop; 6: extractor; 7: fun-
nel; 8: precision adjusting valve; 9,10: continuous phase tank.

transfer. In the experiments, the coalesced phase of first tens
of arrived drops was discarded, and when it was removed by
suction, care was taken to maintain the coalescence level just
at the neck of the funnel.

Preparation of dispersed and continuous phases

The properties of the liquid-liquid systems are summar-
ized in Table 1. The dispersed phase of 1 L of MIBK was
mixed with 5 L of continuous phase of deionized water, and
then it was fully shaken. The two phases became saturated
with each other after a few days and equilibrated. An appro-
priate amount of the solute (acetic acid) was dissolved sepa-
rately into the dispersed phase.

The concentration of the solute in the dispersed phase was
analyzed, generally more than triplicate times, by titration
with 0.1 M NaOH using phenolphthalein as indicator. The
relative errors in the experiments are less than 5%.

Procedure

For rising MIBK drops, the collecting funnel was fixed on
the top of the contactor. The nozzle tip was inserted into the
contactor through a side tap at the desired height. Then, the
column was filled with the continuous phase presaturated
with MIBK. After the water became stagnant for some time,
the precision syringe pump was then started to produce the
single drops. In general, the interval between two drops was
about 80 mm to minimize the interference of drop wake.
The drops collected and coalesced in the funnel were
removed by siphon. The dispersed phase of about 5 mL was
collected for analyzing the MIBK concentration. The rise of
a drop was captured by charge coupled device (CCD) cam-
era, and the transient drop velocity was determined by the
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Figure 2. Surface tension of MIBK-acetic acid-water
system (Cp,0 = 7.5%).

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

post analysis of the recorded drop images. The temperature
in all runs controlled in the range of 26.5°C + 1.5°C.

Mathematical Modeling

The axisymmetric flow of a liquid drop moving under grav-
ity through an immiscible continuous liquid phase is formu-
lated with the following assumptions: (1) the two fluids are
viscous, Newtonian and incompressible; (2) the flow is isother-
mal; (3) the flow field is laminar even if locally disturbed by
the Marangoni convection of the inherent 3-D nature; (4) the
mass transfer is assumed to have no effect on the physical
properties of the system except interfacial tension.

Level set method for two-phase flow

The level set method is used for computing the evolution of
an interface I" that bounds a region Q in a two-dimensional
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Figure 3. Surface tension of MIBK-acetic acid-water
system (Cp, o = 12.01%).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 1. Physical Parameters of the Investigated
Liquid-Liquid System with Acetic Acid as Solute

Dispersed
Continuous phase (water) phase (MIBK)
Run 1
p (kg/m®) 995.71 827.40
u x 10° (Pajs™) 1.069 0.781
D x 10° (m?/s) 1.04 1.43
oo x 10° (N/m) 9.66
m 0.70
R (mm) 0.93
Cpyo (Wt %) 7.75
Ceo (Wt %) 0
Run 2
p (kg/m?) 995.71 864.60
ux 10° (Pa/s™) 1.069 0.901
D x 10° (m?/s) 1.04 1.43
6o x 10° (N/m) 9.66
m 0.75
R (mm) 0.90
Cpo (Wt %) 12.01
Ceo (Wt %) 0
Run 3
p (kg/m®) 995.71 806.14
ux 10° (Pajs™) 1.069 0.63
D x 10° (m?/s) 1.04 1.44
6o x 10° (N/m) 9.66
m 0.88
R (mm) 0.95
Coo (Wt %) 0.29
Ceo (Wt %) 0

(2-D) domain. A smooth function ¢(x,r) is defined to represent
the interface as the zero set of ¢(x,r), which is positive in one
phase, whereas negative in the other phase. Here the level set
function ¢ is taken as the normal distance from the interface.
Thus, this free boundary problem in principle does not require
the direct enforcement of interfacial conditions at the unknown
location of the transient interface.

The two-phase flow is governed by the continuity and
Navier-Stokes equations:

V-u=0 (1)

ou
p<E+u-Vu>:—VP+pg+V-r+FMa ()
where 7 is the bulk stress tensor defined as

= pu(Vu+ (Vu)") 3)

and the source term Fyy, is the extra volume force generated by
the surface-tension gradient that induces the Marangoni effect.
The volume force is based on the well-known continuum
surface force model,®! so that the interfacial surface forces can
be incorporated as body forces per unit volume in the
momentum equations rather than as boundary conditions.
The weighted integration method for calculating accurately the
surface tension force at the interface nodes is incorporated to
suppress the parasitic flow in the level set approach.’” Fy, is
exerted on the interface I" and expressed as

FMa(X) =f (X)(S(X - XS) “

where X, is the point on I',  is the Dirac delta function, and the
surface tension force per unit interfacial area f; is given by
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f = oxn + Vo (@)

where o is the surface tension, \/, is the gradient operator
taken along the interface I', n = —\/ ¢/I\/ ¢l is the unit vector
perpendicular to the interface, and x is the mean curvature of
the interface:

kK=-V-n (6)

The first term in Eq. 5 is a force acting normal to the
interface, and the second term is tangential to the interface
in the direction of larger values of ¢, which may be depend-
ent on temperature or concentration. If only the influence of
solute concentration on the surface tension is considered, the
following model is assumed:

o = ao(1 +aC + b(C})?) (7)

where a and b are correlation coefficients, reflecting the
influence of solute concentration on the interfacial tension. The
correlation is based on the dimensionless solute concentration at
the interface to ease the numerical solution of nondimensional
governing equations for fluid flow and mass transfer Because C}
is based on the initial drop concentration Cy,y which varies from
run to run, the correlation coefficients @ and » have different
values, but by dimensional terms they are essentially the same
set of experimental data reported by Misek.>* In particular, Cy,
is very low in run 3, the correlation in the range of 0 < C} < 1 s
approximately a flat one with @ = 0, » = 0. For Run 1 in Table 1,
a = —0.475 and b = 0.06; for Run 2 in Table 1, a = —0.74 and
b = 0.14 (Figures 2 and 3).

Considering the concentration change along the surface,
Eq. 5 then becomes

oo
fS:aKn—%(I—nn)-VC (8)
where I is the identity tensor and C is the concentration. The
last term in Eq. 2 reads

oKn — g—g (I—nn)-VC (o) ©)
Thus, Egs. 1 and 2 coupled with the level set function are
written in terms of dimensionless forms in a 2-D moving refer-
ence coordinate system fixed on the drop, and the details may
be referred to Wang et al.>* The level set function ¢ and the
concentration of solute are advanced with the local velocity at
each time step. Maintaining ¢ as a distance function is essen-
tial for providing the interface with an invariant width. This
problem can be resolved by adopting a reinitialization method
proposed by Yang and Mao™ to keep the solution accurate.

FMa (X) =

Level set method for interphase mass transfer

The mass transfer of a solute from a drop to the continu-
ous phase is described by

p(%fﬂ - vc) = DV*C (10

The numerical details of solving the above equation by
the level set method are given in Yang and Mao.™

DOI 10.1002/aic 2673
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Figure 4. Schematic of computational domain.

The overall mass-transfer coefficient k.4 is expressed as

_ & 1 n CE - 62,out
S tout — lin C; — 62,in

(1)

koa =

where C, is the average concentration of the drop at any
moment, C* is the concentration in equilibrium with other
phase, and Vg4 and S are the volume and surface area of the
drop. The corresponding Sherwood number is

2R
Shod = 7k0d

D, 12)

Computational domain and boundary conditions

The coordinate system is fixed at the centroid of the drop.
As shown in Figure 4, the computational domain of 40R x
15R (R is the initial radius of a spherical drop,) is found to be
sufficient so that the motion of the drop is not affected by the
domain boundary. The free slip boundary condition is imposed
at the side domain boundaries. The zero-derivative boundary
condition is imposed at the inlet and exit of the domain.

The mass-transfer direction is from the drop to the contin-
uous phase (d — c). The solute concentration in the continu-
ous phase is assumed to be C = 0 at t = 0, and the initial
concentration in the drop is uniform.

For the present simulation, a quiescent MIBK drop with
the concentration C, = C\, is released for free rise in water
at the instant of = 0 and the mass transfer from the drop to
the continuous phase starts at the same time. Other physical
parameters at initial moment such as droplet radius, densities
of the dispersed and continuous phases, distribution coeffi-
cient of a solute, and surface tension for Runs 1-3 are listed
in Table 1.
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Figure 5. Influence of mesh sizes on the predicted results
of overall mass-transfer coefficients (Cpo =
7.5%, physical parameters as listed in Table 1).

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

Computational procedure

The dimensionless parameters in the above equations are the
Reynolds, Froude, Weber, and Peclet numbers, respectively:

2RU U? 2Rp,U? 2RU
Re:L, Fr=—, We:pil, Pe ="—
I 2Rg g Dy
(13)

where py, uy, and Dy are the density, viscosity, and diffusivity
of continuous phase, respectively, and the characteristic
velocity is defined as U = /2Rg.

The governing equations are discretized by the control volume
formulation with the power-law scheme as described by Patan-
kar’® and solved with the SIMPLEC algorithm®’ on a staggered
grid. Pressure, level set function, and concentration are cell cen-
tered, and the velocity components are staggered. To ensure the
difference accuracy, we use a fifth-order weighted essentially
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Figure 6. Rising velocity of a MIBK drop in water as a

function of time (Cy,0 = 7.5%).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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nonoscillatory scheme for the approximation of convective terms
in C and ¢ advancing equations, and a third-order total variation
diminishing Runge-Kutta scheme is adopted for time discretiza-
tion of C and ¢.***** The dimensionless time step A9 is chosen
according to Yang and Mao,**** which must satisfy the Courant-
Friedrich-Lewy conditions and the restrictions due to gravity, sur-
face tension and viscous terms.

Results and Discussion

The overall mass-transfer coefficient from a drop of
MIBK to the continuous phase of water and the velocity of
the drop rising in the continuous phase in the MIBK-acetic
acid—water system in which the initial concentration of a
drop of MIBK is 12.01%, 7.75%, and 0.29% was deter-
mined. The reason of choosing the former two concentra-
tions is that at the concentration of 7.75% and 12.01% there
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Figure 8. Rising velocity of a MIBK drop in water as a
function of time (Cy,0 = 0.29%).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Overall mass-transfer coefficient vs. mass-
transfer time (Cp o = 7.5%).

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

was evident Marangoni convection in this system. To com-
pare the influence of Marangoni effect on mass-transfer
coefficient and the rising velocity, the mass-transfer rate at
the concentration of 0.29% for a MIBK drop without
Marangoni convection was also determined. Based on the
experimental parameters (as listed in Table 1), the mass
transfer from a MIBK drop to the continuous phase was
simulated, and the predicted results were compared with the
experimental data.

Convergence test

Several nonuniform grids of 142 x 45, 162 x 60, 182 x
76, and 220 x 116 (in axial and radial directions) were
tested for comparing the solution of the two-phase flow and
interphase mass transfer as a function of time to ensure
mesh independence of numerical results. Figure 5 shows the

10"y
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~ 10°4
2
e
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10'5 1 A L 1 L 1
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Figure 10. Overall mass-transfer coefficient vs. mass-
transfer time (Cp o = 12.01%).
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which is available at wileyonlinelibrary.com.]

influence of mesh size on the overall mass-transfer coeffi-
cients. The grid with 182 x 76 nodes is sufficient for spatial
computational accuracy, and therefore, adopted for the sub-
sequent simulations.

Drop rising velocity

Figures 6-8 show the experimental and simulation results
of the rising velocities of a MIBK drop with different initial
solute concentrations in water. The velocity oscillation of the
rising drop is noticeable in Figures 6 and 7. This phenom-
enon is attributed to the Marangoni convection. The instanta-
neous oscillations of velocity are not easily captured due to
the limitation of experimental facilities. The oscillation in
drop rising velocities due to the Marangoni effect in the sim-

2676 DOI 10.1002/aic
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ulation is by principle in agreement with the literature
reports on drop shape pulsation. The relative error of the ter-
minal velocity of a rising drop (Cpo = 7.75%) between
the experimental and the simulation is less than 4%. The rel-
ative error of the terminal velocity for Cp,o = 12.09% is
below 10%.

The larger the concentration of the drop, the more evident
are the Marangoni convection and the oscillation of rising
velocity. The oscillation is also more evident in the initial
rising stage when the Marangoni convection is stronger due
to larger mass-transfer driving force. In the final stage of
steady rising, the oscillation of the rising drop becomes in-
visible gradually as the Marangoni convection dies away
with the elapsed time. Figure 8 shows that the velocity of a
rising drop of MIBK in water without Marangoni effect
increased gradually but monotonously.

October 2011 Vol. 57, No. 10 AIChE Journal



Figure 11. (Continued).

Although the final velocity of a rising drop from numeri-
cal simulations is in good agreement with the experimental
as shown in Figures 6-8, the vibration of the velocity of a
rising drop in numerical simulations is more evident than
that in experiments in the initial rising stage, especially
when the solute concentration of MIBK drop is large. One
of the reasons may be mainly attributed to the numerical
scheme. The Marangoni convection is 3-D in nature, but the
present model is simplified to a 2-D one. This will result in
some nonphysical effect, making the rising velocity of the
drop vibrates evidently at the initial rising stage. Another
reason is probably that the assumption of the spherical drop
and the zero velocity at + = 0. In fact, the real drop in the
formation and early moving stages was not spherical, and
the continuous phase and drop were also in motion with a
minor velocity at the moment when a drop was released
from the syringe needle.
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Mass-transfer coefficient

The exact quantitative prediction of the mass/heat trans-
port rate with the Marangoni effect at present is really a
challenge to numerical simulation because of the well-known
instability and complexity of the Marangoni effect. Figures 9
and 10 show the overall mass-transfer coefficients with dif-
ferent initial solute concentrations, i.e., 7.75% in Figure 9
and 12.01% in Figure 10, respectively. The experimental
measurements are found to accord in the decreasing trend of
the numerical results of k,q, but the numerical predictions
are greater than the experimental data. Bigger diameter and
greater deformation of drops in the MIBK-acetic acid—water
system cause larger numerical and experimental errors of
mass-transfer coefficients than those in the water—succinic
acid—butanol system.*® Another important reason is that the
present axisymmetric simulation captured only the Maran-
goni effect in form of toroidal roll cells, which are easier to

DOI 10.1002/aic 2677
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be triggered than the hexagonal convection structure contrib-
uting to enhanced interphase mass transfer according to Bra-
gard et al.” and Mao et al.*! Probably, the higher predicted
velocities in numerical simulations also result in higher con-
vective intensity, especially in the initial rising stage of the
drop, contributing somewhat to higher mass-transfer rate.

Discussion

To understand the influence of the Marangoni effect on
the interphase mass transfer, the transient evolutions of
stream function and concentration contours for the case of
the initial solute concentration of 7.75% in the drop at dif-
ferent times are shown in Figure 11, and for the case of
12.01% in Figure 12, respectively. Figures 11 and 12 show
the obvious deformation of a drop at different instants. The
transient stream function map changes constantly due to the

Marangoni effect. The drop deforms gradually from initially
spherical to finally ellipsoidal as an overall trend, but irregu-
lar shapes appeared as depicted in Figure 11 and more evi-
dently in Figure 12, indicating that the larger the initial sol-
ute concentration in the drop, the more intensive the Maran-
goni effect. Wegener et al.** also observed similar irregular
great deformation of the drop in the toluene—water system
without mass transfer and Marangoni convection. There are
some small eddies of sub-drop dimensions near the interface.
These eddies make the interfacial tension change obviously
along the interface to bring forth strong local interfacial con-
vection with velocity components perpendicular to the inter-
face and make the interface deform greatly. The deformation
of the interface is irregular due to the transient nature of
Marangoni effect. Figure 12 shows that the irregular shape
of the interface is more evident at the initial stage of the
mass transfer, especially at the larger initial concentration of
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Figure 12. Marangoni effect of a drop changing with time (Cp o = 12.01%).

(a) Contour of stream function (r = 0.001 s), (b) contour of concentration function ( = 0.001 s), (c) contour of stream function (¢t = 0.002 s), (d)
contour of concentration function (1 = 0.002 s), (e) contour of stream function (¢ = 0.005 s), (f) contour of concentration function (+ = 0.005 s), (g)
contour of stream function ( = 0.008 s), (h) contour of concentration function (r = 0.008 s), (i) contour of stream function (+ = 0.023 s), (j) con-
tour of concentration function (t = 0.023 s), (k) contour of stream function (r = 0.039 s), (1) contour of concentration function (¢ = 0.039 s), (m)
contour of stream function (+ = 0.11 s), (n) contour of concentration function (t = 0.11 s), (0) contour of stream function (# = 0.34 s), (p) contour
of concentration function (f = 0.34 s), (q) contour of stream function (¢t = 2.5 s), and (r) contour of concentration function (# = 2.5 s). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.] [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

the drop. In all cases, the Marangoni convection vanishes
gradually along the mass-transfer time. The shape of the
drop is gradually deformed to ellipsoidal one that is similar
to the characteristic of steady-state motion. In our experi-
ments, the transient local Marangoni convection near the
interface can also be observed qualitatively by CCD.

Figure 13 shows the enhancement of the transient Maran-
goni effect on the mass-transfer coefficient in experiments
and numerical simulations for different initial drop concen-
trations. The mass-transfer coefficient for the case of Cp g =
12.01% 1is the largest in the numerical simulation and in the
experiment. The predicted change of mass-transfer coeffi-
cient is in accord with the trend detected in the experiments.
In contrast with the case of Cy, o = 0.29% without Marangoni
effect, it can be inferred from Figure 13 that the Marangoni

AIChE Journal October 2011 Vol. 57, No. 10

Published on behalf of the AIChE

effect can improve the mass-transfer coefficient in the
MIBK-acetic acid—water system because the local sub-drop
convection eddies near the interface do promote the interphase
mass transfer. There is a substantial difference between the
predicted and measured mass-transfer coefficients for Runs 1
and 2. We think that the error may be caused by the larger nu-
merical Marangoni effect induced oscillations in rise velocities
as compared with the observed oscillations. The reason of sim-
ilarity between 7.75% run and 0.29% run after 1.5 s is that the
Marangoni effect in 7.75% run dies away after 1.5 s. However,
the Marangoni effect of 12.01% run still exists after 1.5 s. The
Marangoni effect is very obvious in the initial stage of the
mass transfer, typically shorter than 0.1 s. However, it is diffi-
cult to measure the mass-transfer coefficient within such short
time with the present experimental technique. The numerical
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Figure 12. (Continued).

simulation may be a useful tool for this kind of problem,
though the quantitative agreement with experimental data is to
be pursued in the future.

In Figure 14, we also compare the simulated mass-transfer
coefficient of Cy o = 12.01% for a deformable droplet with
that for a spherical one to show the influence of deformation
on mass-transfer coefficient. The mass-transfer coefficients
of simulation considering the deformation are closer to the
experimental measurements, namely, the prediction error of
simulation for a spherical drop is larger than that for a
deforming drop. This suggests that it is necessary to take the
drop deformation into the consideration for realistic numeri-
cal simulation.

Conclusions

Experimental determination and numerical simulation of the
interphase mass transfer from a deformable drop moving in a
continuous immiscible liquid in the laminar flow regime under
the influence of Marangoni effect are presented in this article.
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Three experiments in the MIBK-acetic acid—water system,
which has a nonlinear relationship between the interfacial ten-
sion and the solute concentration, with different initial drop
concentrations were simulated by a level set approach, and the
numerical results agree generally with the experimental data.

The predicted final velocity of a rising drop with and
without Marangoni convection is in agreement with the ex-
perimental. The mass-transfer coefficient of the cases with
Marangoni effect is larger than that without Marangoni
effect, which sheds a light to manipulating the Marangoni
effect to enhance mass-transfer coefficients in extraction
processes. It is found when the Marangoni effect is stronger,
the oscillation of the drop rising velocity is also stronger and
the mass-transfer coefficient becomes larger. Numerical sim-
ulations depict well the transient flow structure of the Mar-
angoni effect induced by interphase mass transfer and sug-
gest that stronger Marangoni effect will deform the drop
interface in a more irregular way. In all cases, the drop will
finally resume its ellipsoidal shape for the steady motion
when the Marangoni effect dies away gradually.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

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



The predictions of mass-transfer coefficients are qualita-
tively in accord with the experimental measurements. The
reason of the difference between the numerical and experi-
mental results is probably that the Marangoni effect is 3-D
in nature and the interfacial eddies on the sub-drop scale
would not be in the toroidal form, which is prescribed a pri-
ori by the axisymmetrical coordinate system. In fact, quanti-
tative prediction of the measured mass transfer with Maran-
goni effect is rather difficult due to many factors including
the pulsation of drop shape and oscillation of rise velocity.
These asymmetric features of fluid flow influence the inter-
phase mass transfer on a large extent, but they cannot be
well accounted for in the frame of 2-D simulation. It is
strongly felt that 3-D phenomena are possibly described rea-
sonably well only with the 3-D simulation using the numeri-
cal procedure further improved with higher efficiency and
accuracy.
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Notation

C = concentration, wt %
C* = concentration in equilibrium with other phase, wt %
C} = dimensionless concentration (C/Cy,)
D = molecular diffusivity of solute, mz/s
Fya = Marangoni force, N/m?
Fr = Froude number, U2/(2Rg)
g = acceleration vector of gravity, m/s
h = mesh size
koq = overall mass-transfer coefficient, m/s
distribution coefficient
= unit vector normal to surface
= pressure, Pa
= Peclet number, Pe = 2RU/D,
= radial coordinate, m
= radius of drop, m
= Sherwood number, 2Rkqq/D
= stress tension, N/m
= time, S
= terminal velocity, m/s
= velocity vector, m/s
axial velocity component, m/s
= radial or transverse velocity component, m/s
= Weber number, 2p|U2R/O'0
= axial coordinate, m
= radial or transverse coordinate, m
= level set function, m
= viscosity, Pa/s™!
= density, kg/m*
= surface tension, N/m
= surface tension of pure system, N/m

3
Il

gq’e‘:%%k§<t=gﬂ<—\§%~, S~s=
Il

Subscripts

1, ¢ = continuous phase
2, b = drop

in = first measurement location
out = second measurement location
00 = remote boundary
s = interface
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