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One of the key design parameters in liquid/liquid extraction is the mass transfer coefficient. A complex
list of parameters including fluid dynamics, drop size distribution, chemical properties of the involved
species, local interfacial instabilities (Marangoni convection) is required in order to determine the tran-
sient evolution of the mass transfer coefficient. The influence of Marangoni convection on single drop
mass transfer cannot yet be described in an analytical manner, and empirical correlations available in lit-
erature fail to predict the mass transfer process. In the present study, experimental investigations on
deformable single droplets in the toluene/acetone/water system are presented which shows strong inter-
facial instabilities. Parameters varied are the drop diameter, the initial solute concentration and the mass
transfer direction. Experimental results are compared with the well-known models by Kronig and Brink
and Handlos and Baron. The Kronig and Brink model cannot describe Marangoni dominated systems, but
comparisons reveal the influence of deformation on the mass transfer enhancement. In contrary, with a
slight modification to the Handlos and Baron model, the mean droplet concentration of the transferred
component was successfully modelled as a function of Fourier number.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Solutal Marangoni convection occurs if the interfacial tension
varies along the droplet surface due to concentration gradients.
The system tends to minimize its surface energy in expanding re-
gions of lower interfacial tension towards regions of higher interfa-
cial tension. The incipient motion of the interface provokes an
additional tangential shear stress component on curved surfaces
such as droplets or bubbles. As a consequence, a motion of the fluid
layers adjacent to the interface is induced (Sternling and Scriven,
1959).

The tangential shear stress condition including the concentra-
tion dependent interfacial tension gradient exhibits the strong cou-
pling between velocity and concentration field. As an example, in
liquid/liquid extraction processes, droplets of one phase are dis-
persed in the continuous ambient phase. A solute is transferred
from the droplets into the continuous phase (or vice versa, depend-
ing on the extraction problem). If the interfacial tension is sensitive
enough to the solute concentration, the latter varying over the
droplet surface, Marangoni instabilities will appear. The tangential
shear stresses provoke random fluid motion on the surface, pro-
vided the surface is not contaminated with surfactants which hin-
der interfacial motion (Agble and Mendes-Tatsis, 2000; Mekasut
ll rights reserved.
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et al., 1979). These Marangoni induced shear forces reduce the rel-
ative velocity (and increase the drag) between droplet and ambient
fluid. As a consequence, the drop rise velocity is temporarily re-
duced (Wegener et al., 2007, 2009b). In addition, complex chaotic
flow structures develop inside the droplet, they replace the toroi-
dal flow (known from moving droplet systems without Marangoni
convection, see e.g. Clift et al., 1978; Magarvey and Kalejs, 1963;
Spells, 1952) and promote radial mixing and thus the mass transfer
coefficient. The concentration gradient reduces with time and the
Marangoni convection dampens gradually due to ongoing mass
transfer. Finally, the inner circulation replaces the chaotic flow
structures and the droplet velocity increases.

For larger droplets, instabilities are superposed by shape defor-
mation and oscillation. The deformation is related to interfacial
tension or Weber number, respectively (Loth, 2008), and in case
of Marangoni convection, the deformation depends on mass trans-
fer. On the other hand, the drag coefficient closely depends on
droplet shape, and internal circulation patterns may vary from
spherical droplets, so that shape deformation is another key
parameter for mass transfer calculations (Al-Hassan et al., 1992).

To date, the mass transfer problem of a single moving droplet
with resistance in both phases (conjugated problem) and simulta-
neous Marangoni convection with all its interactions is not acces-
sible to any analytical description. Numerical simulations of
conjugated mass transfer with Marangoni convection in 2D (Mao
and Chen, 2004) and 3D (Wegener et al., 2009a) are only available
for spherical droplets. To the authors knowledge, there are no
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corresponding numerical investigations of droplets with deformable
interfaces published up to now.

Established well-known mass transfer models (amongst others,
see Table 1, Newman, 1931; Kronig and Brink, 1950; Calderbank
and Korchinski, 1956; Handlos and Baron, 1957) only consider
the mass transfer resistance inside spherical droplets and are valid
for special conditions. The model developed by Newman is applica-
ble for rigid spheres without internal circulation. Kronig and Brink
assume internal circulation following the Hadamard streamlines
(small Reynolds numbers, i.e. Re < 1 and high Peclet numbers, i.e.
Pe ?1). The extraction rate is 2.5 times higher compared to New-
man’s solution (Kronig and Brink, 1950). The values for Bn and kn

can be found e.g. in Petera and Weatherley (2001). Calderbank
and Korchinski use the concept of an effective diffusion coefficient
RDA. The equation proposed by Kronig and Brink is well repre-
sented by their empirical correlation if R is set to 2.25. Handlos
and Baron assume that internal mixing can be described by turbu-
lence-like diffusion, i.e. by random radial convection which super-
imposes internal circulation. In this model, the Peclet number is
required, and the terminal velocity of the droplet vt should be
known. kn is set to 2.88. Handlos and Baron only retained the first
term of their original solution, and the expression in Table 1 is ob-
tained (Olander, 1966). The model has oftentimes been criticised,
see e.g. Hubis and Hartland (1986), but nevertheless, the model
shows astonishingly good results in many systems (Slater, 1994).

Henschke and Pfennig (1999) follow the idea of Handlos and
Baron in their semi-empirical model to describe mass transfer in-
side a droplet based on diffusion and mass-transfer-induced turbu-
lence. The Fourier number

Fo0 ¼ 4

d2
P

DA þ �ð Þt ð1Þ

contains the time t, the droplet diameter dP, the molecular diffusion
coefficient DA, and a turbulent transfer coefficient

� ¼ v tdP

CIP 1þ l�ð Þ ð2Þ

with the terminal drop rise velocity vt, the viscosity ratio l� and an
instability constant CIP adjustable to experimental data. Newman’s
solution is obtained if CIP ?1, for CIP ? 0, inner mixing is infinitely
fast. Since the model does not account for internal circulation, the
authors suggest, if internal circulation occurs and inner turbulence
is low, to use other models (e.g. Kronig and Brink) instead.

Fig. 1 shows the relative mean droplet concentration c� as a
function of Fourier number Fod ¼ 4tDA=d2

P . Model predictions are
compared with experimental values published by Schulze (2007)
and Wegener et al. (2007). Schulze (2007) investigated the mass
transfer at water droplets falling in cyclohexanol, the transfer com-
Table 1
Models to predict mass transfer in the dispersed phase (spherical droplets, no
resistance in the continuous phase). c� is the related concentration of the transferred
solute A in the droplet: ð�cA �mcAc1Þ=ðcAd0 �mcAc1Þ, with the mean solute concen-
tration in the droplet �cA , the distribution coefficient m, the solute concentration in the
continuous phase, far away from the droplet cAc1, and the initial solute concentration
in the droplet cAd0.

Author(s) Related concentration Eq.

Newman (1931)
c� ¼ 6

p2

P1
n¼1

1
n2 exp �4 ðnpÞ

2DAt
d2

P

� �
(3)

Kronig and Brink (1950)
c� ¼ 3

8

P1
n¼1B2

nexp �64 kn DA t
d2

P

� �
(4)

Calderbank and Korchinski (1956)
c� ¼ 1� 1� exp �R 4p2DAt

d2
P

� �� �1=2 (5)

Handlos and Baron (1957) c� ¼ exp �knvt t
128dP ð1þl� Þ

h i
(6)

Henschke and Pfennig (1999) c� ¼ 6
p2

P1
n¼1

1
n2 exp½�ðnpÞ2Fo0 � (7)
ponent is acetic acid. In this system, Reynolds number is low and
mass transfer resistance is in the droplet only. A comparison with
the models by Kronig and Brink and Calderbank and Korchinski
shows that the internal problem can be applied to this system. In
the toluene/acetone/water system used by Wegener et al. (2007),
Marangoni effects play a major role in the mass transfer process.
The Handlos and Baron model gives a fairly good first approxima-
tion indicating chaotic mixing inside the droplet in the Marangoni
dominated system.

An even better approximation is obtained if the Henschke and
Pfennig (with CIP = 3400) and the Calderbank and Korchinski (with
R = 13) models are used. This result shows that mass transfer is en-
hanced by a factor of about five compared to non-Marangoni dom-
inated systems. The strength of Marangoni convection depends on
the absolute concentration. The higher the concentration level is,
the higher are possible interfacial tension gradients. In Marangoni
dominated systems, the relevant inner convection patterns have to
be taken into account in order to describe the mass transfer in sin-
gle droplets reliably.

The presented models are only valid in the spherical droplet re-
gime. For droplets in the oscillating regime, some few correlations
were proposed, e.g. Angelo et al. (1966), Rose and Kintner (1966),
Yamaguchi et al. (1975). Some authors propose to use the Handlos
and Baron model even though inner circulation may be different
(Slater, 1994). For deformed or oscillating droplets with simulta-
neous Marangoni instabilities, no reliable models exist in litera-
ture. Al-Hassan et al. (1992) investigated mass transfer in the
toluene/acetone/water and the n-heptane/acetone/water system
in the oscillating regime. Extraction rates for a given column length
are given, but no time resolved measurements. Following their re-
sults, the droplet interior is completely mixed. Correlation of re-
sults was satisfying with a mean deviation of ±23%.

The scope of the present study is to investigate in time resolved
measurements the influence of Marangoni convection on the mass
transfer at single deformable organic droplets rising in water.
Therefore, the ternary standard test system toluene/acetone/water
proposed by the European Federation of Chemical Engineering
(EFCE) (Misek et al., 1985) has been used. Both mass transfer direc-
tions (dispersed to continuous phase and vice versa, d ? c and
c ? d, respectively), six different initial solute concentrations
0

0.2

0.4

Fourier number

re
la

te
d 

co
nc

en

Newman

10-1 10010-210-310-410-5

dFo

Handlos & Baron

Schulze (2007), wasser/acetic acid/cyclohexanol, (c d
& d c), dP = 2.5 & 3.5 mm, cAc , cAd0 not given

Wegener et al. (2007), toluene/acetone/water (d c),
dP = 2 mm, cAd0 = 30 g/L, cAc = 0

Fig. 1. Related mean droplet concentration c� as a function of Fourier number
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P . Comparisons between model predictions and experimental data
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(three for each transfer direction) and diameters up to 6.9 mm
have been examined. Special care was taken to keep the system
free of contaminants. The obtained results were compared to the
models by Kronig and Brink and Handlos and Baron in order to
identify the contribution of deformation and Marangoni convec-
tion on mass transfer enhancement. Finally, a single parameter is
introduced in the Handlos and Baron model to account for the
influence of Marangoni convection via the initial solute concentra-
tion, reflecting the isotropic nature of the Marangoni induced cha-
otic flow patterns.
2. Experimental investigations

The experimental setup is shown in Fig. 2. It has been already
applied successfully in former mass transfer investigations, see
e.g. Wegener et al. (2007). The mass transfer is measured in a glass
column (height 1000 mm and inner diameter 75 mm. The inner
diameter is large enough to prevent wall influence on fluid motion
for all diameters in this study, see as well Wegener et al. (2010)).
The column (1) is equipped with a jacket (2) in order to adjust
the temperature of the system using a LAUDA thermostat (4) at
25 �C. A precision dosing pump (Hamilton PSD/2 module) (5) gen-
erates toluene (6) droplets of desired volume at a nozzle (7). All
diameters given in this work correspond to the diameter of a
sphere with equivalent volume. Drop release is realised with a
solenoid device (8). One glass nozzle and two stainless steel noz-
zles have been used (N1: i.d. 0.5 mm, N2: i.d. 2 mm and N3: i.d.
3 mm, respectively).

Before each run, the organic and aqueous phase were mutually
saturated in a stirred tank (9) to avoid mass transfer between both
phases. Due to the sensitivity to impurities of the system, a precise
cleaning procedure has been accomplished and only chemicals of
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Fig. 2. Experimental setup. (1) Glass column, (2) jacket, (3) thermostat, (4)
precision dosing pump, (5) nozzle, (6) solenoid device, (7) saturation tank, (8) high
speed camera, (9) illumination system, (10) computer control.
high purity have been used: toluene p.a. P99.9% and acetone p.a.
P99.8% (both provided by Merck), highly purified deionized water
with a specific resistance of 18.3 MX cm. The physical properties
published by Misek et al. (1985) of the pure components are given
in Table 2.

After detachment, the droplet rises in the column and is col-
lected by a funnel device (10). The time interval between two con-
secutive droplets is large enough (>5 s) so that fluid motion is
dampened before the next droplet arrives. The vertical position
of the funnel is steplessly variable. The funnel is made of glass with
an inner maximum diameter of 70 mm. A small volume of dis-
persed phase is kept just above the funnel neck in order to allow
for drop coalescence at a teflon element. With a second precision
dosing pump (11), the dispersed phase is withdrawn dropwise.
Only PTFE tubes and fittings were used. Before each measurement,
the tube volume is exchanged twice to remove the material cre-
ated during the last run. Gas chromatography (GC) is used to ana-
lyse the dispersed phase sample (12). Thereto, an Agilent 7890 A
(with Agilent ChemStation) gas chromatograph was used.

The sample collection procedure is repeated for 10 different
contact times for each initial solute concentration. For each contact
time, three samples were collected. A mean value is calculated
from these three samples. The continuous phase has been changed
several times in reasonable intervals to avoid accumulation of sol-
ute. Table 3 shows the performed measurements for each mass
transfer direction (dispersed to continuous phase d ? c, or vice
versa c ? d).
3. Results and discussion

3.1. Comparison with Kronig and Brink model

Fig. 3 shows a comparison of the related mean droplet concen-
tration c� as a function of time between experimental data and the
Kronig and Brink model for different droplet diameters. In the
experiments, the mass transfer direction is from the dispersed to
the continuous phase and the initial solute concentration is 30 g/L.
One can see that the corresponding experimental values for a given
diameter are shifted towards the left i.e. that mass transfer is faster
than predicted by the model. It should be mentioned that the slope of
the model curves is flatter than that of the experimental data. The
Table 2
Physical parameters for # = 25 �C. q: density, l: dynamic viscosity, DA: diffusion
coefficient. Subscript d refers to the dispersed phase, c to the continuous phase and A
to the transfer component.

q (kg/m3) l (10�4 Pa s) DA (10�9 m2/s)

Toluene(d) 862.3 5.52 2.9
Water(c) 997.02 8.903 1.25
Acetone(A) 784.4 3.04 –

Table 3
Experiments performed in the toluene/acetone/water system. cAd0, cAc1: initial solute
concentration in the dispersed and continuous phase, respectively.

dP (mm) Nozzle d ? c c ? d
cAd0 (g/L) (cAc1 = 0) cAc1 (g/L) (cAd0 = 0)

0.9 7.5 30 60 1.4 12 49

2.0 N1 – – x – – – –
3.0 N1 – – x – – – –
4.0 N2 – – x – – – –
5.0 N2 x x x x x x x
6.0 N3 x x x – x x x
6.9 N3 x x x – x x –



0

0.2

0.4

0.6

0.8

1

1 10 100 1000

time [s]

re
la

te
d 

co
nc

en
tr

at
io

n 
c*

2.0 mm

3.0 mm

4.0 mm

5.0 mm

6.9 mm

6.0 mm

Kronig & 
Brink (1950)

2 mm

3

4

5
6
6.9

d c

cAd0 = 30 g/L

Fig. 3. Related mean droplet concentration c� as a function of time for different
droplet diameters. Comparison between experiments (mass transfer direction
d ? c, cAd0 = 30 g/L) and Kronig and Brink model.

M. Wegener, A.R. Paschedag / International Journal of Multiphase Flow 37 (2011) 76–83 79
faster mass transfer is certainly due to Marangoni convection
instabilities promoting radial mixing inside the droplet. The Kronig
and Brink model does not take into account these effects. The Had-
amard streamlines assumed in the model do not exist anymore and
were replaced by chaotic convection patterns. Furthermore, for lar-
ger droplets, the deformation or oscillation should exhibit an addi-
tional effect on the mass transfer rate.

This secondary contribution is estimated in Fig. 4 by applying
the following definition of the enhancement factor j:

j ¼ t60;K&B

t60;exp
ð8Þ

Here, the enhancement factor is defined as the ratio between
the time necessary to complete 60% mass transfer (which is equal
to c� = 0.4) predicted by the Kronig and Brink model, t60,K&B, and the
time needed in the experiments to achieve the same extraction
percentage, t60,exp. One can see clearly a bisection in Fig. 4, exactly
around the critical diameter dcr where drop oscillation begins, con-
firmed by experimental observation and predicted by the Klee and
Treybal correlation (Klee and Treybal, 1956):

dcr ¼ 0:33q�0:14
c Dq�0:43l0:3

c r0:24 ð9Þ

with the density of the continuous phase qc, the density difference
between both phases Dq, the dynamic viscosity of the continuous
phase lc and the interfacial tension r. Note that the units used in
Eq. (9) are the following: [q] = g/cm3, [l] = P (Poise), [r] = dyn/cm
and [dcr] = cm. For toluene/water, Eq. (9) yields dcr = 4.45 mm.
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Fig. 4. Enhancement factor j as a function of droplet diameter.
In the non-oscillating regime, j is around 5.5, i.e. mass transfer
in the Marangoni dominated system is enhanced by this factor
compared to the Kronig and Brink prediction. In the oscillating re-
gime, dP > dcr, a distinct step in the j values can be stated. The
enhancement factor is nearly doubled, the mean value is around
9.3. The step indicate a significant change in the relevant mass
transfer mechanisms. Beside the Marangoni effects, shape defor-
mations must play a major role with regard to internal mixing
behaviour and chaotic convection patterns. The proportion of
deformation on the mass transfer enhancement can be estimated
by jdP>dcr=jdP<dcr , thus circa 1.7.

3.2. Comparison with Handlos and Baron model

The influence of the initial solute concentration on the mass
transfer as a function of time is shown in Fig. 5 for three different
diameters, dP = 5.0 mm (left), dP = 6.0 mm (middle) and
dP = 6.9 mm (right). For comparison, the curve predicted by the
Handlos and Baron model is plotted in each figure. In the model
equations, the reduced droplet velocity has been applied. As men-
tioned above, Marangoni convection reduces significantly the drop
rise velocity, hence the relevant Peclet number to describe the
influence of convection compared to the influence of diffusion is
reduced as well. The velocities have been determined by measure-
ments comparable to those described in Wegener et al. (2009b).
Fifteen sequences have been analysed, and an average value has
been calculated. The reproducibility was found to be excellent. It
should be noticed, that the Handlos and Baron model (as well as
all other models) does not account for the initial solute
concentration.

In all three figures, the influence of Marangoni convection on
the mass transfer rate is obvious. The higher the initial solute con-
centration is, the stronger are Marangoni instabilities and the more
the curves are shifted to the left, towards faster mass transfer. But
compared to the Handlos and Baron model, mass transfer is still
slower in the experiments. Even a relatively high concentration
of 60 g/L (left figure) cannot be described by the model prediction.
Despite the disagreement between experiments and model predic-
tion, the comparison is highly instructive:

� The higher the initial solute concentration is, the nearer are the
experimental data to the model curve, i.e. the stronger Marang-
oni instabilities are, the more the model assumption of turbu-
lent mixing is fulfilled.
� The dynamic of the process i.e. the slope of experimental data is

well represented by the Handlos and Baron model, the slope
predicted by the Kronig and Brink model was significantly
flatter.
� The Handlos and Baron model has no adjustable parameters,

but it is the only model which predicts the mean concentration
in the Marangoni dominated regime as a function of time, not
perfectly, but in the right order of magnitude and relative
position.

The influence of droplet diameter on mass transfer as a function
of time is shown in Fig. 6 for the three different initial solute con-
centrations, cAd0 = 0.9 g/L (left), cAd0 = 7.5 g/L (middle) and
cAd0 = 30 g/L (right). In all three figures, the mass transfer is the
slower the larger the droplet is. This is primarily due to the smaller
surface to volume ratio of larger droplets. One should notice that
the curves are quasi parallel to one another. Interestingly, the frac-
tion extracted in the drop formation stage is much lower than
found in a study recently published by Wegener et al. (2009c)
investigating smaller droplet sizes (2.0 . . .4.0 mm). They found
extraction rates up to 35% whereas in the present study, the frac-
tion extracted is less than 20%. Primarily, this is due to the larger
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nozzle diameter used in the present investigations leading to a
lower nozzle Reynolds number and thus less convection driven
mass transfer compared to a smaller nozzle.

In spherical droplets with laminar circulation of Hadamard type
assumed in the Kronig and Brink model (Re < 1, Pe ?1), mass
transfer is due to diffusion perpendicular to the isolines of concen-
tration, a convective radial mixing is not considered. In the Kronig
and Brink model, time of diffusion increases with the square of
droplet diameter. In consequence, the related mean droplet con-
centration c� can be expressed with one single curve for different
droplet diameters if c� is plotted versus the Fourier number
Fo ¼ 4tDA=d2

P . Regardless of droplet size, the model reflects the fact
that the relevant transport mechanisms are identical for all
diameters.

Although in processes with Marangoni instabilities, convection
is dominant over diffusion, the experimental data of Fig. 6 are plot-
ted as a function of Fourier number in Fig. 7. The result shows that
in this plot the experimental data for different diameters fall into
Fourier
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tion. One might guess from this result that mass transfer in oscil-
lating droplets with simultaneous Marangoni convection scales
with the square of droplet diameter and the relative position of
the c�-curve depends on the initial solute concentration.

This result simplifies the modelling approach, as exemplarily
shown in Fig. 8. Since the data of all three diameters of one initial
solute concentration fall into one single curve, the Handlos and
Baron model can be used to express the experimental data. Only
a slight modification is introduced, namely a single concentration
dependent parameter a(DcA,0), to reflect the influence of the initial
solute concentration difference between both phases:

c� ¼ exp �aðDcA;0Þ
kn v t t

128dP ð1þ l�Þ

� �
ð10Þ

For all three figures, the reduced rise velocity of a 5 mm-droplet
(vt = 117 mm/s) is used. The modification parameter a increases with
increasing initial solute concentration, see Table 4. The agreement
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cA,0 = 0.9 g/L, a = 0.5, middle: cA,0 = 7.5 g/L, a = 0.62, right: cA,0 = 30 g/L, a = 0.7. Global parameters for the modified model: dP = 5 mm, vt = 117 mm/s, kn = 2.88, 1 + l� = 1.62.
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between the modified Handlos and Baron model with the
experimental data is satisfying. Fig. 9 shows a parity plot of calcu-
lated and experimental data. The majority of the data lies within a
tolerance of ±20%. The deviation becomes more significant for
short times, i.e. when drop formation is over and free rise begins
which is not surprising since the phenomena during drop forma-
tion are complex and not well understood (see e.g. Wegener
et al., 2009c).

Finally, the influence of the mass transfer direction has been
investigated. The solute concentration in the droplet phase is zero
at the beginning, the initial solute concentrations in the continuous
phase are 1.4, 12 and 49 g/L, see Table 3. The ratio of the initial sol-
ute concentrations for both transfer directions is equal to the dis-
tribution coefficient m (Wegener et al., 2009c):
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Fig. 9. Parity plot of all experimental data (both mass transfer directions, diameters
5, 6 and 6.9 mm and initial concentrations as shown in Table 3) compared with
model prediction (modified Handlos and Baron model) for the related mean droplet
concentration c�. The circles indicate the case c ? d with cA,0 = 49 g/L, dP = 5 and
6 mm (system with hindered coalescence).

Table 4
Modification parameter a as a function of initial solute concentration difference DcA,0.

DcA,0 (g/L) 0.9 7.5 30

a 0.5 0.62 0.7
cA;0ðd!cÞ

cA;0ðc!dÞ
¼ m ð11Þ

With Eq. (11), the maximum amount of solute to be transported
is equal in both cases. According to earlier works (e.g. Wegener
et al., 2009c), m is set to 0.63. Fig. 10 shows the result in compar-
ison with the modified Handlos and Baron model using the same a
values displayed in Table 4 for the corresponding initial solute con-
centration for the opposite mass transfer direction according to
Eq. (11). For the lower initial solute concentration, all data points
coincide with one curve, well represented by the model equation.
This shows that mass transfer enhancement due to Marangoni con-
vection is comparable to the reversed mass transfer direction. For
cA,0 = 12 g/L, the slope of the experimental data becomes flatter
and the agreement with the model is less satisfying, but predomi-
nantly ±20%. The data are also displayed in the parity plot, Fig. 9.

The worst result is shown in Fig. 10, right (cA,0 = 49 g/L). In Fig. 9,
these data are represented by open circles and show deviations up
to 100%. On one hand, the self similarity seems to be unvalid, the
scattering of data is enormous. 6.9 mm droplets could not have
been realized since the droplets detached from the nozzle tip be-
fore drop formation was over due to strong lateral drop motion
caused by Marangoni convection. The unsatisfying agreement be-
tween model and experimental data can be explained with the hin-
dered coalescence in the funnel device. In the mass transfer
direction c ? d, Marangoni effects hinder drop coalescence, as ob-
served e.g. by Chevaillier et al. (2006), Hoting (1996), Reissinger
and Marr (1986). This causes problems due to a random coales-
cence time and thus unreproducable residence time of the droplets
until they are withdrawn by the pump. In this case, the end effect
‘‘coalescence” dominates the mass transfer at the end of the free
rise stage and makes comparison difficult. Thus, further investiga-
tions are necessary on this issue to examine the influence of coales-
cence probability on extraction efficiency.

4. Conclusions

An in-depth study on the influence of Marangoni convection on
the mass transfer at deformable single rising droplets has been car-
ried out in the standard test system toluene/acetone/water. Param-
eters varied were the droplet diameter, the initial solute
concentration and the mass transfer direction. Comparisons with
mass transfer models from literature, especially Kronig and Brink
(1950) and Handlos and Baron (1957) lead to the following
conclusions:

� Mass transfer in Marangoni dominated systems cannot be
described by the Kronig and Brink model which assumes lami-
nar circulation of Hadamard type inside the droplet. Marangoni
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Fig. 10. Related mean droplet concentration c� as a function of Fourier number for different drop diameters for the reversed mass transfer direction (c ? d) compared to the
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convection destroys these laminar circulation patterns, instead,
chaotic convection leads to enhanced radial mixing and thus
higher mass transfer rates.
� The enhancement factor based on the Kronig and Brink model

indicates that mass transfer is more than five times higher in
the toluene/acetone/water system when droplet shape is spher-
ical. In the oscillating regime, a distinct step in the enhance-
ment factor occurs, the mass transfer is enhanced by a factor
of nearly 2 compared to the non-oscillating regime which
reflects the contribution of droplet deformation.
� The original Handlos and Baron model cannot describe the

influence of Marangoni convection properly, since it does not
account for the effect of initial solute concentration on the
strength of Marangoni convection. But it seems that, at least
for the system toluene/acetone/water, the Handlos and Baron
model represents the state of turbulent perfect mixing. The
experimental data approach the model curve if Marangoni con-
vection is strong. The slope of the model curve is comparable to
most of the experimental data.
� The experimental data fall on one curve if the values for the

different droplet diameters are plotted against the Fourier
number. Apparently, the mass transfer scales with the square
of the droplet diameter. This finding has been approved for all
initial solute concentrations and both mass transfer direc-
tions, but not for the case when coalescence is hindered
(c ? d, cA,0 = 49 g/L).
� A single parameter a is introduced to modify the Handlos and

Baron model. It accounts for the influence of the initial solute
concentration on the mass transfer. a is fitted to experimental
data and leads to excellent agreement. Only for short times,
reflecting the influence of the complex process of droplet for-
mation, the agreement is less pronounced.

Special care was taken in order to keep the system free of sur-
factants or contaminants. In many industrial applications, surfac-
tants play a significant role in the mass transfer process. The
objective of future work will be to extend our existing works on
Marangoni effects in clean single droplet systems to a controlled
contamination with surfactants. The complex interaction of
Marangoni effects, droplet deformation and the presence of surfac-
tants will be investigated.
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