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Relaxation oscillations were
observed in a simple 2-phase
mass-transfer system.
They are caused by repeated con-
sumption and regeneration of
Marangoni driving force.
Interfacial curvature affects the
appearance of relaxation oscillations.
Numerous regular cycles occur at
drops or bubbles.
Simulations at drops and bubbles
reproduce the relaxation oscillations.
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Relaxation oscillations in a two-phase system, consisting of paraffin oil and water, with 2-propanol ini-
tially dissolved in the oil phase, are observed as a periodic decay and re-amplification of interfacial
convection. Due to the mass transfer of the weakly surface-active 2-propanol, concentration gradients
and, by implication, density gradients exist. This leads to a periodic coupling of Marangoni instability,
buoyant convection and the restoring effects of diffusion. The relaxation oscillations are facilitated by the
presence of interfacial curvature, which imposes additional gradients of interfacial tension. This effect is
olutal Marangoni convection
elaxation oscillations

nterfacial curvature
ele-Shaw model
hase-field simulations

particularly pronounced around drops or bubbles formed in the experiments. The markedly regular relax-
ation oscillations appearing in that case have been further studied by 2D Hele-Shaw simulations based on
a diffuse-interface model. Interfacial tension is assumed to depend linearly on 2-propanol concentration
without accumulation of matter at the interface. This simplified approach is capable of reproducing the
relaxation oscillations observed experimentally.

© 2015 Elsevier B.V. All rights reserved.
. Introduction
Interfacial-tension driven flow, known as Marangoni con-
ection, takes place in various technological processes such as
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E-mail address: Kerstin.Eckert@tu-dresden.de (K. Eckert).
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extraction, evaporation or absorption of exhaust gas components.
It originates from gradients in the temperature (thermocapillary
case) or concentration of a surface-active substance (solutocap-
illary case). Even if the magnitude of Marangoni convection

decreases rapidly with the distance from the interface, it changes
the heat and mass transfer rates observed in such systems. This
effect, already noted in the early experiments of Sherwood and Wei
[1], motivated continuing research on Marangoni flow structures
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nd their relation to mass transfer efficiency [2–5]. Furthermore,
ew technologies are developed which use these flow structures
o pattern functional surfaces [6,7].

The first theoretical approach to predict the onset of solutal
arangoni instability was accomplished by Sternling and Scriven

8], who considered mass transfer of a weakly surface-active solute
etween two liquid layers separated by a planar interface. Their lin-
ar stability analysis confirmed the intuitive expectation that small
erturbations are amplified to stationary roll cell convection if the
olute diffuses out of the layer with higher kinematic viscosity and
ower solute diffusivity (cf. Section 2.1). Subsequent studies further
xtended their linear stability analysis, e.g. to interfacial deforma-
ions [9], the influence of adsorption kinetics [10], or to the effects
f solvent diffusion [11].

However, in contrast to the simple roll cells predicted by the
inear theory, solutal Marangoni convection mostly shows complex
nd unsteady flow patterns, cf. the overview given in [12]. The com-
ination of experimental flow visualization and numerical analysis
as recently improved understanding of the mechanisms under-

ying the evolution of patterns in Marangoni convection [13–15].
ccording to [15], a typical feature is the coarsening of struc-

ures, i.e. a steady increase in the size of the Marangoni cells,
hich compensates for the equilibrated mixing zone inside the

ells by entraining fresh fluid. Besides this continuous process,
ome systems show a temporal periodicity in Marangoni convec-
ion. This evolution is characterized by subsequent decays and
e-amplifications of large-scale Marangoni structures. Even sim-
le mass transfer systems with a weakly surface-active solute can
eature such a temporal periodicity [16,17,12]. The decay of con-
ection is attributed to the self-induced consumption of driving
oncentration gradients by enhanced mass transfer and the mixing
ffect of Marangoni structures in the vicinity of the interface [12].
stable density stratification is required for the build-up of this

quilibrated zone since otherwise buoyant convection would pro-
ide a constant supply of fresh fluid from the bulk phases [17]. For
he same reason, the coarsening mechanism must be prevented,
.g. by geometrical confinement of the structures in the horizontal
irection or by a strong density stratification that limits the vertical

ength scale.
Particularly pronounced periodicity develops in systems with

ass transfer of a strong surfactant. This was observed by
ime-dependent interfacial tension measurements [18–20] or visu-
lization of the flow patterns [21,18]. Again, two phases of varying
onvective intensity occur repeatedly. In the phase of active
arangoni convection, the enhanced supply of surfactant causes
rapid drop in interfacial tension, whereas a slow rise in interfa-

ial tension is observed for the ensuing phase of weak convection.
similar characteristic is obtained by the spreading of a surfac-

ant from a point-like source located under a surface or an interface
22,23]. Here, a single convection cell periodically decays and rekin-
les due to the combined action of adsorption–desorption kinetics
nd geometric confinement. Additional buoyancy effects in such
ystems alter the appearance of the oscillations, but are not their
rigin [24].

Depending on the configuration, the buoyancy influence can
lay different roles. In [25,26], an initially stable density stratifica-
ion is provided for a bubble or a drop placed in an aqueous surfac-
ant solution with a vertical concentration gradient. The spreading
f the surfactant by Marangoni convection causes buoyancy-driven
onvection. The interaction between both effects again gives rise to
n oscillatory flow. On the other hand, unsteady Marangoni convec-
ion can also be provoked by a primary buoyancy instability, e.g. for

drop of partially miscible fluid dissolving in a surrounding liquid
ith an imposed vertical temperature gradient [27]. Furthermore,

uoyancy instability can trigger interfacial tension-driven spread-
ng for mass transfer in the Marangoni-stable direction [28]. The
hysicochem. Eng. Aspects 481 (2015) 633–643

situation becomes even more complex if Marangoni effects are cou-
pled to chemical reactions. In fact, oscillations can be observed for a
variety of reactive systems [29–35]. Additional effects like chemical
interaction of the solutes in the interfacial region, multi-component
diffusion of educts and products or phase changes like precipitation
however require a specific interpretation for each system.

Despite their diversity, all of the systems listed above show a
similar characteristic in their temporal evolution. Impulsive stages
of active Marangoni convection alternate with longer relaxation
periods during which the Marangoni driving force is restored. This
typical progression, termed relaxation oscillations, results from the
different time scales of Marangoni convection compared to concur-
rent processes like diffusion or other types of convection.

In this work, we show that relaxation oscillations set in even
when a common alcohol is employed instead of a strong surfactant
or a chemical reaction. For the first time, the temporal periodic-
ity of such a simple mass transfer system is analyzed in detail. A
novel combination of experiments using drops and bubbles placed
in a vertical alcohol concentration gradient with phase-field sim-
ulations allows us to unravel the oscillation mechanism: Intense
mixing by the Marangoni convection locally cancels the driving
concentration gradient. Restoration of the latter by buoyancy-
driven convection and diffusion initiates the next oscillation period.
The droplets represent the smallest length scale employed in our
systematic variation of geometrical constraints and interfacial cur-
vature. These insights are therefore valuable to understand why
Marangoni convection breaks down at an extended interface and
how the curvature of the interface supports re-amplification.

2. Experiment

2.1. Mass transfer system

We consider the two-layer system paraffin oil/water with mass
transfer of 2-propanol. Initially, 5 vol% 2-propanol is dissolved in
the upper organic phase which diffuses to the lower aqueous phase,
see Fig. 1. 2-propanol lowers interfacial tension and the density
of both the aqueous (1) and the organic phase (2). Since diffu-
sivity is lower and kinematic viscosity is higher in the donating
phase (D(2)/D(1) < 1, �(2)/�(1) > 1), diffusion of 2-propanol across
the interface is prone to stationary Marangoni instability according
to [8]. This can be illustrated by considering a small perturbation
at the interface with a slightly higher solute concentration. As a
result, a divergent motion of the interface will be initiated due to
the Marangoni effect, advecting solute-rich fluid from the donat-
ing phase. Since the vertical concentration gradient in this phase
is steeper on account of the lower solute diffusivity, this cannot be
canceled out by the inflow of fluid poor in solute from the accepting
phase. Hence the flow is amplified and Marangoni instability sets
in.

Due to the hydrophilic nature of the short-chain alcohol, par-
tition is largely in favour of the aqueous phase. This leads to an
intense mass transfer and, accordingly, a fast depletion of the
organic phase in regions near the interface. Besides, a stable density
stratification is built up in both layers during the mass transfer. The
corresponding material parameters, presented in Table 1, are taken
from the literature [36,37] or estimated by suitable relationships as
detailed in the following.

For the dependence of interfacial tension � and solution density
�(i) of phase i = 1, 2 on 2-propanol concentration c(i), a linear relation
is assumed
�(i) = �(i)
ref

+ �(i)
ref

ˇ(i)
c c(i), (1)

� = �ref + �ref ˛cc(1). (2)
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Fig. 1. Experimental setups to study Marangoni convection in the system paraffin oil/water with interfacial mass transfer of 2-propanol. Light gray arrows indicate the
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irection of observation in the shadowgraph optics. Numbered block arrows in (b)
etailed in the text.

he solutal expansion coefficient ˇ(i)
c was obtained by linear inter-

olation between the densities of the pure phases �(i)
ref

and the
ensity of the pure solute �p, i.e. neglecting excess volume of mix-

ng.
The interfacial tension of the binary system �ref and the change

f interfacial tension with solute concentration �ref˛c is approxi-
ated by measurements of the system hexane/water/2-propanol

38]. The equilibrium data of this ternary system is also listed in
38] and used to calculate the partition coefficient H = c(2)

eq /c(1)
eq ,

here c(i)
eq are the molar concentrations at partition equilibrium.

he approximation with the aid of hexane is motivated by the simi-
ar chemical nature of paraffin oil which is a mixture of alkanes with
onger carbon chains. However, viscosity �(2) and diffusivity D(2)
trongly depend on the chain length of the alkane molecules. For
iquid paraffin, a typical range of 16–32 carbon groups is reported
n literature [41]. The paraffin oil of lower viscosity used in this
tudy probably contains more of the shorter chains, so that a mean

able 1
roperties of the system paraffin oil/water with interfacial mass transfer of 2-propanol at
hase 2 the organic phase marked with (2). The data sources are further detailed in the te

Description Symbol

Molar mass water M(1)

Molar mass paraffin oil (eicosane) M(2)

Molar mass 2-propanol Mp

Mass density water �(1)
ref

Mass density paraffin oil �(2)
ref

Mass density 2-propanol �p

Dynamic viscosity water �(1)

Dynamic viscosity paraffin oil �(2) = �(2)�(
r

Kinematic viscosity water �(1) = �(1)/�

Kinematic viscosity paraffin oil �(2)

Partition coefficient H
Diffusivity 2-propanol in water D(1)

Diffusivity 2-propanol in paraffin oil D(2)

Interfacial tension of the binary system �ref

Change of interfacial tension per 2-propanol conc. in water �ref˛c

Solutal expansion coefficient 2-propanol in water ˇ(1)
c

Solutal expansion coefficient 2-propanol in paraffin oil ˇ(2)
c

Initial conc. for 5 vol% 2-propanol c0

Gravitational acceleration g
the inlet and outlet of liquids during the filling procedure in the Hele-Shaw cell as

chain length of 20 carbon groups is assumed for the molar mass
M(2) in Table 1. On this basis, the diffusivity of 2-propanol in paraf-
fin oil D(2) is calculated using the Wilke and Chang correlation [40].
A deviation in chain length of ±4 carbon groups would amount to
10% uncertainty in the diffusion coefficient; hence, this estimation
is robust on its order of magnitude.

All chemical substances were used as purchased. Water and
2-propanol were of HPLC grade, and the paraffin oil was of phar-
maceutical quality (Ph.Eur., DAB). In preliminary experiments,
however, the system turned out to be very sensitive to impuri-
ties, resulting in strongly reduced or even inhibited Marangoni
convection for contaminated experimental runs. Therefore, in this
study, a rigorous cleaning procedure was undertaken. All relevant
equipment and experimental containers were flushed and wiped

with acetone, then triply rinsed both with distilled water and 99%
ethanol.

An advantage of this mass transfer system – besides the harm-
less chemical substances – is the negligible mutual solubility of the

room temperature. Phase 1 is the aqueous phase marked with upper index (1) and
xt.

Unit Value Ref.

kg/mol 18.02×10−3 [36]
kg/mol 282.55×10−3 [36]
kg/mol 60.10×10−3 [36]
kg/m3 998 [36]

kg/m3 850 [37]
kg/m3 781 [36]
Pa s 1.00 × 10−3 [36]

2)
ef

Pa s 28.9 × 10−3

(1)
ref

m2/s 1.00 × 10−6

m2/s 34 × 10−6 [37]
(mol/l)/(mol/l) 0.16 [38]
m2/s 1.08 × 10−9 [39]
m2/s 9 × 10−11 [40]
N/m 50.1 × 10−3 [38]
N/m/(mol/l) −0.136 [38]
l/mol −0.0167
l/mol −0.0062
mol/l 0.649
m/s2 9.81
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�/(g��) [47]. A value of approx. 6 mm is obtained for the system
paraffin oil/water with an interfacial tension of �ref = 50 × 10−3 N/m
and a density difference ��ref = 150 kg/m3. Hence the size of the
36 K. Schwarzenberger et al. / Colloids and Surface

asic phases, paraffin oil and water, so that no presaturation of both
olvents is required. Corresponding to the low solubility, interfacial
ension between paraffin oil and water is high. This property deter-

ines not only the strong adsorption of impurities [42] as described
bove, but also the shape of the interface, cf. Section 3.

In addition to the system paraffin oil/water/2-propanol, relax-
tion oscillations at an air bubble placed in the aqueous phase
re shown in Sections 3 and 4.2. Table 2 summarizes the mate-
ial parameters that describe Marangoni convection at the bubble
urface along with the corresponding references. As done for the
nterfacial tension dependence �ref˛c, a linear relation is assumed
or the change of surface tension with solute concentration in
he aqueous phase, �ref ˛∗

c . Since mass transfer into the bubble is
eglected (see Section 4.1), only the density �air and the viscosity
air of the air phase are needed.

.2. Experimental setup

The system geometry is an important factor for the onset of
emporal periodicity in Marangoni convection (cf. Section 1), as
t limits the accessible volume of fresh fluid required to main-
ain the coarsening of the convective structures. Therefore, in this
tudy, we conduct a systematic variation of geometry. First, the
ystem of Section 2.1 is placed in rectangular cuvettes of different
ide lengths. Second, the geometry is further restricted by using a
apillary gap, the Hele-Shaw cell. This additionally allows us to con-
rol the curvature of the interface as detailed below. Third, drops
nd bubbles formed inside the system of Section 2.1 are analyzed;
hese set the smallest length scale imposed. The experiments in the
uvettes provide a top view at the interface, whereas in the Hele-
haw cell, the flow structures are observed normal to the interface.
shadowgraph optics (construction by TSO, Pulsnitz, Germany),

etecting the second derivative of the concentration field, is applied
o visualize the patterns arising from interfacial convection. Fig. 1
chematically illustrates the different experimental geometries.

Two different cuvette aspect ratios are used to check if the
ppearance of temporal periodicity is robust for a certain vari-
tion of geometry: cubic cuvettes with inner dimensions of
× W × H = 20 mm × 20 mm × 20 mm as shown in Fig. 1(a) and nar-
ow cuvettes with L × W × H = 60 mm × 10 mm × 20 mm. Due to the
igh interfacial tension of the basic phases paraffin oil and water,
he liquids can be superposed by cautiously pouring the organic
hase over the aqueous one using a syringe. The cuvettes are filled
o the brim and then covered with a glass plate to prevent evapo-
ation of 2-propanol.

Fig. 1(b) depicts a shadowgraph image of the Hele-Shaw cell
lled with the system (paraffin oil + 2-propanol)/water in a typical
tate of the mass transfer experiment. Two parallel glass plates form
he narrow gap of the Hele-Shaw cell. A spacer made of polytetraflu-
roethylene (PTFE) foil, whose inner contour is further sketched by
dashed line beyond the circular field of view, sets the gap width
= 1 mm, see Section 4.1. The shape of the PTFE foil and the fill-

ng procedure are adapted from [44–46]. The numbered arrows in
ig. 1(b) mark the inlet and outlet of liquids during the filling pro-
edure. First the aqueous phase is injected from the bottom inlet
1) until the Hele-Shaw cell is completely filled with liquid. Next,
he organic phase is filled from the top inlet (2) until it occupies the
pper half of the Hele-Shaw cell. To obtain a defined starting condi-
ion, the organic and aqueous phase then are continuously fed from
bove and below until the interface is refreshed. Finally, injection of
he aqueous phase is stopped, so that the organic phase completely

lls the exhaust channels (3). During this step, the interface (visible
s a thick black line separating the two phases in Fig. 1(b)) pins at
he lateral edges of the PTFE foil. The distance between these edges
mounts to 15 mm. By the pinning effect, it is possible to obtain a
hysicochem. Eng. Aspects 481 (2015) 633–643

planar (Fig. 4(c)) or even concave1 (Fig. 4(a)) form of the interface.
Without pinning, the interface assumes a convex shape due to the
wetting of the hydrophobic PTFE foil by the organic phase as visible
in Fig. 4(b). At the end of the filling procedure, the desired shape of
the interface can be further tuned by a cautious injection or suction
of a small amount of liquid from above or below.

Finally, drops sitting on the glass wall of the Hele-Shaw cell
are examined; these formed incidentally during the filling proce-
dure in some experiments. The diameter of the drops is typically
0.1–0.5 mm, corresponding to a volume of a few nanoliters. In
addition, air bubbles are introduced in further experiments via a
capillary as depicted in Fig. 1(c). In that case, a larger Hele-Shaw
gap width of 3 mm is used so that the capillary can be inserted.

3. Experimental results

3.1. Cuvettes

To provide an overview on the evolution in the system (paraf-
fin oil + 2-propanol)/water, Fig. 2 shows characteristic stages of
Marangoni convection for the cubic cuvettes. After the superposi-
tion of the phases, a large-scale Marangoni flow develops, visible
as high-contrast concentration fronts occupying the whole cuvette
cross-section in Fig. 2(a). Simultaneously, small structures appear
at the interface in the form of high-frequency modulations of gray
value. This hierarchy of large-scale convection with an embedded
substructure is a common feature of solutal Marangoni instability
and was analyzed in-depth in [15]. The ensuing relaxation phase in
Fig. 2(b) is marked by weak convection with faint structures at the
interface until the next active phase (c) sets in.

The difference in contrast between active and relaxation phase
is visualized by the gray value distribution in Fig. 3(a). Intense
concentration fronts in the active phase result in a broad distribu-
tion, whereas the relaxation phase features a narrow peak around
the mean gray value. Hence, the standard deviation (SD) of the
gray value distribution can be used as a measure to character-
ize the intensity of convection. The change in standard deviation
with time readily describes the re-amplifications of Marangoni con-
vection, see Fig. 3(b). This diagram shows the temporal evolution
for both the cubic cuvette and the narrow cuvette. In the cubic
cuvette (upper graph), three short peaks of intense convection can
be observed. Beyond t = 3000 s, the driving force is no longer suffi-
cient to drive another cycle of large-scale Marangoni convection.
For the narrow cuvette, the smallest dimension of the interface
is 10 mm, and the largest one is 60 mm. Accordingly, the length
scale of convective structures is even more confined in the lateral
direction compared to the 20 mm × 20 mm interface in the cubic
cuvettes. However, a larger reservoir of liquids is available at the
same time. The temporal evolution in the narrow cuvette (lower
graph in Fig. 3(b)) therefore exhibits longer active phases and its
last re-amplification occurs at a later time (peak at t = 6000 s).

Apart from the change in gray value contrast, Fig. 2 reveals
another feature of our liquid–liquid system. Regions close to the
cuvette walls are shadowed by the deflection of light at the curved
interface. The aqueous phase preferably wets the cuvette glass,
thus a concave meniscus is formed. The characteristic size of the
meniscus under gravity is represented by the capillary length � =√
1 Considering a point at the interface, we construct a circle whose circular arc
best approximates the shape of the interface at that point. If the center of this circle
is located in the organic [aqueous] phase, we denote the interfacial curvature as
concave [convex].
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Table 2
Properties of the system air/(water + 2-propanol) at room temperature. The data sources are further detailed in the text.

Description Symbol Unit Value Ref.

Density air �air kg/m3 1.161 [36]
Dynamic viscosity air �air Pa s 1.86 × 10−5 [36]
Kinematic viscosity air �air= �air/�air m2/s 1.6 × 10−5

Surface tension of water � ref N/m 72.01 × 10−3 [43]
Change in surface tension per 2-propanol conc. in water �ref ˛∗

c N/m/(mol/l) −0.0274 [43]

Fig. 2. Temporal evolution of Marangoni convection in the cubic cuvette for the system (paraffin oil + 5 vol% 2-propanol)/water. The size of the shown window is
25 mm × 25 mm.

(a) Gray value distribution for active
phase (t = 390 s) and relaxation phase

(b) Temporal evolution of standard de-
viation of gray values
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(t = 620 s)

Fig. 3. Evaluation of gray value distribution for repea

eniscus is not negligible with respect to the characteristic length
f the system geometry (cuvette width of 20 mm). The slightly
symmetric shape of the interface, visible through the shadowed
egions of Fig. 2, is caused by the filling procedure. The inflow points
f Marangoni convection preferably are located at the highest posi-
ions of the concave meniscus, e.g. in the upper-left and lower-right
orner of Fig. 2(a). Since the shape of the interface obviously influ-
nces the characteristics of Marangoni convection, this effect is
urther investigated in the Hele-Shaw cell.

.2. Hele-Shaw cell

In the Hele-Shaw cell, the interface possesses two principal
urvatures. Due to the hydrophilic glasses, which are preferably
etted by the aqueous phase, a concave curvature also exists in the

mall gap. As shown below, this curvature does not play a crucial
ole and therefore is of minor interest. More importantly, the
econd principal curvature can be tuned from concave to planar
o convex simply by the volume injected of the respective phase

cf. Section 2.2). Fig. 4 shows shadowgraphs of the Marangoni
onvection developing for these three cases. The concave interface
n Fig. 4(a) maps the situation in the cuvettes of Section 3.1.
he inflow of solute-rich fluid (homogeneous gray value) from
plification of Marangoni convection in the cuvettes.

the organic bulk phase to the interface takes place at the lateral
edges of the interface in Fig. 4(a), i.e. at the highest position of the
interface. Accordingly, the inflow is located in the center of the
interface for the convex case in Fig. 4(b). The fluid, mixed by the
roll cell convection, again accumulates in the outflow zones. These
regions of mixed fluid are separated from the organic bulk phase
by a high-contrast concentration front arching over the center of
the interface in Fig. 4(a) and the lateral sides in (b), respectively.

In [17,48], the influence of small deformations of an ideally pla-
nar interface was already briefly discussed. However this effect
becomes particularly clear in Fig. 4((a) and (b)) by deliberately
imposing a strong variation of curvature. Regions of the interface
reaching farther into the upper donating phase, such as the edges
(Fig. 4(a)) or the central part (Fig. 4(b)), are subjected to a higher
concentration of surface-active solute. The resulting gradients in
interfacial tension induce Marangoni convection towards regions of
the interface penetrating into the accepting aqueous phase. Accord-
ingly, a reverse flow direction appears for the concave and the
convex case as marked by white arrows in Fig. 4((a) and (b)).
The variation in interfacial curvature not only affects the shape
of Marangoni convection, but also its temporal evolution, see Fig. 5.
After an intense initial phase, clear re-amplifications of Marangoni
convection can only be observed for the concave (dark gray curve)
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Fig. 4. Marangoni convection in the Hele-Shaw cell for varied interfacial curvature at t = 100 s. The interface is visible as a thick black line separating the upper organic from
the lower aqueous phase. The width of the shown window is 20.7 mm. White arrows in (
in (a) marks a drop, later on referred to as Drop 1, with periodic Marangoni convection, s
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ig. 5. Temporal evolution of standard deviation of gray value distribution in the
ele-Shaw cell for varied interfacial curvature.

nd convex (light gray curve) cases. By contrast, at the planar inter-
ace (black curve) where the vanishing interfacial curvature along
he glass walls does not impose a preferred flow direction (see
ig. 4(c)), the activity soon decays. We remark that a small con-
ection also results from the curvature of the interface between
he glass plates. Since it does not significantly influence the tempo-
al evolution in Fig. 5, it deserves no further consideration for the
resent problem.

.3. Drops and bubbles

In several experiments, small drops or bubbles formed during
he filling of the Hele-Shaw cell or cuvette which stuck to the walls
f the experimental container. In Fig. 4(a) such a drop of paraffin
il immersed in the aqueous phase is marked by a white rectangle.
f the distance between the drop and the interface of the two-layer
ystem is small enough, periodic re-amplifications of Marangoni
onvection can be observed at the drop surface. Within one cycle
f re-amplification, characteristic stages of convection are passed.
hese stages are depicted in Fig. 6 for “Drop 1” which is marked
n Fig. 4(a). The cycle begins with the start-up of Marangoni
onvection in Fig. 6(a). Two small vortices form at either side of
he drop and are amplified to the state depicted in Fig. 6(b), where
he peak of Marangoni convection is reached. The flow obviously
s caused by the conditions in the surrounding of the drop. Due to
he mass transfer of 2-propanol across the overlying interface of
he two-layer system, the drop is placed in a vertical concentration
radient. Hence it is subjected to high solute concentration at the

(1)
pper side, implying both low interfacial tension � and density � ,
nd low concentration at the bottom, i.e. both higher � and �(1).
herefore, Marangoni convection at the drop surface is directed
ownwards, entraining lighter fluid rich in solute to lower regions
a) and (b) indicate the main direction of flow at the interface. The white rectangle
ee Section 3.3.

of higher density. The initially stably stratified aqueous phase is
stirred, and the additional buoyancy accelerates the rise of the
lighter fluid at some distance from the drop surface. As a result, an
intense mixing of the fluid, visible in Fig. 6(b), takes place which
exhausts the vertical concentration gradient in the vicinity of the
drop and leads to the breakdown of Marangoni convection. In the
subsequent relaxation phase (Fig. 6(c)), the initial concentration
gradient is restored by both the buoyancy-driven convection,
which carries the mixed fluid upwards, and diffusion. The end of
the relaxation phase is shown in Fig. 6(d), followed by another
cycle of Marangoni convection. A similar mechanism was already
observed in [26] for other fluid combinations.

The intensity of Marangoni convection which disturbs the con-
centration gradient in the surrounding of the drop can again be
characterized by the standard deviation of the gray value distri-
bution, see Fig. 7. The inset zooms in on three periods of Drop 1,
indicating the sawtooth-like progression of the observed relax-
ation oscillations. The steep rise in standard deviation corresponds
to the short, impulsive stage of Marangoni convection. The relax-
ation phase lasts longer due to the slower processes of diffusion
and buoyant convection being responsible for the restoration of
the Marangoni driving force. The main diagram shows about hun-
dred periods of regular relaxation oscillations over half an hour.
As Drop 1 is located close to the interface of the two-layer system,
its relaxation oscillations are influenced to a certain extent by the
large-scale Marangoni convection. To illustrate this, the intensity of
convection at the interface (already shown in Fig. 5, concave case)
is plotted again for comparison in Fig. 7 (gray curve). It can be seen
that during active Marangoni convection of the two-layer system,
i.e. a rise of the gray curve, the frequency of the relaxation oscilla-
tions at Drop 1 decreases. Under this additional mixing, it will take
longer until the concentration gradient at the drop for the onset of
the next oscillation is available again.

Figs. 8 and 9 show that such relaxation oscillations were
observed in several experiments in the system (paraffin oil + 2-
propanol)/water. Besides Drop 1 (located on the left-hand side of
Fig. 8(a)), other drops further away from the interface (right-hand
side of Fig. 8(a)) perform relaxation oscillations as the concentra-
tion gradient of the two-layer system advances into the aqueous
phase. Generally, the concentration gradient decreases with the
distance from the interface. Accordingly, the contrast of the con-
centration fronts produced by the Marangoni convection around
the drops is reduced. Even water drops in the organic phase, e.g. in
Fig. 8(b), showed periodic re-amplifications of Marangoni convec-
tion, since qualitatively the same conditions (vertical concentration
gradient and initially stable density stratification) are present there

due to the mass transfer of 2-propanol across the interface of the
two-layer system.

Furthermore, to check the robustness and the mechanism of the
relaxation oscillations, we also worked with bubbles in both the
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Fig. 6. Cycle of relaxation oscillation at a drop of paraffin oil immersed in the aqueous phase, see Fig. 4(a). White arrows indicate the direction of flow in the active ((a) and
(b)) and relaxation phase ((c) and (d)). The width of the shown window is 2.4 mm.

Fig. 7. Temporal evolution of standard deviation of gray value distribution for Drop 1, cf. Fig. 4(a), and the overlying interface of the two-layer system (gray curve). The inset
details three periods of relaxation oscillations at Drop 1.

ferent drops. The width of the shown window is 15 mm.
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Fig. 8. Active stage of relaxation oscillations for dif

queous phase (Fig. 9(a)) and the organic phase (Fig. 9(b)). The bub-
le in (b) sits under the cover glass of the narrow cuvette, i.e. it is
bserved in top view. In the aqueous phase, a bubble was inserted at
he tip of a capillary to prevent its immediate rise due to buoyancy
orces. Both bubbles show the same type of relaxation oscillations
s the drops; the circular fronts around the bubbles are their fin-
erprint. Contrary to the drops, it is obviously justified to neglect
ass transfer into or from the air bubble. Hence it can be conjec-

ured that mass transfer into or from the drops might as well play
minor effect. This is substantiated by the fact that the volume of

he drops is very small, so their interior is equilibrated quickly.
On analyzing the frequency of relaxation oscillations for the two

iquid configurations of water and paraffin oil, it turns out that the
requency is roughly by a factor of ten lower if the surrounding
hase is paraffin oil instead of water. This difference, which was
bserved both for drops and bubbles, is attributed to the higher
iscosity of paraffin oil leading to both slower convection and diffu-
ion. Furthermore, the magnitude of density change per 2-propanol
oncentration in paraffin oil is approx. three times lower compared
o the aqueous solution, cf. Table 1.
To sum up, the most probable mechanism of the relaxation
scillations is the consumption and regeneration of the vertical
oncentration gradient. However, from former works (cf. overview
n Section 1) it is known that strong surfactants can also lead to
Fig. 9. Active stage of relaxation oscillations for different bubbles. The size of the
shown window is 5 mm × 5 mm. The relaxation oscillations at bubble (a) are detailed
in Fig. 12(b).

a periodic breakdown of Marangoni convection. Even though a
simple alcohol was chosen as the surface-active solute, the effect
of adsorption/desorption kinetics might not be excluded a priori.

Furthermore, the experiments were found to be quite sensitive to
impurities (cf. Section 2.1) which act similar to surfactants, adsorb-
ing at the interface. Therefore, simulations were performed in order
to rule out the influence of adsorption/desorption kinetics as the



640 K. Schwarzenberger et al. / Colloids and Surfaces A: P

F
a

p
e
w
t

4

4

p
i
c
t
A
c
t
c
c
u
s
l
c
a
t
w
s
t
m
t
v
e

s

v = g

w
p
n
�

�
o
z
m

ig. 10. Sketch (not drawn to scale) of the model geometry to simulate convection
t a drop/bubble (2) placed in the aqueous phase (1).

rimary cause for the breakdown of Marangoni convection in our
xperiments. As detailed below, a simplified model is considered
hich contains all relevant ingredients to describe the physics of

he mechanism proposed in this section.

. Simulations

.1. Mathematical model

We use a diffuse interface model to simulate the two-phase flow
roblem with a surface-active solute. Assuming a parabolic veloc-

ty profile between the plates of the Hele-Shaw cell allows us to
onsider the flow equations in 2D by introducing an additional fric-
ion term depending on the Hele-Shaw gap width d [49–52,48].
s shown in Fig. 10, the drop/bubble is modeled as a cylindri-
al fluid domain between the plates to allow 2D computations. In
he surrounding aqueous phase, an initially constant vertical con-
entration gradient of 2-propanol is supposed, whereas the solute
oncentration in the drop is neglected (c(2) = 0). A phase field 	 is
sed to represent the phases, with 	 = 0 in the drop and 	 = 1 in the
urrounding fluid. We assume diffusion-limited adsorption where
ocal thermodynamic equilibrium exists between the excess con-
entration 
 at the interface and the solute concentration c = c(1)

djacent to the interface. A linear relation between both quanti-
ies 
 = Kc (Henry’s model) is applied so that interfacial tension as
ell depends linearly on c (cf. Eq. 2). Hence, the concentration of the

urface-active solute enters our model solely in terms of c. The mass
ransport is modelled by an advection-diffusion equation and the

omentum transport by the incompressible Navier–Stokes equa-
ions coupled with the shear stress balance at the interface. We
alidated numerically that the inertia term in the Navier–Stokes
quations can be omitted in the considered parameter regime.

The resulting governing equations for velocity v, pressure p and
urfactant concentration c in the aqueous phase are based on [53]:

�(	, c)∂tv − ∇ · (�(	)(∇v + ∇vT )) + 3
d2

�(	)v + ∇p + k∇	 ⊗ ∇	 ·

∇ · v = 0,

	∂tc + 	v · ∇c − D(1)∇ · (	∇c) − Dn∇ · (n · ∇c |∇	| n) = 0,

here g is the gravitational acceleration, P = I − n ⊗ n is the surface
rojection, I is the identity matrix and n = ∇ 	/|∇ 	| is the outer
ormal to the drop. Linear interpolations are used for the density
(	, c) = 	�(1)

ref
(1 − ˇ(1)

c c) + (1 − 	)(�(2)
ref

(1 − ˇ(2)
c c)) and viscosity
(	) = 	(�(1)) + (1 − 	)�(2). Note that the positive semi-definite
perator k ∇ 	 ⊗∇ 	 · v with penalty constant k = 1 kg/ms, enforces
ero normal velocity at the drop surface, as can be shown using
atched asymptotic analysis [54]. This mimics the experimentally
hysicochem. Eng. Aspects 481 (2015) 633–643

�(	, c) + �ref ˛c |∇	|P∇c,

observed immobility of the drop whose pinning at the wall of the
Hele-Shaw cell counteracts gravity. Further, Dn is an interfacial
normal diffusion ensuring the desired no flux boundary condition
n · ∇ c = 0 at the drop surface. For the definition of the remaining
quantities we refer to Tables 1 and 2.

Simulations were performed for two different sets of material
parameters corresponding to an aqueous solution of 2-propanol
surrounding a paraffin oil drop (Table 1) or an air bubble (Table 2).
The drop and bubble diameter 2r = 0.3 mm matches the size of
Drop 1 in Section 3.3. For the diffusive mass transfer between two
infinitely extended phases, an analytical solution exists [55]. Apply-
ing this solution to the diffusive mass transfer of 5 vol% 2-propanol
between paraffin oil and water, the concentration gradient in the
aqueous phase at a time of 600 s and a distance to the interface of
1 mm was calculated to dc

dy :=25.4 mol/(l·m). The distance of 1 mm
again was chosen according to the position of Drop 1 with respect
to the overlying interface. The time of 600 s approximately cor-
responds to the maximum concentration gradient of the diffusive
solution at the location of the drop. This value therefore should
be sufficient to trigger Marangoni convection as observed in the
experiments. Hence, for the concentration field we use c = dc

dy y as
initial and boundary condition, with y being the vertical coordinate.
For the velocity, the initial and boundary condition is set to v = 0.
This quiescent initial state is unstable, since the vertical concen-
tration gradient imposes interfacial tension gradients at the drop
surface and Marangoni convection sets in as detailed below. The
domain size was chosen Lx × Ly = 8 mm × 8 mm which was verified
to be large enough to eliminate finite-size effects. For details on
discretization and implementation we use the same procedure as
for similar two-phase models with interfacial particles and refer to
[56].

4.2. Numerical results

The simulations are in fact able to reproduce a periodic break-
down and re-amplification of Marangoni convection. Fig. 11 shows
two snapshots of the concentration distribution around the drop
for the stage of active Marangoni convection (a) and the end of the
relaxation stage (b), roughly corresponding to Fig. 6(b) and (d) in the
experiments, respectively. The observed structure of the concentra-
tion distribution agrees with the mechanism proposed in Section
3.3. In the active stage (Fig. 11(a)), the strong inflow of solute-rich
fluid at the top of the drop is visible along with the mixing zone sur-
rounding the drop. The isolines of concentration virtually enclose
the drop as the concentration gradient is gradually reduced. Finally,
due to the homogeneous concentration distribution at the drop
surface, the gradients in interfacial tension are exhausted and inter-
facial convection breaks down. Only weak Marangoni flow takes
place in the subsequent relaxation stage, accompanied by diffu-
sion and buoyant convection in the aqueous phase. At the end of
the relaxation stage (Fig. 11(b)), the isolines again take a more

horizontal shape, indicating the restoration of the vertical concen-
tration gradient. This means that sufficient Marangoni driving force
is available to amplify the interfacial flow and the next cycle of
active convection is initiated.
To characterize the evolution of the relaxation oscillations, the
mean solute concentration 1/(2�r)

∫
| ∇ 	|c dx at the drop/bubble

surface  is shown in Fig. 12(a) as a function of time for a drop
(black curve) and an air bubble (gray curve). In the inflow zone of
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Fig. 11. Concentration distribution from simulations of a paraffin oil drop placed in an aqueous solution with a vertical gradient of 2-propanol. Shown is a section of
5.5 mm × 3 mm of the computational domain.

(a) Simulation (b) Experiment
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ig. 12. Relaxation oscillations for a drop of paraffin oil resp. an air bubble place
oncentration at the drop/bubble surface, experimental results in (b) show the sta
ig. 7) and the bubble in Fig. 9(a).

arangoni convection, solute-rich fluid is sucked to the drop sur-
ace, thereby increasing the concentration at the interface. Since
he initial concentration gradient is constant throughout the whole
omain, the first cycle is most intense, while the subsequent peri-
ds start from a pre-mixed state. In the quiet relaxation phase,
he concentration at the interface drops again. As in the exper-
ments, this process repeats in many cycles. The experimental
esults are plotted again in Fig. 12(b) for direct comparison. Note,
hat for accessibility reasons different quantities are displayed for
he numerical and experimental results, i.e. the mean solute con-
entration at the drop/bubble surface is shown vs. the standard
eviation of the shadowgraph gray value distribution. Therefore,
he shape of the oscillations differs to a certain extent in Fig. 12((a)
nd (b)). The temporal domain of (b) is in the later stage of the
xperiment, where the convection around the drop/bubble is no
onger influenced by the Marangoni convection at the overlying
nterface of the two-layer system. Qualitative agreement can be
ound between the relaxation oscillations in the experiments and
imulations. Both the frequency and amplitude of the oscillations
re lower for the simulation of an air bubble compared to those of
he drop in Fig. 12(a). The same is observed in the experiments (b),
here the less intense convection around the air bubble yields a

ower contrast for the concentration front of the mixed zone (see
ig. 9(a)). However, an additional influence of the capillary can be
xpected for the experimental air bubble. The capillary probably
lters the inflow of solute-rich fluid at the top of the bubble to a
ertain extent. The order of magnitude obtained for the oscillation
requency in the simulations is satisfactory considering the simpli-
cations inherent in the theoretical model (cf. Section 4.1). Besides

he applied linearizations for the dependence of interfacial/surface
ension and solution density on 2-propanol concentration, and gen-
ral uncertainties in the material properties, the 2D Hele-Shaw
pproximation is the main source for the deviations observed.
aqueous solution of 2-propanol. Numerical results in (a) show the mean solute
deviation of gray value distribution. The experimental results are for Drop 1 (cf.

Since the size of the drop (0.3 mm) is significantly smaller than
the gap width of the Hele-Shaw cell (1 mm), only one side of the
drop touches the wall in the experiments whereas the Hele-Shaw
approximation assumes a cylindrical form of the drop between the
glass plates. Therefore, significant 3D effects have to be taken into
account, which certainly influence the temporal evolution. Our the-
oretical approach however appears sufficient to generally check the
occurrence of relaxation oscillations on basis of the proposed mech-
anism, with the advantage of a strongly reduced computational cost
compared to full 3D simulations.

5. Discussion and conclusion

The numerical simulations show that adsorption/desorption
kinetics of the surface-active solute are not the main cause for the
observed relaxation oscillations, since the underlying model dis-
regards surfactant accumulation at the interface and introduces
Marangoni effects in terms of the solute concentration adjacent
to the interface. Surely more refined models taking into account
nonlinear adsorption isotherms likewise would be able to repro-
duce the relaxation oscillations. However, the applied linear model,
which is commonly used for weakly surface-active solutes, under-
lines that the bulk mixing effect by the Marangoni convection is the
main reason for the termination of the active stage in our system
compared to effects of adsorption/desorption kinetics.

Furthermore, the simulations corroborate the conclusion drawn
from the experiments with bubbles that mass transfer into or from
the drops is not the determining factor. The interplay between

Marangoni convection in the active phase and diffusion accompa-
nied by buoyant convection in the relaxation phase is identified via
experimental shadowgraph images. These observations are sup-
ported by the simulations. Therefore, the proposed mechanism
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ased on the consumption and regeneration of the vertical concen-
ration gradient in the vicinity of the drops can be regarded as valid.

However, the evolution appearing at the drops is not only inter-
sting as a stand-alone phenomenon. The universal occurrence
f the relaxation oscillations for various drops and bubbles in
he system paraffin oil/2-propanol/water suggests that an analo-
ous mechanism affects the periodic decay and re-amplification
f Marangoni convection in 2-layer systems with interfacial cur-
ature. As the drops provide both a defined curvature and strong
eometrical constraints on the length scale of Marangoni con-
ection, the temporal periodicity takes a markedly regular form
ompared to the two-layer system in the cuvettes or the Hele-Shaw
ell. Nevertheless, the necessary conditions of geometrical con-
nement, intense mixing by Marangoni convection and facilitated

nstability by interfacial curvature is also present in our two-layer
ystem. This argumentation is supported by the lack of periodicity if
he interface is sufficiently planar, cf. Section 3.2. In the case of a per-
ectly planar interface, diffusion would have to rebuild the vertical
oncentration gradient along the whole mixing zone until another
onvection cycle can set in via the instability mechanism. This was
ot observed within the time frame of our experiments as the char-

cteristic time of diffusion in the donating phase �d∼(l(2)
mix

)
2
/D(2)

ver the height of the mixing zone l(2)
mix

is on the order of several
ours. In the case of pronounced interfacial curvature, gradients in

nterfacial tension are easily rebuilt, since the upper parts of the
nterface virtually protrude from the mixing zone. Hence, a pro-
ounced interfacial curvature is considered as a determining factor

or periodically arising Marangoni convection in systems with a
imple surface-active solute. This is not restricted to our system
araffin oil/2-propanol/water, but might also apply to other liquids

f the capillary length � is not too small compared to the geometrical
imensions of the two-layer interface.

The strikingly regular relaxation oscillations at drops and bub-
les are an attractive phenomenon which deserves further study.
esides specific insights on how, for example, the shape of the
elaxation oscillations depends on the material parameters, much
an be learned about the nature of this oscillation type in fluidic
ystems based on simple droplet studies.
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