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Influence of added dye on Marangoni-driven droplet instability
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Multiphase flows are challenging systems to study, not only from a fundamental point
of view, but also from a practical one due to the difficulties in visualizing phases with
similar refraction indices. An additional challenge arises when the multiphase flow to be
observed occurs in the submillimetric range. A common solution in experimental fluid
dynamics is the addition of a color dye for contrast enhancement. However, added dyes
can act as surface-active agents and significantly influence the observed phenomena. In the
recently reported Marangoni bursting phenomenon, where a binary droplet on top of an oil
bath is atomized into thousands of smaller droplets by Marangoni stresses, visualization is
particularly challenging and the use of color dyes is naturally tempting. In this work, we
quantify experimentally the significant influence of added methyl blue dye, as well as the
obtained contrast enhancement. We find that the reaction of the system to such an additive
is far from trivial and brings an opportunity to learn about such a complex phenomenon.
Additionally, we propose a simple method to analyze the contrast enhancement as a
function of dye concentration, with the aim of finding the minimum concentration of dye
for successful imaging in similar systems.

DOI: 10.1103/PhysRevFluids.7.043602

I. INTRODUCTION

Many fluid phenomena across all scales are governed by fluid interfaces: emulsions, foams, liquid
jets, and liquid sheet breakup, as well as droplets on surfaces, all being elemental features of nature
and technology. One key characteristic of a fluid interface is its interfacial tension γA−B, which is
defined for the combination of two fluids A and B forming the interface and can be interpreted as the
required energy to create new interface A − B per unit area. For the ubiquitous case of a liquid-air
interface, from now on we will refer to it as the surface tension of the liquid. A liquid’s surface
tension is a crucial parameter, especially on very small length scales, for droplet spreading and
wetting of surfaces [1,2], as well as droplet impact and splashing [3–5] and liquid jet breakup [6,7].
A prime understanding of surface tension effects is therefore extremely important for applications
like atomization [7,8], inkjet printing [9], film coating [10], and many others.

Similar to other physical properties like density and viscosity, surface tension is dependent on,
for example, temperature, and, especially in the case of a multicomponent liquid, the composition.
Differences in surface tension within a liquid bulk lead to surface stresses, which induce a restoring
flow in the bulk, commonly known as Marangoni flow [11]. The surface tension gradient inducing
the Marangoni flow can either occur due to temperature differences (thermal Marangoni flow) or
due to concentration differences at the surface of different components. The latter may occur in
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multicomponent liquids (e.g., ethanol and water) or in liquid solutions containing surface-active
components (e.g., surfactants or salts). In either case it is important to note that the stress, which
leads to the flow formation, originates at the fluid interface. As the flow restores the balance of
surface tension, it is directed from the area of low surface tension towards the area of higher surface
tensions.

In the context of droplets, both thermal and solutal Marangoni flows have been studied ex-
tensively for decades, often associated with evaporation. The first qualitative observations of the
thermal Marangoni flow in evaporating water droplets were made by Deegan et al. [12,13], and
soon after quantitatively modeled by Hu and Larson [14]. Solutal Marangoni flows in this context
have also been studied extensively, either to study their role in the spreading and retraction of
multicomponent droplets [15,16], or their role in the droplet’s shape [15,17,18], or their competition
with gravitational forces [19], or their role in particle deposition when driven by surfactants (or
antisurfactants) [20–25].

The phenomenon commonly known as the “tears of wine” shares all these previously mentioned
elements. As correctly explain by Thomson [26] in 1855, and quantitatively analyzed much later
by Fournier and Cazabat [27], a solutal Marangoni flow initiated by nonhomogeneous evaporation
lifts a thin film of liquid along the wine glass, which thickens and becomes the well-known tears of
wine that we observe in such joyful occasions. The tears-of-wine effect requires nonhomogeneous
evaporation, strong Marangoni flow, and a freely moving contact line. When such conditions are
fulfilled, a similar phenomenon can be observed for a multicomponent solution droplet placed on a
hydrophilic substrate, as shown by Mouat et al. [28].

Combining these elements but placing the multicomponent droplet on a liquid bath, Keiser
et al. [29] reported the so-called Marangoni bursting phenomenon, in which the “tear formation”
is dramatically enhanced and the deposited droplet bursts into a myriad of daughter droplets. The
particular case that Keiser et al. [29] studied was generated with a droplet containing a mixture of
water and alcohol, deposited on a sunflower oil bath. A similar effect was obtained by making use
of a drop of an insoluble surfactant solution on a liquid bath by Wodlei et al. [30].

The beauty of the experiment of Keiser et al. [29] lies in its apparent simplicity, since most of the
components can be fairly easily obtained out of a laboratory environment, and it serves as a beautiful
and illustrative experiment to use in outreach activities [31]. One challenge of this otherwise simple
and highly reproducible experiment is its visualization. Alcohol, water, and sunflower oil share
very similar refractive indices, resulting in extremely low contrast images of the phenomenon. A
straightforward solution to this commonly encountered problem (and worsened by the small scale
features) is to add a color dye to the system and thus enhance the imaging contrast. For many
problems adding dye is the only option for successful imaging. However, it is often unclear whether
the addition of dye also alters the intrinsic characteristics of the experiment itself. As recently
described by Manikantan and Squires [32] in their perspective article, molecules do not need to
have an amphiphilic structure to induce an effect at the liquid’s interface and to be considered
surface active. Typically, we assume that, in low concentrations, most dyes will have a negligible
effect on the analyzed dynamics. It is tempting to make use of interfacial/surface tensions in
(semi)equilibrium to confirm the lack of influence of additives, but such measurements do not need
to correlate well with experiments involving interfacial out-of-equilibrium processes. As we will
show in our results, this is precisely the case of the Marangoni bursting phenomenon.

In this work, we present experimental results on the influence of added methyl blue dye on the
Marangoni bursting phenomenon as an example of a small-scale, instability-driven fluid dynamics
experiment. Methyl blue is an acid dye commonly used in histology and in fabric coloring. Most
common food dyes also fall into the category of acid dyes. Methyl blue is a commonly used
dye in fluid physics experiments and has also been used in other studies on Marangoni bursting
[29,33], as well as in drop impact experiments [34,35], droplet microfluidics [36,37], interfacial
instabilities [38], or visualization of (bulk) flow instabilities [39]. In the following, we first explain
the methodology, then quantify the dye influence, explain the observed effects, and finally aim to
quantify the imaging enhancement due to the added dye.
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FIG. 1. (a) Schematic of the experimental setup. (b) Schematic of the experiment in an instance in time (not
to scale). Illustrated are the mother (injected) droplet and the daughter droplets in light blue, on the sunflower
oil bath in the background in yellow. The outer dashed circle denotes the outer bound of the experiment, i.e.,
the furthest the daughter droplets travel radially outwards. The inner dashed circle denotes the mother droplet
radius, RCL , which changes in time, as more and more alcohol evaporates. The unstable rim of the droplet
and the ligament formation and droplet breakup are omitted in this schematic for the sake of simplicity. The
approximate position of the field of view of the microscope/camera is shown in red. We place a marker at
the center on the bottom side of the Petri dish, to align our experiments such that the field of view position
is comparable between different repetitions and experiments. (c) Partial image of the mother droplet and the
emitted daughter droplets at high concentration of methyl blue dye (5.6 mg/ml).

II. MATERIALS AND METHODS

A. Experimental methods

The images for this study are taken with a Photron Nova S12 high speed camera, at 2000 frames
per second. The camera is connected to a Nikon Ti2 inverted microscope. We use a lens with a
4× magnification factor. The acquired 16-bit images have resolutions of 4.8 µm per pixel and the
field of view measures ≈24 mm2. For a schematic of the setup and of the experiment, see Fig. 1.
Illumination is provided through the built-in 100 W halogen light and a diascopic (transmitted) light
module that establishes homogeneous illumination in the field of view.

In the following, we describe a typical experiment: we place a plastic Petri dish, containing
sunflower oil up to a height of ≈1.5 mm (constant for all experiments), on the translation stage
of the microscope. As the experiment is much bigger than the image dimensions, we achieve a
reproducible alignment by placing a marker at the center of the bottom of each Petri dish, and
placing the marker just outside the corner of our field of view. With a halogen light source fixed
above the stage, backlighting is achieved through the sample. We inject an initial droplet volume
of 1.5 µl, which we call from now on “mother droplet,” on top of the oil bath with a micropipette.
The same initial mother droplet volume is kept constant throughout the study. The choice for this
particular volume has been done according to imaging constraints, i.e., a compromise between a
sufficiently large field of view and high resolution, which should not present any issue since the
phenomenon seems to be independent of the mother droplet volume [29] at these scales. In Fig. 2 we
show three images captured during a typical experiment. The droplet first spreads radially outwards
and the contact line enters the field of view, shedding daughter droplets, which travel further radially
outwards on top of the oil bath and leave the field of view. As the mother droplet evaporates, the
contact line halts and then starts to recede, moving inwards through the field of view, all the while
still shedding daughter droplets. Our recordings end when the mother droplet has left the field of
view and only daughter droplets are visible.

Every experimental configuration (i.e., concentrations of dye) is repeated at least three times
with fresh oil baths. After the image acquisition, we analyze various features of the experiment,
such as the instability wavelength, the mother droplet radius, and droplet size distributions, as well
as the imaging contrast. To find the mother droplet radius, we fit a circle along the contact line of
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FIG. 2. Selected images of a typical experiment with medium dye concentration (0.56 mg/ml). Note the
time stamps in every panel. The scale bar in panel (a) also applies to the other two panels. In each panel,
the mother droplet contact line is indicated with a dashed red line. In panel (a) t = t0 as it is the first frame
of the recording which is in focus. The daughter droplets as well as the contact line of the mother droplet are
both spreading outwards (indicated with the red arrow). In panels (b) and (c) we can see the outer bounds of
the experiment in the top left corners. The daughter droplets and the pinch-off sites along the unstable rim are
visible. The contact line of the mother droplet has come to a halt in panel (b) and is receding in panel (c).

the droplet that is visible in the field of view. The instability wavelength is obtained through two
different methods: (i) the arc length between two pinch-off sites, determined as the mother droplet
radius multiplied by the angular difference between pinch-off sites; (ii) the linear distance between
two pinch-off sites. Since the wavelength is found to be much smaller than the mother droplet radius
(at least three orders of magnitude), the linear approach is justified. Both methods to determine the
wavelength yield indistinguishable results, with differences well below the measurement error. The
reported wavelengths on each frame correspond to the average of wavelengths within each time
instance.

We define daughter droplet size distributions based on a region of interest close to the contact
line. Individual daughter droplets travel radially outwards from the contact line, but often stay within
the field of view for the majority of the experiment. They shrink in size as they evaporate further.
To gain insight on the instability behavior and how it influences the droplet sizes, we include only
“freshly” pinched-off daughter droplets in the size distributions.

The imaging contrast we report on in Sec. IV is determined with two different methods: (i) based
on the average image intensity of a region of interest; (ii) based on a distance transformation of the
pixel intensity with the contact line as reference.

B. Liquids and dye

The three liquids necessary for the Marangoni bursting effect are water, alcohol, and sunflower
oil. For our experiments, we use purified water (from aMilli-Q® IQ 7000 Water Purification System),
standard laboratory isopropylalcohol (IPA) (2-Propanol, technical grade), and commercial food
supply sunflower oil. The concentrations of IPA in mixtures are, if not stated otherwise, given as a
volume fraction.

We use a water soluble acid dye, methyl blue (MB) (Methyl Blue from Alfa Aesar). We
characterize the final concentration of dye cMB as mass of dissolved dye per volume of water-IPA
mixture, in units of mg/ml. The acid dye methyl blue is readily dissolved in water, but less so in
IPA. Therefore, we first mix a certain mass of dye in water, before adding IPA to reach the final
concentration of methyl blue in the mixture. We vary the dye concentration systematically and
use the saturation concentration of methyl blue in water, cMB,sat = 70 mg/ml, as a reference. For
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concentrations too close to cMB,sat, we observe precipitation and formation of solid agglomerates, as
the solubility of methyl blue in the water-IPA solution is different than the one in water. Therefore,
we choose the concentrations of dye accordingly, such that no precipitation of dye agglomerates
is visible in the images we obtain from the experiments. In this study, we span a methyl blue
concentration range of cMB = 0.28–5.60 mg/ml.

The influence of the added dye is expected to manifest most prominently in the interfacial
tensions involved in the phenomenon; in particular, at the interface between the mixture drop and
air, γda, and at the interface between the mixture drop and the oil bath, γdo. During our experiments,
the IPA concentration within the drop changes due to evaporation. The presence of methyl blue
introduces another potentially surface-active component on top of the IPA concentration gradient.
Measurements of the interfacial tensions as a function of the MB concentration have been performed
using the pendant drop method and can be found in the Appendix. From these measurements we can
conclude that MB indeed has a surface-active effect, especially on the water/oil interfacial tension,
in a lower degree in the presence of IPA and almost undetectable at the surface tension (drop-air
interface). Such measurements should be taken with caution, since they are performed in quasistatic
conditions, unlike the conditions far from equilibrium found in the experiments.

III. MARANGONI BURSTING IN THE PRESENCE OF ADDED DYE

In the following we describe the observed effects of methyl blue on the Marangoni bursting
phenomenon. For a more detailed description of the phenomenon itself, we refer to the previous
paper by Keiser et al. [29]. They described in particular the effect of the initial IPA concentration in
the mother droplet, φIPA,0: the higher φIPA,0, the smaller the instability wavelength. This also leads
to smaller daughter droplets for high φIPA,0. Keiser et al. [29] reported a critical IPA mass fraction
φIPA,0 � 0.41, below which the bursting phenomenon does not occur any more. On the opposite end,
for φIPA,0 > 0.85 the thin outer regions of the droplet tend to rupture during the spreading, instead
of progressing into a thickened outer rim. In our experiments, we observe the phenomenon for a
similar range of IPA volume fractions of φIPA,0 � 0.45 to φIPA,0 > 0.85. Such a small difference in
concentration range can very likely be caused by the different commercial sunflower oil employed
in our experiments.

In order to explore the influence of added dye on the Marangoni bursting effect, we choose an
initial IPA concentration φIPA,0 = 0.6, as for this intermediate concentration the phenomenon is
observed to be highly reproducible. In the following, the IPA concentration of any experiment is
assumed to be 60 vol %, unless stated otherwise. The highest concentration of methyl blue in the
water-IPA mixture we report on in this study is cMB = 5.60 mg/ml. This concentration is therefore
a more than tenfold dilution of the saturation concentration cMB,sat = 70 g/l of methyl blue in water.

In Fig. 3 we show selected images for different dye concentrations. The figure shows how the
instability at the mother droplet’s contact line becomes increasingly more erratic as we add more
dye to the initial mix. The droplet rim is much more corrugated, with some of the ligaments at the
pinch-off sites becoming longer and thicker, before the daughter droplets pinch off. In the reference
case with no added dye (cMB = 0 mg/ml), though challenging to see, the contact line is smoother
and the daughter droplets break off of the rim with no significant ligament formation.

A. Daughter droplet size distributions

Figure 4 shows daughter droplet size distributions for four different concentrations of dye from
cMB = 0.28 to 5.6 mg/mL. The images from the reference case (cMB = 0 mg/ml) are of such low
contrast that it is impossible to extract reliable data for droplet sizes. In the very beginning of the
process, as the contact line spreads out rapidly, the wavelength is still growing (see Fig. 5) and the
droplet size increases dramatically, before it reaches a quasisteady plateau. Therefore, we choose to
start plotting droplet size distributions at t = 0.2 × tfinal when the contact line motion has slowed
down from the initial spreading to reach RCL,max. We define tfinal as the frame when the contact line
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FIG. 3. Example images of experiments with varying methyl blue concentrations, at comparable time
instances of experiments. From left to right, as cMB increases, we see (i) ligament formation at the contact
line and a change in droplet pinch-off, as well as (ii) a significant increase in imaging contrast. Note that, for
better comparison of the original imaging contrast, we choose to show all images in this figure without any
postprocessing. As a visual aid, we added dashed lines at the contact line positions in the first three images for
which the imaging contrast is low. The images capture 4.9 mm in width by 4.9 mm in height. The background
in each panel is consistent with the chosen concentration color map of later plots.

has left the field of view and only daughter droplets are visible. In order to exclude contamination
and dirt particles in the size distributions, a lower limit for the droplet detection is set at 24 µm in
diameter for all distributions, well below the main droplet curves. Note that below this detection
limit one could also find satellite droplets that might form during droplet pinch off, which are not
included in the statistics.

As one can see in the size distributions, those from cMB = 0.28 mg/ml to cMB = 2.80 mg/ml
(the top three panels) share similar trends. First, one can note that the droplets appear to grow
with time, with the late distributions (red curves) being shifted to the right compared to the initial
distributions (blue curves). In most cases, the distributions also become broader with time. Second,
while the general shape and the position of the maximum is comparable between cMB = 0.28 mg/ml
and cMB = 2.80 mg/ml, the distributions become broader towards the larger droplet size as the
dye concentration increases. The probability of finding significantly larger droplets increases as we
increase the dye concentration. This is also manifested in the maximum droplet size of the distribu-
tion, which stretches to the right side of the plot as we increase the initial dye concentration. Such
bigger droplets pinch off from long, thick ligaments, which are completely absent in experiments
without dye.

Unexpectedly, the distributions for the highest dye concentration cMB = 5.60 mg/ml follow
different trends. The size distributions shift towards smaller droplet sizes as time evolves, especially
during late times of the experiment. At the latest times, the size distribution shows a maximum
located at even smaller droplet sizes than for the lowest dye concentration cMB = 0.28 mg/ml.
Nevertheless, the tail of the distribution on the larger droplet size does follow the same trend as seen
before, showing certain probability of finding much larger droplets. Although notoriously visible in
the images, note that these large droplets account only for a small fraction in the total number of
droplets. Volume distributions cannot be computed with our current measurements since the precise
droplet shape is a priori unknown.

In conclusion, we observe that the influence of added dye on the daughter droplet size distribu-
tions is twofold: (i) adding more dye leads to the formation of bigger droplets, as a consequence
of the presence of thicker and longer ligaments, and (ii) for the highest dye concentrations, a wider
range of droplet sizes coexist and the temporal trend of the size distribution is more erratic.

B. Instability wavelength and rim’s radius

The daughter droplet size distribution is a direct consequence of the edge instabilities developing
at the mother droplet’s rim. Figure 3 shows how ligaments at certain pinch-off sites become thicker,
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(a)

(b)

(c)

(d)

FIG. 4. Probability density functions of daughter droplet diameters for different dye concentrations. From
panels (a) to (d), cMB corresponds to 0.28 mg/ml, 0.56 mg/ml, 2.8 mg/ml, and 5.6 mg/ml. The different colors
of individual distribution plots indicate the time [see the color map in panel (a), valid for all panels]. For panel
(d), tfinal = 12.4 s, and the length of the experiments is comparable for all concentrations (also see Fig. 5).

longer, and more stable as the dye concentration increases, which, in turn, is reflected in the
instability wavelength.

Figure 5(a) shows the instability wavelength λ for different concentrations of methyl blue. The
wavelength increases at the initial instances for all experiments while the droplet spreads. Eventually
the wavelength stabilizes at a plateau value, once the contact line has reached its maximum diameter
and starts to recede again. In panel (b) of Fig. 5 we plot the plateau wavelength λp over the
methyl blue concentration. To compute λp we calculate the average of λ between t = 3 s and
t = 8 s.

Despite the difficulties analyzing experiments without dye due to the minimal imaging contrast,
we find that λp � 0.15 mm, in the same order of magnitude reported earlier in literature [29,33].
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(a)

(b)

(c) (d)

FIG. 5. (a) Instability wavelength λ at the unstable droplet rim over time, for different MB concentrations.
Plots show the average of at least two experiments, with the standard deviation as error bar. The increase in
wavelength in the beginning results from the outward spreading contact line. Added dye increases the instability
wavelength. Between t = 3 s and t = 8 s (orange shaded plot area) we calculate a plateau wavelength λp as
an average of data points. (b) Plateau wavelength λp for varying MB concentration. (c) Contact line radius RCL

over time. The same color code applies as in the other panels. RCL for all dye concentration is smaller than
the reference case (cMB = 0). (d) Instability wavelength scaled with the circumference, 2πRCL , corresponds to
the estimated total number of pinch-off sites N around the mother droplet. Added dye leads to a significant
drop in N .

For cMB = 2.80 mg/ml the plateau wavelength is λp � 0.23 mm, i.e., a 50% increase with respect
to the case without dye. The highest dye concentration probed in this study, cMB = 5.60 mg/ml,
yields even higher values for the wavelength; however, the fluctuations in wavelength also grow
proportionally with the amount of added dye (also see Fig. 3), in agreement with the erratic behavior
observed for the droplet size distributions.

The instability wavelength and mother droplet radius are linked at the beginning of the ex-
periment, when the wavelength grows as the droplet spreads out, until the wavelength reaches
the plateau value and the droplet radius its maximum. In order to compensate for the cor-
relation, especially in the beginning of the experiment, we calculate the number of pinch-off
sites N as the circumference of the droplet (i.e., a function of the droplet radius) over the
wavelength

N = 2πRCL

λ
. (1)

Note that in our current setup we do not have optical access to the full droplet perimeter and
therefore N in this case is an indirect average estimation of the number of pinch-off sites. N
decreases significantly over time, as the mother droplet decreases in size and the circumference
shrinks. Figure 5 shows that adding dye to the experiment reduces N by up to a factor 2 [panel (d)],
which corresponds to an increase in wavelength λ [panel (a)] and a decrease in contact line radius
RCL [panel (c)].

C. Discussion

Similar trends as those observed here by the addition of MB dye are observed for a decrease of
initial IPA concentration in the mother droplet: the lower φIPA,0, the longer the wavelength [29],
which yields larger daughter droplets. This effect is caused through the interfacial tension gradient
which builds up at the mother droplet’s interfaces during the experiment. In the following we will
first recall the mechanisms behind the reference case with no added dye (cMB = 0 mg/ml) and then
discuss the implications when the added dye is present.
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At all time instances, the volume fraction of IPA at the rim of the mother droplet is considered
to be the critical concentration of φIPA,crit ≈ 0.4. We assume that the center of the droplet retains
an IPA concentration φIPA ≈ φIPA,0. In the following, an effective surface tension of the droplet is
considered as the sum of the interfacial tensions γ = γda + γdo, following Keiser et al. [29]. Such an
effective surface tension γ is dependent on the alcohol concentration and will always be lowest at the
droplet center, as the alcohol concentration will be highest there for all instances. In comparison, in
vicinity of the droplet’s rim we expect to find φIPA ≈ φIPA,crit , corresponding to the highest surface
tension in the mother droplet.

The surface tension gradient �γ

�x building up between center and rim of the droplet during
evaporation—the main driving force in the system—is therefore steeper for higher initial IPA
concentrations:

�γ = γcrit − γ0, (2)

with γcrit the droplet surface tension in regions with φIPA ≈ φIPA,crit and γ0 the droplet surface
tension in regions with φIPA ≈ φIPA,0, with γcrit > γ0 at all times. Note that our only control
parameter is φIPA,0. An increase in �IPA is followed by an increase in �γ , with this steeper surface
tension gradient from center to rim forcing a stronger outward flow and leading to shorter instability
wavelengths λ.

Interestingly, the addition of dye yields the inverse effect (Fig. 5): a higher cMB (which typically
involves lower effective surface tension) leads to longer λ. We will therefore now analyze the influ-
ence of cMB on the surface tension gradient in the mother droplet. The mild decrease of interfacial
tensions by the addition of methyl blue dye (see our measurements shown in the Appendix of this
paper) seems to be responsible for the main observed effects: an increase of average droplet size and
a longer wavelength. In a droplet undergoing Marangoni bursting, the dye would therefore fulfill a
somewhat similar role as IPA, except for being nonvolatile, compared to the highly volatile IPA.
This is a crucial difference between both additives: while the IPA concentration decreases as we
approach the rim, we can safely expect a larger concentration of nonvolatile dye at the droplet’s
rim. The main reason for such a dye enrichment at the rim would be the evaporation of IPA—most
prominently—and water. As the dye concentration increases, it can also approach (or even cross)
the solubility limit of the dye in the water-alcohol solution. We do not observe any precipitation in
the vicinity of the contact line, but we cannot rule out that precipitated dye occurs in the pinched-off
daughter droplets.

These facts lead to the following various implications which can be connected to our experimen-
tal observations and from which we can learn something about the response of this complex system
to additives.

(1) A secondary concentration gradient of methyl blue can superimpose on and even counteract
the primary concentration gradient of IPA in the droplet. While φIPA at the rim is lower than in the
droplet center, cMB at the rim is likely higher than in the center. A high methyl blue concentration
at the edge could lower the critical surface tension γcrit , leading to a reduced overall surface tension
gradient.

(2) A high local cMB at the edge of the droplet can locally lower the surface tension and hence
favor the formation of long, stable ligaments. Our experimental observations show these long and
stable ligaments for high dye concentrations, whereas no ligaments form in a case with no added
dye.

(3) Additionally, the presence of stagnation points at the rim between ligaments could cause
additional dye concentration gradients in the angular direction along the perimeter, which would
explain the multimodal ligament size distribution for the largest initial MB concentrations and the
wider droplet size distributions.

So far we have shown that the presence of methyl blue dye significantly affects the experiment.
Nonetheless, it is important to stress the “positive” effects of dye, i.e., the acquired contrast
enhancement, as we will do in the following section.
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(a)

(b) (c) (d)

FIG. 6. Example for imaging contrast quantification with a distance transformation based on the droplet
edge. An example image is shown in panel (a) of an experiment with cMB = 5.60 mg/ml. In panel (b) we
show the two masks created from the cropped original, in order to get the distance transforms for inside the
mother droplet, as well as outside; see panel (c). In panel (d) we plot the average image intensity Iav,norm over
the distance from the edge, with the edge position denoted with a vertical red line. The intensity is averaged
over all pixels with the same distance from the edge (sign sensitive). For better comparison with other dye
concentrations, we normalize the averaged intensity with the mean intensity inside the mother droplet.

IV. QUANTIFICATION OF CONTRAST ENHANCEMENT

Dyes are generally used to enhance contrast to improve image analysis. This has to be balanced
with eventual side effects that might have an impact on the observed phenomenon. In order to find
the best balance, it is crucial to quantify these effects.

As described previously in our particular case, methyl blue dye has an influence in the Marangoni
bursting effect proportionally to the dye concentration. In the following we quantify the contrast
enhancement for varying concentrations of dye. Imaging contrast can be broadly defined as the
difference between the maximum and minimum values of an image’s histogram. To compute this
difference, we use two different methods, both based on a region of interest (ROI) around the contact
line of the droplet. Since the original frames are slightly vignetted in the corners (see, for example,
Figs. 2 and 3), and as we are mostly interested in the center of the image and the droplet edge, we
crop the image to a ROI around the droplet rim.

In a direct and averaging approach to calculate the imaging contrast, we compute the intensity
difference as I0.95 − I0.05 for the ROI; to avoid extreme outliers, we defer from using the maximum
and minimum values of the histogram and opt for the 5% and 95% values instead. Normalizing this
difference by the bit depth of 16 bit, we get a single value for the overall imaging contrast per frame.
Furthermore, we calculate the average of 200 frames (arbitrarily chosen), where the droplet contact
line stays within the ROI.

With a second, more detailed approach we find the pixel intensity as a function of the distance
from the droplet edge. For this approach, we first detect the edge of the droplet, and then perform
a distance transformation on a masking image (see Fig. 6). For all pixels within the image, that are
located at the same (sign sensitive) distance from the edge, we calculate an average intensity. We
use example images for different dye concentrations. Furthermore, we normalize the pixel intensity
for each distance with the mean average intensity inside the mother droplet (as this intensity is in
itself dependent on the dye concentration). A good measure of the contrast enhancement across the
droplet edge can be the difference between the dip and the peak in intensity, right before and right
after the edge [see panel (d) in Fig. 6].

Both quantification methods yield information about the contrast enhancement due to the added
dye; see Fig. 7. While the averaging approach gives an overall contrast of an image, the distance
transformation offers detailed information on how well the droplet edge can be detected. As can be
seen in panel (a), Fig. 7, the overall intensity increases significantly as soon as dye is added to the
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(a) (b)

FIG. 7. (a) Average overall imaging contrast as a function of dye concentration. We normalize the overall
imaging contrast found as intensity difference with the bit depth of 16 bit. The leftmost data point represents
a reference experiment with no dye. The contrast enhancement with dye leads to a rise in overall intensity to
∼60%. After reaching this plateau value, adding more dye does not yield higher overall intensity any more.
(b) Contrast quantification based on distance transformation for different dye concentrations. The colors of
the plots correspond to the legend in panel (a). Note that it was not possible to compute this parameter in the
absence of dye due to the lack of contrast for the masking image. We observe a significant contrast enhancement
across the droplet edge with increasing dye concentration.

system, but then seems to reach a plateau value for dye concentrations at around 0.7 mg/ml. Adding
more dye to the mixture does not significantly enhance the imaging contrast further.

However, if we take a closer look at the contrast enhancement across the contact line, as shown in
panel (b) of Fig. 7, we can see that higher dye concentrations in the system yield better enhancement,
without the same plateau effect as for the overall intensity.

For the experiments in this study, even a minimal amount of added dye (cMB = 0.28 mg/ml,
which yields almost no contrast enhancement) affects the bursting phenomenon. The wavelength
increases only minimally, but since the contact line radius also decreases compared to the reference
case (cMB = 0 mg/mL), the number of pinch-off sites already decreases significantly (see Fig. 5).
For higher dye concentrations, which yield a sufficient contrast enhancement, the effects on the
bursting phenomenon are even bigger.

In order to improve imaging contrast without any dye addition, the experiments could be imaged
in dark field, via phase contrast or differential interference contrast (DIC) methods. Unfortunately,
these techniques are typically not commercially available for such low magnifications as those used
in our study, but one could certainly attempt to implement them in a noncommercial microscope, to
avoid the use of dyes.

V. CONCLUSIONS

In this work we show that the influence of adding dye for imaging contrast enhancement needs to
be evaluated carefully. Many interfacial phenomena can be studied employing dark field techniques
[differential intensity contrast (DIC), phase contrast, etc.], but for many others (as the one discussed
in this paper) the use of dyes is often the preferred choice of contrast enhancement. Therefore, it is
crucial to balance the contrast enhancement with the undesirable effects of the dye on the experiment
itself.

In this particular case of the Marangoni bursting phenomenon, the instability wavelength and
the daughter droplet sizes and numbers are influenced significantly by the amount of added methyl
blue dye. This is probably due to a decrease in interfacial tensions. However, surprising effects
are found at the highest dye concentration such as a multimodal daughter droplet size distribution,
which cannot be explained by the decrease of stationary interfacial tensions alone. Although perhaps
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trivial in some specific fields, we find it important to reiterate here that stationary interfacial tension
measurements are not enough to discard the influence on an additive on a phenomenon driven by
interfacial instabilities. This message is very clearly shown in our results.

Although more advanced experimental measurements would help to better understand the pro-
cesses taking place (e.g., fluid flow and film thickness measurements), the “hidden” [32] nature of
surface-active material requires the use of numerical simulations for a full understanding of such
effects, which are beyond the scope of this paper.

Additionally, we quantify the imaging contrast enhancement with an averaging intensity
measurement, as well as with a more detail-oriented distance transformation approach, with a
characteristic image feature as reference (in this case the droplet edge). In this study we observe
a sufficient increase in imaging contrast for dye concentrations cMB � 0.7 mg/ml; however, we also
show that even for the lowest probed dye concentration cMB = 0.28 mg/ml (which provided no sig-
nificant contrast improvement), the characteristics of the experiment change. Similar experimental
protocols should always be followed when employing color dyes for visualizing multiphase flow
phenomena, which we hope to have exemplified properly here.
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APPENDIX

We measure interfacial tensions γ using the pendant drop method, in a commercial contact angle
measurement setup (DataPhysics, OCA 15). Each experiment is repeated several times and the
value shown corresponds to the average of at least three measurements. The standard deviation
of such measurements set is used as the measurement error shown in Fig. 8. Throughout the
literature, one can find a wide range of values for the interfacial tension between sunflower oil
and water [40–43]. We observe some discrepancies within the reported values, comparable to our
own measurements. This is reasonable given the variability of commercial sunflower oils used in
these cited studies. Different processing and refining methods lead to different physical properties,
such as the interfacial tensions, of interest for us.

(b) (c)(a)

FIG. 8. (a) Interfacial tension between water and sunflower oil, for an increasing concentration of methyl
blue. (b) Interfacial tension for water and IPA mixtures (with the initial mother drop concentration in this work,
60 vol % IPA, as well as the critical concentration of IPA, present at the unstable rim, of 45 vol % IPA), for
an increasing concentration of methyl blue. (c) Interfacial tension for water and IPA mixtures (60 vol % and
45 vol % IPA) for an increasing methyl blue concentration.
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We observe a decrease in interfacial tension γdo for pure water droplets in sunflower oil with an
increasing methyl blue dye concentration. The change in γdo measures up to 30% between the pure
water case and a solution of methyl blue in water.
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