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ABSTRACT

The merging of immiscible drops differs significantly from the merging of miscible drops due to the formation of a liquid-liquid interface
between drops. The immiscibility requires the formation of a four-phase contact point, where the drops, the gas, and the substrate meet. We
show that this point has its own unique dynamics, never studied beforehand. For very different scenarios, the propagation distance of this
point follows scales with time like £2. A model balancing the driving and dissipative forces agrees with our experiments.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0073057

INTRODUCTION

Drop merging plays an important role in industrial and natural
phenomena from emulsions and microfluidics to printing technology
and metallurgy.' * Most of the early studies were performed with
drops with identical liquids.” ” Later drops with different liquids are
studied, and most of these works focus on early stages of coales-
cence.”” Studies on dynamic wetting along liquid-liquid interfaces are
rare, e.g., Refs. 10 and 11. In the drop merging, Marangoni tensions
and the induced flow play essential roles'>'” and can dominate this
process. However, one important geometric feature of two non-
identical drops on a substrate seems to be overlooked so far. In three
dimensional space, n phases contact in an object with 4 — n dimen-
sions. When we consider two immiscible drops on a substrate in a gas
phase, n =4, this implies that there is a contact point in which all four
phases meet. Here, we show that this four-phase contact point (FPCP
from now on) has its own dynamics, which has a characteristic time-
scale that differs significantly from other timescales.

The statics of the FPCP was introduced about two decades ago.*
So far, the mechanical stability of specific configurations has been
analyzed."” """ Another example of capillary wetting on liquid-liquid
interfaces is drop encapsulation, where the liquid with lower surface
tension surrounds the other drop. During this process, capillary force
acts in the three phase contact line and leads to encapsulating the
drop."® Despite its relevance for microfluidics, " etc,, little work on
drop merging of immiscible drops is done on solid surfaces.”

Capillarity driven filling in capillaries and V-shaped grooves is
both a long studied problem and still an active field of research. This is
due to the fact that passive capillary flow inside macro- and micro-
channels is used in wide range of applications like microfluidics,””**
printing technologies,”* capillary pumping,” or liquid imbibition in
different scales.”®”” More than three centuries ago, Hauksbee and
Jurin published first accounts on the static shape of a water meniscus
in the wedge between two touching glass plates.”” *’ Lucas’' and
Washburn™ studied independently the dynamic filling of capillaries
by solving the hydrodynamic problem inside the capillary, ie., the
force balance between driving and dissipating forces. For zero gravity
condition, e.g., a horizontal capillary, only the capillary driving force
and viscous dissipation force are relevant. By writing this force bal-
ance, it can be shown that the penetration length H inside the capillary
scales with the square root of time, Eq. (1). The coefficient of penetra-
tion D combines the radius of the capillary r, the cosine of contact
angle 0, and the ratio of surface tension 7 to viscosity of liquid #,

_ 7 cos (0)
=2

It has been shown that the structure of this solution can be used
for tubes of different cross sections on different length scales.” The
same scaling with time also applies for the propagation of liquid in
open micro-channels.”**”*’ In these cases, the coefficient of penetra-
tion picks up geometry parameters of the channel. A typical example

H*(t) rt = D*t. 1)
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is capillary ﬂow inside an open V-shaped channel that was studied
numerically’’ and experimentally.””**** Recently, the capillary filling
inside an open micro-channel, which is already filled with another
immiscible liquid,"13 was studied, which again follows the Washburn
scaling H? ~ t.

In this study, we go beyond these established scenarios. We fol-
low the merging dynamics of immiscible drops that initially touch
along the contact line. We find that there is a unique dynamics of the
FPCP that decouples from the rest of the merging dynamics of the
drops. The lower surface tension of liquid engulfs the higher surface
tension drop along the contact line of the drop, see Fig. 1(b). The
propagation of the FPCP has strong similarities to capillary filling phe-
nomena as described by the Lucas-Washburn equation, Eq. (1), and
follows the same scaling. To demonstrate this scaling, we systemati-
cally vary parameters: (i) the ratio of surface tension to viscosity of sec-
ond drop, (ii) the viscosity of pre-deposited first drop, and (iii) the

a)

High speed
cameras

First drop econd drop /

Four-phase

contactpoint -~ Diffuse back

' illumination

hnnn

ms 50 ms 150 ms 200 ms
200 ms 300 ms 400 ms 600 ms

FIG. 1. (a) Sketch of the setup with an illustration of the FPCP. (b) Time series in
top view of drop merging when the first drop (left, here water) is already deposited
and the second drop (bromocycloheptane) comes to contact, the FPCP position is
highlighted by arrows. H measures the length of the contact line of the first drop
that is wetted by the second drop.

scitation.org/journal/phf

wetting properties of the substrate. These parameter variations allow
us to develop and test a simple analytical model that describes the
dynamics of the FPCP.

METHODS AND MATERIALS

We follow the drop merging with two high-speed cameras, hav-
ing orthogonal directions of observation, see Fig. 1(a). The drops are
deposited on a glass substrate with syringes pumps. We place the
drops far apart each other to prevent the effect of gravity or inertia of
the second drop. The two drops come to contact to each other with
spreading velocity in the range of few millimeter per second of the sec-
ond drop. In all experiments, the ratio of the volumes of the first and
second drops is ~1. The cameras are equipped with Navitar objectives
with a maximum 12X magnification with a 2x F-mount adapter,
allowing for a lateral size of the field of view of 17.5mm) at a frame
rate of 1000 Hz. Two light emitting diode (LED) lamps with diffuser
sheets provide a uniform illumination of the observation section. All
the experimental results are obtained under controlled environmental
conditions with a relative humidity 48 +3% and a temperature
23.0£0.5°C. Glass substrates are cleaned before performing the
experiments.

We use two classes of liquids: High surface tension liquids (water,
glycerin, and mixtures thereof) and brominated oils as low surface ten-
sion liquids. At the experimental timescales analyzed in this work, the
brominated oils are immiscible in the polar liquids to a good approxi-
mation. When two immiscible drops with different surface tensions
coalescence, the drop with lower surface tension surrounds the drop
with high surface tension to minimize the surface energy. The final
stages of this process are also discussed in Refs. 14-17. The purchased
chemicals are used as delivered without further purification. For parti-
cle tracking experiments, polystyrene particles are used. The physical
properties of the used liquids are listed in Table I. Further details on
the materials and the experimental procedure are given in the supple-
mentary material.

DYNAMICS OF THE FOUR PHASE CONTACT POINT

In all experiments, at contact of the two drops, two FPCPs form
at both sides of the neck, where the two liquids, the substrate, and the
gas phase meet, see Fig. 1(b). The propagating FPCPs “wet” the con-
tact line of the first drop. The length of this “wetted” contact line is the
called H. Along this length the liquid-gas-solid contact line is changed
into a liquid-liquid-solid contact line. This change actually leaves the
position of the contact line of the first drop on the substrate almost
unchanged. These FPCPs travel around the first drop and annihilate

TABLE I. Physical properties of liquids. Water, glycerin, and mixtures, thereof, were
used as liquids for the first drops. The other liquids were used for the second drops.

Surface tension Viscosity ~ Surface tension

Chemicals (mN/m) (mPa-s) to viscosity (m/s)
Water 72101 09321 80.1
Glycrine 63.5*0.1 1078 0.06
Bromocyclopentane 33201 1.4*0.05 23.7
Bromocyclohexane 32101 22*0.05 14.6
Bromocycloheptane ~ 31.5*0.1  3.9*£0.05 8.1
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each other when contacting at the other side of the first drop.
A quantitative analysis shows that the advancing FPCP propagates
with a power law H(t) ~ £, see Fig. 2(c).

The cross-sectional area filled by the second drop near the FPCP
is illustrated in Fig. 2(a), along with the similarity to the filling of a V-
shaped groove, see Fig. 2(b). The propagating liquid (blue) is confined
between a solid, the glass substrate, and the liquid-liquid interface to
first drop. Despite the similarities, there is an important difference.
The classical Washburn case considers solid walls, but in our case, one
boundary of the “groove” is the liquid of the first drop. This liquid—
liquid interface can deform and exhibits a different hydrodynamic
boundary condition for the flow of the second drop. However, still, the
FPCP follows the general Washburn scaling H(t) ~ £2. Can we apply
the Washburn modeling to the present case? If yes, how much it will
deviate from general phenomena because of the liquid wall and
dynamic time-dependent geometry? To approach these questions, sev-
eral key mechanisms have to be checked, including the ratio between
surface tension and viscosity and the viscosity and contact angle of the
first drop.

The similarity of the dynamic spreading in a groove and the clas-
sical Washburn case was shown previously.””*” Romero and Yost’’
developed a quantitative model. Since this model uses one fluid and
assumes solid walls, we call it the “one fluid model.” In this model, the
coefficient of penetration D contains two contributions: (i) the ratio of
the surface tension and the viscosity 7/# multiplied with a typical

104 | IR
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FIG. 2. (a) The cross section near the FPCP illustrates the similarity to the V-
groove. The FPCP propagates perpendicular to this cross-sectional plane. (b)
Schematic of V-groove channel: depth of channel (Iy), contact angle of the filling lig-
uid with the walls (0), opening angle of groove (f3), and the angle between wall and
horizontal line (c). It should be mentioned that in both cases; (20 + f = 180°).
The FPCP propagates perpendicular to this cross-sectional plane. (c) Typical
dynamics of the FPCP. Here, for the liquid pair of water (first drop) and bromocyclo-
hexane (second drop) on substrates with different hydrophobicity, as indicated by
the contact angle of water («).
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lateral dimension of the channel (here its depth [y), and (ii) a geometric
factor K(a,0) that depends on the contact angle and the opening
angle of the V-shaped groove,

H(0) = K(5,0) 2, @
where
1 (o0 — 0) cos(a)
K(O{, 0) = m COS(O) — m (3)

For a systematic variation of the ratio (y/n) in the spreading
drop, we use liquids that are chemically very similar, with approxi-
mately the same surface tension, but different viscosities, see Table I.
For all liquids combinations, the length H of the wetted contact line is
proportional to the square root of time. By increasing the ratio of sur-
face tension to viscosity, the FPCP travels faster, i.e., the coefficient of
penetration is increasing, see Fig. 3(a). There is, however, a
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FIG. 3. (a) The coefficient of penetration as measured experimentally Dy, and
according to the one fluid model, Eq. (2), Dysm, Using the data given in Table |. In all
cases, water is used as first drop. The ratio Dey, /D, is plotted below the graph.
(b) The coefficient of penetration as measured experimentally D, and according
to the one fluid model, Eq. (2), Doy, for water (first drop) and bromocyclohexane
(second drop) on substrates with different hydrophobicity, as indicated by the con-
tact angle of water (2c).
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pronounced difference between the experimental data and the predic-
tions of the one fluid model, even when taking the drop height of the
first drop as an upper bound of the groove depth J,. All experiments for
this section are done on the cleaned hydrophilic substrate, which means
that the apparent contact angle of all the first drops is around 15°.

A similar systematic difference is observed when changing the
opening angle of groove f3, see Fig. 3(b). We use surface modifications
to change the contact angles. Obviously, this changes the contact
angles of both drops. Thus, a surface modification changes the open-
ing angle of the groove f§ and the drop height [Fig. 2(a)]. The one fluid
model, Eq. (2), predicts that the dynamics of the FPCP speeds up
when the opening angle of groove (f3) decreases, i.e., for higher contact
angles of the first drop. Experimentally, the FPCP propagates signifi-
cantly faster for more hydrophobic surfaces. In these experiments, we
used the different hydrophobicity of the substrate to achieve different
contact angles: 15°, 30°, and 90° depending on the surface modifica-
tion. The ratio of D ey, /Dopn Temains constant as a function of the sur-
face tension to viscosity ratio. On the other hand, this ratio increases
rapidly by increasing the apparent contact angle.

The coefficient of penetration shows qualitatively in the right
trend on y/n and the opening angle of the groove. However, the one
fluid model systematically underestimates the dynamics of the FPCP
(Fig. 3). Potential reasons for this difference are: (i) The capillary driv-
ing originates from two different surfaces, the liquid-solid interface,
and the liquid-liquid interface. The unbalanced capillary force that
drives spreading differs on these two interfaces. Additionally, the con-
tact between the two liquid induces Marangoni tensions that can
induce flow in the first drop."” (i) The geometry changes during the
spreading of the second drop, because the first drop deforms during
the spreading process. (iii) The hydrodynamic boundary condition at
the liquid-liquid interface differs from the one on the substrate and
depends on the viscosity ratio of the two liquids. (iv) The contact
angles depend on contact line velocity, which might scale with the
velocity of FPCP."® All these effects only influence the prefactor K but
do not change the basic scaling with time H ~ £2. The capillary driving
and the viscous dissipation are localized in a narrow region close to
the moving contact lines. Consequently, a small region close to the
FPCP should dominant for its dynamics.

MODEL THE FOUR PHASE CONTACT POINT DYNAMICS

In the capillary rise problem, inertia only plays a minor role and
can be neglected in many cases. For this reason, we assume that inertia
can also be neglected in a first approximation and the FPCP dynamic
is a viscous flow, which follows the Poiseuille flow assumption.””

The general case of filling of groove was solved by Yost and co-
workers.”” In this solution, the authors argue that the scaling of H ~ v/t
is rather general and applies also for the tip of the wetting liquid in a
partially filled V-shaped groove. They show that the final result is the
same as given in Eq. (2). The geometrical differences between horizon-
tal tubes and grooves can be covered by a prefactor to the scaling. Due
to this equivalence and for sake of simplicity, we adopt the presented
approach,” knowing that the scaling also applies for partially filled
grooves. The tip of the wetting liquid as calculated by Yost and co-
workers’”” corresponds to the FPCP in our case.

To capture the basic differences mentioned above, for the liquid
wall, we consider a multiphase flow with a geometry of concentric cyl-
inders, where the boundary between the inner and outer cylinder is

scitation.org/journal/phf
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FIG. 4. (a) Coefficient of penetration as the function of first drop viscosity with bro-
mocyclohexane as the second drop. The experimental results are compared with
one fluid model and four phase contact point model with different x values. (b)
Schematic for the modeling of the flow with two fluids inside the cylinder, the inner
region is assumed as filling liquid or second drop and outer section is the first drop.
(R, and R are the radii of inner and outer regions.)

assumed radially undeformable [Fig. 4(b)]. This outer cylinder mimics
the first drop (region 1), the inner cylinder the second drop (region 2).
The dynamics of capillary flow inside a tube can be written by the
force balance between driving mechanisms and dissipation forces.”
We give details of the calculation in the supplementary material,

_ loK(“/,OC, 91792)
H(t) = ,/ pr— t. (4)

Here, we introduced an effective viscosity 7.4, a modified geometric
factor K(yp,a, 61, 6,), Eq. (S10), and the ratio of the outer and inner
radius x = R/R, > 1, see Fig. 4,

1
Mett = (’72 +

This model depends only weakly on the value of x. 2 < x < 4 are
compatible with our data, see also Fig. S2. However, the results remain
in the same range for higher value of x; we consider two cases of x =2
and x= 3.

Increasing the viscosity of the pre-deposited first drop allows for
a simple test of the crossover between a liquid (low viscous) and a
quasi-solid (highly viscous) wall. Since the additives for changing the
viscosity typically also change the surface tensions, the driving force is
indirectly a weak function of the viscosity. This weak dependence has,
however, no significant influence on the quality of the model compari-
son [compare Fig. 4(a)]. Increasing the viscosity of the pre-deposited
first drop also increases #.;. Consequently, the viscous force F,
increases, and the filing rate decreases, see Eq. (4).

To illustrate this, we compare the merging of bromocyclohexane
drop with different pre-deposited drops of water, glycerin, and mix-
tures thereof (Fig. 4). The apparent contact angle of all the first drops
stays in the range 25° < 2o < 30°. The surface tension differences of
the liquid pairs are also close, 33 mNm ™! <y, —y, <28 mNm™ L.
Consequently, the driving forces vary by less than 20%. In contrast,
the coefficient of penetration reduces by 50%.

Experimentally, the coefficient of penetration only depends on
the viscosity of the first drop for small enough viscosities (Fig. 4).

nin,
R PR 1))' ©)
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For the first drop viscosity #, = 250, the coefficient of penetration
remains constant. Increasing the viscosity is almost equivalent to the
shift from a liquid-liquid interface at one of the walls and to liquid—-
quasi solid interface. The one fluid model does not cover this viscosity
dependence (Fig. 4). In contrast, our model above gives a good
description of the behavior. Despite the simplifications in our model
and the omitted dynamic effects, the difference between our model
and the experimental data is below 10% for D.

Our model of the dynamics of the FPCP is in almost quantitative
agreement with the experimental data. The remaining differences
between our model and experiments can be explained by several facts.
Probably other forces play a role that were neglected in the present
model, i.e., Marangoni stress between the two liquids. Additionally,
the FPCP is highly dynamic and the geometry of the wedge changes
during the experiments. Obviously, neglecting these effects does not
seem to influence the dynamics of the FPCP significantly. To show the
generality of our model, another pair of liquids is investigated: the
fluorinated oil HFE7200 and pure glycerin. The results reveal two
points; first with very different liquids again, the FPCF follows the
square root of time. Second, our model can predict the flow with a rea-
sonable accuracy. The details are included in the supplementary mate-
rial, Fig. S4 and discussion thereof.

CONCLUSION

In this contribution, we have investigated the dynamics of the
FPCP (four-phase contact point), where two liquids, the substrate, and
the gas phase are in contact. During drop merging, this FPCP shows a
dynamics that is independent of other processes like contact line veloc-
ity. The dynamics of this point follows the same scaling as the capillary
flow inside the tube as originally described by Lucas and Washburn.
The motion of the FPCP is consistent with H(t) ~ Dt: for all investi-
gated cases, with the coefficient of penetration D. The geometry of the
moving FPCP resembles the spreading of liquid in a V-shape groove,
of which the dynamics can be reduced to the Lucas—Washburn case.
Different to the classical case of the V-shape grooves, in the present
case, one of the “walls” of the groove is liquid, i.e., the pre-deposited
first drop. Despite this deformable boundary and the other differences
to the classical case, the governing mechanisms are the same. Various
material and geometry parameters can be included in a simple model
that describes the dynamics of the FPCP almost quantitatively.

The FPCP, which is introduced here, not only reveals a unique
dynamic but also leads to higher mobility of the liquid. Since we sub-
stitute, one solid wall with a liquid wall higher mobility is expected
and it can lead to higher efficiency of systems. These new phenomena
should be relevant in microfluidics, patterned coating, and printing
technology.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of additional informa-
tion on methods and materials; the derivation of the four-phase con-
tact point model and its theoretical calculation; and additional
information on time dependence of four-phase contact point and con-
tact line velocity.
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