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Statics and dynamics of drops spreading on a liquid-liquid interface

Madhurima Reddy ®, Manivannan M, Madivala G. Basavaraj®, and Sumesh P. Thampi
Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai 600036, India

® (Received 29 April 2020; accepted 1 October 2020; published 26 October 2020)

The spreading of drops on surfaces is ubiquitous and has relevance to many technolog-
ical applications. In this work, we present two-dimensional numerical simulations of the
surface tension driven spreading of drops dispensed on a fluid-fluid interface. A compre-
hensive picture describing the equilibrium shapes of the drops is provided in the form of
a state diagram. We show that the analysis of kinetics of drops that spread symmetrically
on the fluid-fluid interface reveal several interesting features: (i) the existence of a single
length scale that describes the spreading process, (ii) the power law dependence of the
temporal variation of the geometrical parameters of the spreading drop, (iii) the linear
dependence of the power law exponents on the equilibrium enclosing angle of the liquid
drop, (iv) a strong dependence of the power law exponents on the spreading coefficient, and
(v) a collapse of the spreading kinetics data into a master curve. Though restricted to two
dimensions, our analysis provides a rationale for explaining experimentally determined
power law exponents which have been reported to vary over a wide range and hence to
understand the universal nature of the spreading process.

DOI: 10.1103/PhysRevFluids.5.104006

I. INTRODUCTION

Spreading of a miscible or immiscible fluid on a fluid-fluid interface is a process often encoun-
tered in several disciplines of science and engineering. Some of the novel applications of such a
phenomena are (i) spreading of an active pharmaceutical ingredient on the interface of the air and
liquid lining in the lung for the treatment of pulmonary infections [1], (i) development of liquid lens
based imaging devices as alternatives to the conventional optical lenses [2], (iii) oil drop test (Taila
Bindu pariksha) as a cost effective disease diagnostic tool which involves spreading of oil drops
on human urine samples [3,4], and (iv) the fate, transport, and remediation of oil spills on the sea
water surface [5]. The efficacy of processes involving spreading of liquids on fluid-fluid interfaces
requires a systematic study of the statics of droplets and the dynamics of spreading.

The rate of spreading measured experimentally for various combinations of miscible and im-
miscible fluids generally follows a power law of the form R(¢#) o< #"*. Such a power law behavior
arises from the interplay between various forces originating due to gravity, inertia, viscosity, and
surface tension. For the drops dispensed on liquid substrates, with both liquids being nonvolatile
and immiscible, a balance of viscous and surface tension force reveals that the spreading proceeds

as [6]
27\ %
R(t) ~ (W L) i, (1)
"

where y is the surface tension force that is driving the spreading process, and V is the volume of the
drop that is spreading on a liquid substrate of height L and viscosity p. On the other hand, different
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values of ng are also reported in this spreading regime, for example, when the height of the substrate
liquid is much larger (i.e., deep liquid substrate) such that the solid boundaries that contain the liquid
do not influence the spreading behavior of the drop, the radial spreading rate dictated by a balance
of surface tension and viscous forces is given by [5,7,8]

172
1/4t
(o)

where p and p are the viscosity and the density of substrate liquid, respectively. S is the spreading
coefficient (which will be defined later) and K is a constant, the value of which depends upon the
geometry of the spreading phase [9]. As the relative importance of the forces during the course
of spreading change, time-dependent power law exponents can capture the evolving spreading
dynamics. In the spreading of oil spills on the sea, Hoult [5] proposed that in the early stages of
spreading, the inertial and gravitational forces balance each other, giving rise to R(t) ~ t'/2. In the
second stage, as the gravitational and the viscous forces balance each other, the spreading continues
again with the scaling R(¢) ~ ¢'/2. The spreading in the final stage is governed by a balance between
the viscous and the surface tension forces, which gives the scaling law R(z) ~ 34 [7,10-12].
Clearly, different scaling laws give widely different exponents depending on the spreading
regime. Experiments also present a similar situation. For example, the exponent ng & é has been
observed in the experiments of Fraaije and Cazabat [13], where silicone oils of different viscosity are
spread on a glycerine-water mixture. Silicone oil of various viscosities spreading unidirectionally
on the surface of water taken in a rectangular container is shown to spread with power law exponent
ng = % [14]. Similar power law dependence is observed after studying spreading of oelic acid on

R(t)=K i )

water surfaces [15]. The ¢1 scaling has also been observed for the spreading of a monolayer of
polydimethylsiloxane (PDMS) oil on a surfactant laden aqueous phase [16]. The investigation of
spreading of immiscible volatile liquids on pure water by laser shadowgraphy revealed that the
leading edge of the spreading drop follows a ng = % power law with respect to time instead of

ng = % [17]. The ng = % and ng = % power law exponents have been observed in spreading of
miscible liquids on pure liquids [18,19]. The spreading exponent is also found to depend on the
geometry of the leading edge, that is, planar front or axisymmetric [7]. Another parameter that
influences the spreading rate is the thickness of the substrate liquid [13]. If a small volume of
substrate liquid is considered such that the thickness of the substrate liquid is small, then spreading
occurs on a thin layer of liquid. The spreading exponent in such cases can be as low as ng = 0.1
due to the influence of the solid surface beneath the substrate liquid [18]. Therefore, the spreading
is drastically hindered, and ng is closer to the predictions by Tanner’s law on solid substrates [20].

Considering a large variation in the exponent ng, which is attributed to various factors such
as (i) miscibility of the fluids and their volatility, (ii) geometry of the spreading front, and (iii) the
height and properties of substrate fluid, a one to one correspondence between theoretical predictions
and experimental observations will remain inconclusive, and warrants a systematic investigation of
the spreading behavior in a controlled environment. The experiments on spreading of fluid on a
fluid-fluid interface are further complicated, as it is affected by several external factors such as the
height of release of the drop and the consequent impact, the interface undulations due to vibration,
choice of available liquids, etc. On the other hand, controlled spreading experiments can be achieved
in numerical simulations, the main theme of this article. We focus on a systematic investigation
of the spreading regime governed by surface tension—viscous force balance and establish the
unexpected role of surface tension forces on the power law exponents. In this work, we only change
the interfacial tension between the fluids (namely, the spreading coefficient) and do not change
any other fluid properties or external forces such as gravity, thus isolating the effects of interfacial
tension forces alone on the drop spreading kinetics.

The numerical simulation of spreading of drops on a fluid-fluid interface is also equally daunting.
This is because of the presence of multiple fluid-fluid interfaces which continuously evolve and
are also accompanied by fluid flows. Therefore, the numerical solutions are not only solutions of
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governing equations which are nonlinear partial differential equations, they also involve interface
tracking. Hence, most of the theoretical and simulation studies have been for systems with spreading
coefficient S > 1, wherein the lubrication approximation has been exploited considering that a
spreading drop forms a thin liquid film over the fluid-fluid interface [12-15,21,22]. Surprisingly,
many of the experimental studies and theoretical developments of spreading in such ternary systems
in literature are a few decades old [5,6,10,11,13,14].

In this article, we use a hybrid lattice Boltzmann (LB) algorithm, an efficient technique for
simulating mesoscale systems along with a diffuse interface model which facilitates determining
the temporal evolution of the interface without explicit tracking. We investigate the statics of drops
on liquid-liquid interfaces and the dynamics of spreading by carrying out two-dimensional (2D)
simulations. In order to systematically investigate the scaling behavior associated with the spreading
process, we consider a system of three immiscible liquids of equal density and viscosity, initialized
by placing a circular drop on the liquid-liquid interface. In such systems the spreading is solely
driven by surface tension forces, and the contribution to viscous dissipation from all the fluids is the
same. Our numerical simulations show that the temporal evolution of all the geometrical parameters
that characterize the spreading drop follow a three stage process where the intermediate stage
exhibits a power law behavior in the thin film limit. The relation between the power law exponents
show that the spreading kinetics can be described by a single length scale. Our analysis, though
restricted to two dimensions, provides a rationale for explaining widely varying experimentally
determined power law exponents. Finally, we present a master curve that collapses the spreading
kinetics data of drops of different equilibrium enclosing angles.

The article is organized as follows: In Sec. I we describe the governing equations, the simulation
methodology, and the scaling analysis associated with drops spreading in two and three dimensions.
The equilibrium shapes of the drop on the liquid-liquid interface are analyzed in Sec. III A, and the
results are presented in the form of a state diagram. In Sec. III B, the analysis of kinetics of drops
that spread symmetrically on the fluid-fluid interface is discussed.

II. GOVERNING EQUATIONS AND METHODOLOGY

The interface between any two immiscible fluids is characterized by change in any physical
and/or chemical properties when traversed perpendicular to the interface. In a nonequilibrium
process such as spreading of a drop, the interfaces continuously evolve until the system reaches
an equilibrium state. This process can be described using a diffuse interface model as discussed
below.

A. Diffuse interface model for a drop spreading on a fluid-fluid interface

Consider a fluid-fluid interface formed by fluid 1 and fluid 2 on which a drop of fluid 3 is
spreading as shown in Fig. 1(a). The fluids considered—fluids 1, 2, and 3—are immiscible with
each other. The free energy of such a ternary fluid system, occupying a volume €2, can be written as
[23-25]

k k k
F = / 21 =) + 2CH1 = G + =21 - G
ol 2 2 2
ky 2k 2k 2
+ 2(VC1) +5 (V&)™ + > (VG |dL, 3)
where C}, C,, and C; correspond to the mass density of fluids 1, 2, and 3. While the first three terms
in Eq. (3) correspond to the bulk free energy, the last three terms correspond to the contribution of
energy due to the presence of interfaces [26]. The constants k,, and &, respectively determine the

strength of bulk and interfacial contributions to the total free energy due to the fluid component m.
These constants are related to the interfacial thickness and interfacial tensions between the fluids.
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FIG. 1. (a) Initial configuration of ternary fluid system in the simulations, wherein a drop of fluid 3 is
placed on a fluid 1-fluid 2 interface. (b) A schematic of the lens formed at any time ¢ during the spreading of
fluid 3 on the fluid 1-fluid 2 interface. Assuming the lens to be part of a circle of radius (), the geometrical
construction that uses the radius R(#), the height /(¢) of the lens to determine the enclosing angle (¢ ) is shown.

The interfacial thickness between two fluids m and 7 is given by [24]
k. +k
Wyn = D (4)
km + Ky

V&, AR K + k) Wi
6 T 6

Note that the values of k,, and k,, must be positive for all three fluids to be immiscible with each
other. Since C; + G, + C; = p, the total mass density of the ternary fluid system is fixed and
initialized to be 1, we only need two quantities to describe the concentration field and hence we
define two order parameters: ¢ = C; — C; and ¢ = C5. In pure fluid 1, C; = 1 and C; = C; = 0;
therefore, ¢ = 1 and v = 0. Similarly, in pure fluid 2, ¢ = —1 and ¥ = 0 while in pure fluid 3,
¢ = 0 and ¥ = 1. Therefore both ¢ and y together can be used to identify the three different fluids
in the ternary system [24].

Cahn-Hilliard equations describe the spatial and temporal evolution of the order parameters ¢
and ¥ and are given by [27,28]

and the interfacial tension by

Ymn = (km + kn) (5)

¢

o TV 0V =MV, (6)
ad
8—;# +V (V) =My Vi, )

where v is the fluid velocity field, ugy = 6F /3¢ is the chemical potential field for the order parameter
@, vy = 8F /81 is the chemical potential field for the order parameter v, and M, and M, are the
mobility parameters. These equations involving the unsteady (first term), advective (second term),
and the diffusive (term on the right hand side) contributions represent the conservation of the two
order parameters.

The evolution of the velocity field during spreading is described by continuity and Navier-Stokes
equations [26,29]:

V-v=0, ®)

av
p[g +v- Vv] =—Vp+3yV-(Vv+Vvl) — oV, — Vg — ¥V, 9
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where p is the pressure field and 7 is the dynamic viscosity. The terms pV i, ¢V iy and Vi, are
the additional force density terms that arise due to the presence of the interfaces [24]. The effects
due to interfacial tensions between the fluids are captured by incorporating these additional terms
into the Navier-Stokes equations.

B. Simulations and analysis details

The governing equations are solved using a hybrid lattice Boltzmann method [30-32], which
involves solving the Cahn-Hilliard equations [Egs. (6) and (7)] using the method of lines and the
Navier-Stokes equations [Eq. (9)] using a lattice Boltzmann algorithm. In the method of lines for
Egs. (6) and (7), the spatial derivatives are discretized using a central difference scheme, and the
resulting set of ordinary differential equations are integrated numerically using the Runge-Kutta
method. A single relaxation time lattice Boltzmann algorithm on a D3Q15 lattice is used for the
simulations of Navier-Stokes equations. The spatial and temporal discretizations are chosen as
unity, i.e., Ax = 1 and Ar = 1 for convenience [30,33,34]. The velocity field obtained from the
lattice Boltzmann method is used in the advection term of Cahn-Hilliard equations, while the order
parameter field is used to calculate the interfacial forces in the Navier-Stokes equations. Therefore
Egs. (6), (7), and (9) are solved in a coupled fashion to calculate the velocity and order parameter
fields, thus enabling a complete description of the dynamics of a three fluid system, for example, to
capture the behavior of a fluid drop spreading on a fluid-fluid interface.

Simulations are done in two dimensions by considering a square domain of 400 x 400 lattice
units (L.u.). The simulations are initialized by placing a circular drop of diameter 30 l.u. as shown in
Fig. 1(a). Periodic boundary conditions are applied on all domain boundaries. The dynamics of the
spreading process is captured by following the simulation up to 10° time steps. In the simulations
presented in the manuscript, w,,, is kept as a constant and k is changed to obtain different values of
interfacial tensions [see Eq. (5)]. This allowed us to reduce the number of independent parameters
that can be changed in the simulations. Moreover, the idea of introducing a finite interfacial width
in the simulations is to obtain numerical stability of the algorithm. The same results reported in
this work are expected irrespective of the value of w,,,. The parameter k; is varied from 0.0007 to
0.495, k, is fixed at 0.005, and k3 is varied from 0.000 75 to 0.035 in the simulations to access a
range of interfacial tensions but by maintaining the value of w,,, fixed at 0.4472 in all simulations,
as typically used in diffuse interface simulations [30]. The mobility parameters My and My, are
assumed to be same and are equal to 0.01. The density (p = 1) and viscosity (u = 0.6667) of all
three fluids are also assumed to be same. Gravity is irrelevant in the simulations since the three
fluids have the same density. Therefore the simulations capture the spreading behavior solely driven
by surface tension.

The simulation results are analyzed using a customized code scripted in MATLAB. The instanta-
neous radius R(¢) and height A (¢) of the liquid lens of fluid 3 residing on the fluid 1-fluid 2 interface
[see Fig. 1(b)] is determined at every time step to track the spreading process. The following
algorithm was used for this purpose. As one traverses in the horizontal or vertical direction within
the simulation box, a jump in the order parameter ¥ occurs (from 0 to 1 or 1 to 0), indicating the
existence of either a fluid 1-fluid 3 interface or a fluid 2—fluid 3 interface. Vertical and horizontal
lines that intersect the lens formed by fluid 3 give rise to several chords. The maximum chord length
in the horizontal direction is the diameter of the lens, 2R(¢), and that in the vertical direction is the
thickness of the lens, 2A(t).

The fluid 1-fluid 3 interface and fluid 2—fluid 3 interface intersect at the three-phase contact point,
forming a vertex that encloses an angle 6 [see Fig. 1(b)]. This angle, which evolves as spreading
proceeds, can be determined as follows. We assume that the fluid 1-fluid 3 interface is part of a
circle of radius r(¢) at any time instant ¢, as shown in Fig. 1(b). Since /(¢) and R(¢) are already
determined, the radius of the circle r(¢) can be calculated by applying the Pythagoras theorem to

AABC which gives r(r) = RO Thig enables the calculation of the enclosing angle 6(¢) using

2h(t)
the 6(r) = 2 sin~! (%).

104006-5



REDDY, M, BASAVARAJ, AND THAMPI

C. Scaling analysis

Following Fraaije and Cazabat [13], we present a scaling analysis of a drop spreading in two
dimensions. We can derive scaling laws in the limit of a small enclosing angle (contact angle). The
driving force that leads to the spreading of the drop is the difference between the instantaneous
(dynamic) enclosing angle (contact angle) 6(¢) and the equilibrium enclosing angle 6,. The surface
tension force per unit length of the contact line is given by F; = y[cos0(¢) — cos 6], where y is the
characteristic drop-fluid interfacial tension. In the limit of () — 0 and when 8, = 0, F, ~ y0(t)>.
Approximating the drop shape as a wedge, and for small angles, 6 ~ %.

Considering the drop as a thin film, the viscous force per unit length of the contact line can be
estimated by multiplying the viscous stress with the contact radius as F;, ~ “Z_;R ~ u% %, where
L is the characteristic length scale over which viscous forces act. Since all three fluids considered in
this work have the same viscosity, it is appropriate to consider L to be the thickness of the substrate
liquid. Equating the expressions for F; and F,,

n\> dR R
y(—) ~ P (10)

For the spreading of drops in two dimensions, the area of the drop A ~ Rh is conserved.
Substituting for 4 ~ % and integrating we get

1
AL\
R~ (V > 3 (11)
n

In three dimensions, the volume of the drop V ~ R2h is conserved. Substituting for 4 ~ % we

RZ
obtain

1
V2L\®
R~(V ) . (12)
n

Thus the contact radius R follows a power law, R ~ ¢"#, with the power law exponent ng = é in two
dimensions and ng = % in three dimensions.

Similarly, both the height of the drop (#) as well as the enclosing angle () can be shown to
follow a power law behavior, & ~ ¢ and 6 ~ ¢™. Since h ~ % ~ t~"8 we obtain n;, = —ng in two
dimensions. On the other hand, in three dimensions, & ~ V/RZ, implying n, = —2ng. However,
6 ~ h/R in both two and three dimensions, and hence ng = ng — n,.

III. RESULTS AND DISCUSSION

A. Comparison of simulation data with Neumann’s relation

We first test the validity of the Neumann triangle relation for the data obtained from simulations.
Figure 2 is a schematic of fluid 3 residing at the fluid 1-fluid 2 interface in which the surface tension
forces at the three phase contact point are shown. The three surface tension forces balance each
other at equilibrium such that the contact angles between any two interfaces satisfy the Neumann
triangle relation,

Y12 V23 V31

— = =, 13)
sinf, sina  sinp

where y; is the interfacial tension between fluid 1 and fluid 2, y»3 is the interfacial tension between
fluid 2 and fluid 3, and y3; is the interfacial tension between fluid 3 and fluid 1. «, 8, and 6, are
the enclosing angles between the tangents drawn along the interfaces at the three phase contact
point as marked Fig. 2. Equation (13) can be derived by applying the law of sines on the triangular
construction with the angles m — o, ¥ — 8 and m — 6, and sides y»3, ¥31, and y;, shown in Fig. 2.
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Yai
Fluid 1

Qw..": V23 )
s e Fluid 2

FIG. 2. A schematic representation of the three phase contact point formed by the intersection of lens of
fluid 3 with the fluid 1-fluid 2 interface. The fluid combinations are such that the spreading coefficient, S < 0.
The angles «, B, and 6, marked in fluid 1, fluid 2, and fluid 3, respectively, are the angles that are enclosed
between the tangents drawn at the three-phase contact point to the interfaces. The triangle with the angles
T —a, 7 — B,and 7 — 6, and sides y»3, ¥31, and y, can be used to obtain the Neumann relation using the law
of sines.

The three surface tensions can be used to define a thermodynamic quantity S, called the spreading
coefficient [35]:

S =y12— (¥23 + y31)- (14)

S > 0 indicates spontaneous spreading of fluid 3 on the interface of fluid 1 and fluid 2, while S < 0
leads to a stable lens shaped drop of fluid 3 at the interface of fluid 1 and fluid 2 [20].

In Fig. 3, the enclosing angle 6, obtained from simulations corresponding to equilibrium drop
shape is plotted against the theoretical value of 6, calculated from the Neumann’s relation [Eq. (13)].
As indicated by a line of slope 1, a good agreement of the enclosing angle obtained by the two
methods validates the simulation methodology adopted here.

Since a ternary system involves three interfacial tensions, it is convenient to recast Eq. (14) by
dividing both sides with yy, to obtain

§*=1—(a+b), 15)

where S* = S/, is the normalized spreading coefficient, a = y»3/y12, and b = y31/y12. Similar to
S, the normalized spreading coefficient S* will only indicate if a drop of fluid 3 spreads on a fluid
1-fluid 2 interface or not. In other words, if S* > 0 or equivalently, (a + b) < 1, this indicates
spontaneous spreading of fluid 3 on the fluid 1-fluid 2 interface and vice versa. In this work
simulations are performed for ternary fluid systems with $* < 0.

While three interfacial tensions are required to uniquely specify the equilibrium shape of a drop,
the above normalization also enables us to determine the drop shape in terms of just two parameters
a and b, as described in the next section. Similarly, the dynamics of the spreading process also
depend on these parameters a and b, which will be elaborated further. In the following we will first
analyze the equilibrium shapes of the drops followed by spreading kinetics.
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FIG. 3. Validation of the simulation methodology for the equilibrium drop shapes by comparing the
theoretical and simulated equilibrium enclosing angles (6,) for various values of surface tensions yi,, 23, and
13- A line of slope = 1 confirms a good match between the simulation results and those given by Neumann’s
relation.

B. Equilibrium shapes of the lens

In our simulations, the equilibrium shape of the drop corresponds to a state when the flow fields in
the three fluids decay to zero and the total free energy of the system is minimum. Consequently, the
radius R(¢) and height A(r) reach a plateau when the lens assumes the equilibrium shape. Figure 4
shows the equilibrium shapes of the liquid lens formed at the fluid 1-fluid 2 interface for different
values of a and b (indicated below each subfigure).

The top panel of Figs. 4(a)-4(d) shows the equilibrium shapes for the cases when a = b. The lens
shapes are symmetric about the fluid 1-fluid 2 interface. Since a = b, the free energy associated
with both the fluid 1-fluid 3 interface and fluid 2—fluid 3 interface are the same, which implies
that the two interfacial areas must be the same, resulting in a symmetric shape. As the magnitude
of a (or b) increases, the free energy associated with the two interfaces (fluid 1-fluid 3 and fluid
2—fluid 3) compared to the fluid 1-fluid 2 interface increases, and therefore the system minimizes
the interfacial contact area, forming a lens of smaller radius and larger height. A further increase in
a (or b) beyond 3 will result in a circular drop residing on the fluid 1-fluid 2 interface.

Next we consider the case where a # b. In such scenarios the drop shapes are not symmetric
about the fluid 1-fluid 2 interface, as shown in the second panel [Figs. 4(e)—4(h)]. When a > b,
fluid 3 prefers to reside in fluid 2, as shown in Figs. 4(e) and 4(f). However, when a < b, fluid
3 prefers to reside in fluid 1, as shown in Figs. 4(g) and 4(h). The condition a < b means that
y23 < y31; therefore the system can afford to have a larger fluid 2—fluid 3 interfacial area and yet
minimize the total free energy. This results in an asymmetric shape, with fluid 3 residing more in
fluid 2 compared to fluid 1. The converse is true when a > b. As the magnitude of a and b are
increased, the drop diameter decreases and the height increases. This is because the free energy
associated with both fluid 1-fluid 3 and fluid 2-fluid 3 interfaces increases when compared to the
fluid 1-fluid 2 interfacial free energy. The reduction in diameter of the lens can be noticed when the
equilibrium drop shape shown in Fig. 4(e) is compared with that in Fig. 4(f) and the equilibrium
drop shape shown in Fig. 4(g) is compared with Fig. 4(h). When the magnitudes of a and b are
further increased, fluid 3 will assume the shape of a circular drop that will be completely immersed
in either fluid 1 or fluid 2. An example of such a scenario is shown in Fig. 4(i) when a = 0.5 and
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(a) (b) () (d)

() (f) (&) (h)
(1) )

(k) U]
FIG. 4. The equilibrium configurations of fluid 3 drops placed on a fluid 1-fluid 2 interface for various
values of a and b. The simulation results in (a)—(d) show symmetric lenses that correspond to the case

a = b. The simulation results in (e)—(h) show asymmetric lenses corresponding to the case a # b. The
configurations in (i) and (j) show that fluid 3 resides completely in fluid 2 and fluid 1, respectively. The
spreading of fluid 3 into a thin film is shown in (k) and (1). (@) a=b=0.5;(b) a=b=0.75;(c)a=b=
Lda=b=3;()a=01,b=1;a=05b=125(g a=1,0=05;(h)ya=2,b=125; (1) a=
05,b=275(G)a=250=0.75 k) a=0.1,b=0.8;1)a=0.5,b=0.2.

b = 1.5. The drop of fluid 3 prefers to exist solely in contact with fluid 2, since a < b. The converse
situation is shown in Fig. 4(j) whena =2 and b = 1.

When (a + b) < 1, then $* > 0, indicating that a drop of fluid 3 placed on the fluid 1-fluid
2 interface spreads completely, forming a thin film. This situation, which occurs irrespective of
magnitudes of a and b as long as (a + b) < 1, is illustrated in Figs. 4(k) and 4(1).

The equilibrium shapes that the fluid 3 placed on the fluid 1-fluid 2 interface adopts depending
upon the values of a and b can be comprehensively represented in the form of a state diagram, as
shown in Fig. 5. The state diagram is plotted with a = y»3/y), on the x axis and b = y3;/y), on the
y axis. The color represents the angle 6, that is enclosed between the tangents drawn at the three
phase contact point to the fluid 1-fluid 3 and fluid 2—fluid 3 interfaces but defined in fluid 3, as
shown in Fig. 2. In general, 6, increases with an increase in the magnitude of a and/or b.

The state diagram can be broadly divided into four regions. In region 1, a = b but (a + b) > 1.
Here, fluid 3 always exists as a lens and it is in contact with both fluid 1 and fluid 2. Moreover, the
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FIG. 5. State diagram classifying the equilibrium configurations of drop of fluid 3 at fluid 1-fluid 2
interface into different regions. The x axis is a = y»3/y12 and the y axis is b = y31/y12. The color bar indicates
the equilibrium enclosing angle 6,. The solid line corresponds to a = b, the dashed lines correspond to
b=a+1and b =a — 1, and the dot-dashed line corresponds to a + b = 1. The equilibrium shapes shown
in Figs. 4(a)—4(1) are marked by the corresponding subfigure label in the state diagram.

drop is symmetric. The equilibrium drop shapes corresponding to region 1 are shown in Figs. 4(a)-
4(d). As can be inferred from the color bar in Fig. 5, the enclosing angle of the lens 6, increases with
an increase in the value of a (or b). Region 2 occurs both below and above region 1. Region 2 above
region 1 is bound by the set of three linesb = a + 1,a + b = 1, a = b, while region 2 below region
lisboundbya =b,a+ b =1,b=a — 1. Inregion 2, the drop shape is still a lens in contact with
both fluids. However, the lens is not symmetric about the fluid 1-fluid 2 interface. In the region 2
that lies above region 1, the fluid 1-fluid 3 contact area is smaller compared to the fluid 2—fluid 3
contact area, i.e., the drop resides more in fluid 2, as shown in Figs. 4(e) and 4(f). Similarly, in the
region 2 that is below region 1, drops reside more in fluid 1, as shown in Figs. 4(g) and 4(h).

In contrast, in region 3 the drop of fluid 3 resides only in one of the fluids and assumes the
shape of a circle. In the region 3 lying above region 2 (demarcated by the boundary b =a + 1)
the drop resides in fluid 2, while in the region 3 below region 2 (demarcated by the boundary
b = a — 1), the drop resides in fluid 1. Examples of such equilibrium configurations are shown in
Figs. 4(i) and 4(j).

In region 4, the drop of fluid 3 placed on the fluid 1-fluid 2 interface spreads completely and
takes the shape of a thin film which is symmetric about the fluid 1-fluid 2 interface. This is shown
in Figs. 4(k) and 4(1). The boundary a + b = 1 demarcates region 4 with other regions in the state
diagram. As stated earlier, $* > 0 in region 4, while S* < 0 in the other three regions.

Similar phase diagrams have been proposed in the context of preparation and stability of double
emulsions [36,37], which concerns two drops of finite volume immersed in a third fluid. In these
phase diagrams, different states (completely, partially, or nonengulfing) of a pair of drops are plotted
as a function of a and b. It must be noted that such phase diagrams depend upon the amount of fluids
present in the system and the physicochemical nature of the stabilizing agents used. Figure 5 is also
plotted with @ and b as the axes; however, our system deals with a single droplet spreading on an
interface of infinite area.

As discussed, the statics of a drop of fluid 3 residing on the fluid 1-fluid 2 interface is very
rich, with a plethora of shapes. Since the equilibrium drop shapes are very different in the four
regions, the spreading process that leads to these shapes will also be different. In the following
section, a detailed investigation of the spreading behavior corresponding to region 1 where a = b
and a + b > 1 is considered.
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(a)

FIG. 6. Shape evolution during symmetric spreading of a drop of fluid 3 placed on a fluid 1-fluid 2 inter-
face, corresponding to the case of a = b = 0.75. With time, the drop evolves from the initial configuration of
a circle (r = 0) to its equilibrium lens shape. The velocity vectors in (b)—(d) show the flow field developed and
its consequent decay during the spreading process: (a) t = 0, (b) t = 25000, (c) r = 75000, (d) ¢ = 500 000,
and (e) ¢t = 1000 000.

C. Spreading kinetics of drops that form symmetric lens — Region 1

Figure 6 shows the temporal evolution of shape of a drop of fluid 3 placed on fluid 1-fluid 2
interface. The configuration at ¢ = 0 is a circular drop, as shown in Fig. 6(a). As time progresses,
the drop spreads and correspondingly, the radius R(#) increases while the height /(¢ ) decreases. This
spreading process sets up fluid flows both inside the lens and in the outer fluids. Snapshots of this
spreading process and the corresponding velocity field at intermediate times are shown in Figs. 6(b)—
6(d). It is evident that after the initial transients, the flow field decays as spreading progresses.
Beyond time ¢t = 2 x 10°, the fluid flow ceases, the drop does not spread further, and it takes the final
shape corresponding to equilibrium, which is shown in Fig. 6(e). The drop continues to maintain the
symmetry about the fluid 1-fluid 2 interface throughout the temporal evolution. Since the density
and viscosity of all three fluids are considered to be the same, the spreading process shown in Fig. 6
is solely driven by surface tension forces.

The spreading process that was qualitatively described in Fig. 6 is further quantified in terms of
time evolution of radius [Fig. 7(a)], height [Fig. 7(b)], and the enclosing angle [Fig. 7(c)] of the lens
for various surface tension values such that @ = b is maintained. The radius of the lens plotted in
Fig. 7(a) and the height of the lens plotted in Fig. 7(b) are normalized with the initial radius (R;)
and initial height (4;) of the drop, respectively. Note that the axes of all the plots are in logarithmic
scale.

As shown in Fig. 7(a), the radius R(¢) monotonically increases with time as expected and finally
reaches a plateau, except for the case of @ = b = 0.5. The latter corresponds to the spreading of

180 ==
160
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h(t)/h;

103 104 10° 108 10° 10°

Time, t Time, t Time, ¢

(a) (b) (c)

FIG. 7. The time evolution of the geometrical parameters characterizing the kinetics of symmetrically
spreading (a = b) drops for a = 0.5-3. (a) The radius of the lens R(¢) normalized with the initial drop radius
R; is plotted against time. (b) The height of the lens A(t) normalized with the initial drop height /; (which is
the same as R;) is plotted against time. (c) The enclosing angle of the lens 6(¢) is plotted against time.
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FIG. 8. The classification of kinetics of symmetrically spreading behavior into slow (stage 1 and stage 3)
and fast (stage 2) spreading regimes, wherein (a) the normalized radius, (b) the normalized height, and (c) the
enclosing angle are plotted against time for the case of a = b = 0.75. The dashed lines in each figure indicate
the power law fits to the spreading kinetics data in stage 2.

the drop to a thin film while in other cases, the drops evolve into a lenslike shape. The equilibrium
radius of the lens decreases with increase in the magnitude of a (or b). It is interesting to note that
although the rate of spreading [dR(t)/dt] decreases with increase in the value of a (or b), the lens
approaches equilibrium at an earlier time. The normalized height /(¢)/h; shown in Fig. 7(b) and the
enclosing angle 6(t) shown in Fig. 7(c) decrease with time as the spreading proceeds. The plateau
in the plots (except for the case a = b = 0.5) corresponds to the equilibrium configuration of the
drops. The rate of spreading [quantified by dh(t)/dt and dO(t)/dt] is smaller and therefore, the
height and enclosing angle corresponding to the final state of the drops are higher for higher values
of a (or b). This behavior is consistent with the observations presented in Fig. 7(a).

To unearth the scaling behavior of the data presented in Fig. 7, further analysis of the spreading
behavior is carried out by considering a typical case, say, a = b = 0.75. For this case, the radius,
height, and enclosing angle of the lens are plotted as a function of time as shown in Figs. 8(a),
8(b) and 8(c), respectively. It is evident that the evolution of the different geometrical parameters
during the spreading of a circular-shaped fluid 3 drop placed on the fluid 1-fluid 2 interface broadly
consists of three distinct stages, referred to as stage 1, 2, and 3. The time window corresponding to
stage 2 is the longest, meaning that a significant spreading of the drop occurs in this time frame.
Moreover, dR(t)/dt, dh(t)/dt, and d6(t)/dt in this stage are highest. In stage 1 which precedes
stage 2, and in stage 3 which succeeds stage 2, the rate of increase in the radius of the lens (the rate
of decrease in the height and the enclosing angle) with respect to time is slower. Stage 1 represents
the slow approach of the circular drop to the lenslike shape, indicating the onset of stage 2. It must
be noted that the kinetics of spreading in stage 1 is similar and is almost independent of a (or b).
The slow spreading in stage 3 represents the exponential relaxation of the spreading lens to its
equilibrium configuration [38]. This three stage description is generic for all the cases considered in
Fig. 7 except for a = b = 0.5, in which case the drop spreads as a thin film. The extent of spreading
depends upon the domain size in this case, and therefore stage 3 is absent during the time frame
of the simulation. For the purpose of analysis, an ~5% change in the radius of the lens from its
initial radius is considered as the onset of stage 2. Similarly, the end of stage 2 and onset of stage 3
is assumed to occur when the radius of the lens becomes ~95% of the radius of the fluid 3 lens at
equilibrium.

As the majority of the spreading occurs in stage 2, we further analyze the spreading kinetics in
this stage and present a comparison of the data corresponding to various values of a (or b). The
spreading behavior in stage 2 can be well approximated with a straight line in the log-log plots
shown in Figs. 8(a)-8(c). In other words, in stage 2, R(¢) ~ "%, h(t) ~ t™, and O(¢t) ~t™. If a
circular drop with 6, = 180° is considered it does not evolve from the initial state, which thus
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FIG. 9. Data presented in Fig. 7(a) collapse onto a master curve when the x axis is rescaled as ¢ /¢, and the
y axis as R(’) R‘ . Here R; denotes the initial radius of the drop and R, denotes the maximum radius that the drop

attains at tlme t, in stage 3. The onset (open symbol) and the end (filled symbol) of stage 2 fora = b = 0.6 and
a = b = 3 are shown respectively with circle and square symbols.

corresponds to ng = n;, = ng = 0. It was observed that ni decreases with increase in 6,, and both ny,
and ny increase with increase in 6,. In our simulations, we obtain a thin drop with a small enclosing
angle for the case of a = b = 0.5, and the power law exponent extracted from simulations is ng =
0.1821, which is close to the predictions of the scaling analysis, ng = é, presented in Sec. IIC.
Another feature that is worth noting is that ng = —ny, for all values of 6,, as the two length scales
R(t) and h(t) associated with spreading are constrained by the conservation of drop area as shown
in Sec. II C. Similarly, as the enclosing angle 6(t) is related to the ratio of the two length scales R(t)
and h(t), ng =~ ng — n;,. Therefore characterizing the temporal evolution of any one length scale or
the enclosing angle will suffice in describing the spreading of drops. However, the power law spans
over less than a decade in several cases and the measured exponents show a strong dependence on
S* indicating that a small change in surface tension of any of the fluids will result in a large change
in the exponent.

We now present an alternative analysis accounting for kinetics of spreading in all three stages.
The spreading kinetics, both in experiments and in theory, is often represented by power law
behavior as discussed so far, for example, R(t) ~ ¢"¢. These exponents can be used to rescale the
data to obtain a master curve, although limited to stage 2 kinetics. However, the general trend, i.e.,
the similarity of the kinetics of spreading in stages 1-3, can be exploited to obtain a master curve
which is independent of the value of a and b. To this end, we replot the data presented in Fig. 7(a)
by rescaling the x axis as 7/, and the y axis as X RR‘ Here R; denotes the initial radius of the drop
and R, denotes the maximum radius that the drop attains at time ¢,, which occurs in stage 3. The
time, 7., corresponds to the time at which radius reaches a maximum during the spreading process.
The maximum occurs due to slight inertia associated with the spreading drop; otherwise it marks
the end of the spreading process. The proposed rescaling leads to a collapse of the data shown in
Fig. 7(a) into a master curve shown in Fig. 9. This collapse clearly shows that the spreading of
drops for various combinations of a(or ) is governed by the same physics. Moreover, it may be
noted that the duration of existence of stage 2 kinetics strongly depends on the value of a (or b) or
equivalently, on the equilibrium enclosing angle 6,. As the equilibrium enclosing angle increases,
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the duration of stage 2 kinetics progressively decreases. To make this point clear, the onset and end
of stage 2 are marked as open and closed symbols in Fig. 9 for a = b = 0.6 (denoted by circle)
and a = b = 3 (denoted by square). The progressive decrease in the duration of stage 2 kinetics
with increase in value of a (or b) mentioned above is linked to the fact that the drop approaches the
equilibrium enclosing angle at an earlier time. Therefore there is not enough time for the spreading

L . hoy. . .
behavior in stage 2 to develop into %t kinetics for systems with larger values of a and b, and hence
they show an exponent smaller than %, with the spreading exponent monotonically decreasing with

increase in 6,. However, the spreading kinetics for a = b = 0.5 follows ng ~ %, since spreading
conditions closely match with the assumptions made in deriving the power law scaling. Considering
that the duration of the drop spreading in stage 2 is a strong function of a and b, which results in
an equilibrium enclosing angle dependent power law exponent, caution should be exercised in the

quest for a universal power law scaling.

IV. CONCLUSIONS

In this work, a quantitative study of the statics and kinetics of spreading of a fluid drop on a
fluid-fluid interface is carried out using numerical simulations in two dimensions. The kinetics of
spreading is characterized in terms of the evolution of geometric parameters such as radius, height,
and enclosing angle of the liquid lens. A state diagram corresponding to the equilibrium shapes of
the fluid drop is constructed in terms of a and b, which are the scaled interfacial tensions of the
fluids. The state diagram can be conveniently divided into four regions: (i) region 1 of symmetric
lenses, wherein the contact area of fluid 3 with fluid 1 and fluid 2 is the same; (ii) region 2 of
asymmetric lenses, wherein the fluid 3 shares different contact areas with fluid 1 and fluid 2; (iii)
region 3, corresponding to circular drops residing in either fluid 1 or fluid 2; and (iv) region 4, where
fluid 3 exists as a thin film at the fluid 1-fluid 2 interface.

Further, a detailed analysis of the temporal evolution of the spreading of fluid 3 at the fluid 1-fluid
2 interface corresponding to @ = b and a@ + b > 1 is conducted. In this region, fluid 3 spreads as a
symmetric lens leading to the equilibrium shapes depicted in region 1 in the state diagram. All the
geometrical parameters that characterize the spreading process are found to follow a power law
behavior. The power law exponents are found to exhibit a linear and strong exponential-like de-
pendency with respect to the equilibrium enclosing angle and the normalized spreading coefficient,
respectively. The strong dependence of the scaling exponents on the equilibrium enclosing angle and
the normalized spreading coefficient demands that caution should be exercised in ascertaining the
universality of the spreading behavior. Moreover, we have presented a master curve which collapses
the spreading kinetics data corresponding to different equilibrium enclosing angles. Our results will
serve as benchmark to compare the spreading behavior in other regimes, namely, regions 2, 3, and 4,
as well as in the presence of other effects such as inertia, gravity, influence of additives (surfactant,
salt, etc.), fluid miscibility, and reactivity.
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