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Coalescence and spreading of drops on liquid pools
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Abstract

Oil spills have posed a serious threat to our marine and ecological environment in recent times. Containment
of spills proliferating via small drops merging with oceans/seas is especially difficult since their mitigation
is closely linked to the coalescence dependent spreading. This inter-connectivity and its dependence on the
physical properties of the drop has not been explored until now. Furthermore, pinch-off behavior and scaling
laws for such three-phase systems have not been reported. To this end, we investigate the problem of gentle
deposition of a single drop of o0il on a pool of water, representative of an oil spill scenario. Methodical study
of 11 different n-alkanes, polymers and hydrocarbons with varying viscosity and initial spreading coefficients
is conducted. Regime map, scaling laws for deformation features and spreading behavior are established.
The existence of a previously undocumented regime of delayed coalescence is revealed. It is seen that the
inertia-visco-capillary (I-V-C) scale collapses all experimental drop deformation data on a single line while
the early stage spreading is found to be either oscillatory or asymptotically reaching a constant value,
depending on the viscosity of the oil drop unlike the well reported monotonic, power law late-time spreading

behavior. These findings are equally applicable to applications like emulsions and enhanced oil recovery.
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1. Introduction

Oil-water interactions play a crucial role in nu-
merous industries such as, pharmaceutical, cosmetic,
petrochemical, agrochemical, and food processing -
encompassing applications involving emulsions [1, 2,
3] for drug delivery [4, 5], ointments [6, 7], paint
sprays [8], salad dressings [9], pesticides [10], mi-
crofluidic multiphase reactors [11, 12], material syn-
thesis [13, 14], thermofluids [15], CO2 sequestration
and enhanced oil recovery [16]. These interactions
are also central to many problems we face today, a
salient example of which are the oil spills due to leak-
ages from oil tankers aboard maritime vessels. In
addition to the large volumes spilled during such an
event, a substantial amount also enters water bodies
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in the form of impacting oil droplets (emerging from
fragmentation of leaking jets of oil). While the be-
havior of spilled oil over vast regions over oceans and
seas has been studied extensively [17, 18, 19], several
facets of oil drops impacting water have remained un-
explored despite drop impact being one of the most
active areas of research [20, 21].

Studies on drop impact have revealed it can be
characterized in terms of its several constituent el-
ements, namely, the physical properties of the lig-
uid drop [20], impact velocity [22], impact angle [23],
ambient pressure [24], and the chemical/physical at-
tributes of the surfaces which could be smooth/rough
[22], soft/elastic [25], or a deep pool [21] or thin
film of liquid [26]. Among these many problems,
our interest lies specifically in studying how an oil
droplet gently impacting on water transforms into an
oil film and how its initial spreading behavior can
be understood - aspects that are critical to oil spills.
The model problem we study represents a coalescence
event involving two entities - a finite sized spheri-
cal droplet and a pool of liquid representing a pla-
nar surface. Also, simultaneous to the coalescence is
the spreading of the oil drop over the pool of water
underneath which encompasses an initial time and



late time behavior occurring at differing length and
time scales. While studies to date [27, 28] have con-
sidered merger of droplet of one fluid with itself (in
bulk form), our model problem involves an advancing
three-phase contact line comprising an oil-water-air
interface which influences the initial time spreading
behavior dominantly - a problem which has largely
remained unanswered until now.

Prior work on drop coalescence with pools of liquids
(in three-phase systems) dates back to the research
by eminent scientists such as Osborne Reynolds [29]
and J.J. Thomson [30] in late 1800s who showed that
such coalescence events proceed in stages wherein a
secondary (daughter) droplet - fraction of the size of
the original parent drop may also be produced and
[30] produces vortex rings deep inside the pool. These
initial forays were followed by the celebrated exper-
iments of A.M. Worthington in 1908 who examined
impact of a drop of milk on a pool of water which
confirm these observations and are detailed in the
epochal monograph, The study of splashes [31]. How-
ever, the exact mechanism of coalescence remained
unknown until the works of Cockbain and McRoberts
[32] and Gillespie and Rideal [33] who were the first
ones to examine the role of the intervening air film, its
drainage and rupture in a two- phase system. Charles
and Mason [34] then advanced these ideas coining
the term partial coalescence for merger that occurs
in stages and attributed the formation of a daughter
droplet to Rayleigh instability. These investigations
[32, 33, 34, 35] in the context of gentle impact of
droplets on a pool of the same liquid (as the drop)
revolved around three major axes - understanding the
mechanism and forces underlying the formation of the
daughter droplet and prediction of its size; determin-
ing the conditions leading to partial and complete
coalescence; time for complete coalescence. However,
it was not until the advent of advanced high-speed
imaging in the 2000s that much of these nuances of
partial coalescence came to light [27, 36, 28, 37]. The
key findings from these studies, all of which were for
two-phase systems, was that the ratio(Dg/D,) of the
size (diameter) of the daughter droplet (Dg4) to the
parent drop (D) and the coalescence time (t.) is a
function of the liquid properties given by the drop
Ohnesorge number, Oh, (= u/+/ppyDp), where piy,
pp and «y are the liquid viscosity, density and sur-
face tension respectively. Chen et al. [36, 38, 27]
included the effects of gravity by introducing the non-
dimensional Bond number, Bo (= p,gD,*/v) and
identified three distinct boundaries for inertia, visco-
capillary and gravitational regimes. Furthermore,
they presented phase diagram in terms of Bo — Oh
demarcating regions of partial and complete coales-

cence. Similar analysis was presented by Gilet et al.
[39]. Finally, Blanchette and Biogini [28, 37] ques-
tioned the validity of Rayleigh instability [34, 35] as
being responsible for droplet generation and instead
posited an explanation based on the development of
capillary waves which vertically stretch the drop by
focusing energy on its summit leading to the pinch off
of a daughter droplet. Compared to two-phase coa-
lescence problems herein we elucidate the role of cap-
illary waves in sculpting the main features of drop de-
formation and pinch off in three-phase, oil-water-air
system through previously unknown phase diagram
and scaling relations dependent only on the liquid
properties.

As mentioned before, the coalescence event occurs
concurrently with the spreading of the oil drop on
the water surface. Much of the research so far has
focused on coalescence without describing its conse-
quences on spreading behavior. The spreading char-
acteristics such as maximum spread area and spread-
ing rate are vital to applications like oil recovery [16],
drug encapsulation and delivery [5] besides oil spill re-
mediation [40, 41]. Central to the spreading of oil on
a liquid surface is the concept of an equivalent force
at the three-phase contact line due to the interfacial
tensions, often described by the initial spreading co-
efficient, S = 0wq — Goa — Tow [42, 43], where o is
the surface/interfacial tension and the subscripts wa,
oa, and ow denote the water-air, oil-air, and oil-water
interfaces respectively. A positive value of S denotes
an affinity of the liquid to spread [43] on the substrate
while a negative value implies a tendency of the mass
of oil to form a liquid lens [44]. For spreading oils
(S > 0) a two-dimensional monolayer [43], known as
precursor film precedes the macroscopic liquid front.
Studies by Huh et al. [45] and Joos et al. [46, 47]
showed that its spreading is governed by a competi-
tion between the interfacial tension and viscous forces
which result in a spreading radius, r () variation with
time as, r(t) ~ t3/4. Some spreading liquids may
also exist in partial-wetting regime wherein they may
show a pseudo-lens along with a thin film because of
long-range forces [48]. Regardless, for spreading oils
with a film thickness of O(107%) [18, 19] the radial
spread has been shown to follow power law behavior,
r(t) ~ t"™ [49, 50]. Fay and Hoult [18] provide a com-
prehensive summary of values for n, which are found
to lie between 3/8 and 2/3 depending on which forces
are dominant - inertial, viscous or surface tension and
also whether the film is considered axisymmetric or
one dimensional.

A common feature of the above-mentioned previ-
ous studies is that they mainly investigated the late
time behavior which is relatively unaffected by early



time occurrences where the coupling of the coales-
cence phenomenon with spreading is evident. The
early time spreading can affect the overall extent to
which a film can spread and has so far remained unex-
plored. Moreover, understanding them might inform
development of oil spill mitigation measures. Conse-
quently, in the present study we aim to unravel this
initial time macroscopic behavior of oil drops spread-
ing on water with the objective to contrast it with
long time behavior and highlight the differences.

In summary, we identify the following key objec-
tives for our work: establish scaling laws for various
features of the drop as it deforms during coalescence,
including the size of the daughter droplet and capture
the initial spreading dynamics which we report to be
markedly different from the long-time behavior.

2. Materials and Methods

2.1. Chemicals used

To consider the influence of wide ranging viscous
and interfacial properties a variety of oils were cho-
sen. The alkanes - Hexadecane (ReagentPlus 99%),
Kerosene (Reagent Grade), Pentane (Reagent, 98%),
Decane (Reagent, > 95%), Dodecane (ReagentPlus,
> 99%), Tetradecane (> 99%), and Cyclohexane
(ACS Reagent, > 99%) were chosen for their relative
abundance in crude oil [51] and purchased from Sigma
Aldrich®)(St. Louis, Missouri, USA ). Silicone oils
(SO) of varying viscosity (0.65 c¢St, 1.5 ¢St, 10 ¢St,100
cSt) were purchased from Gelest Inc.®)(Morrisville,
Pennsylvania, USA) to study viscosity effects. Ta-
ble 1 illustrates the properties of the liquids used in-
cluding kinematic viscosity of the oil v, interfacial
tensions 0w, Toas Oow, and the spreading coeflicient
S, where, subscripts ow, oa, and aw denote the oil-
water, oil-air, and air-water interfaces respectively.
Oils may exists in different wetting states depend-
ing on the value of S and Hamaker constant (A). In
particular, note that pentane exists in partial-wetting
regime on water [48] (see details in Section S6, SI).
The density of air and water are taken to be 1.29
kg/m3 and 998 kg/m? while their dynamic viscosi-
ties are selected to be 18.1 yPa — s and 1 mPa — s
[52] respectively. For the oils the density is estimated
by measuring the mass of a known volume and diving
one by the other (Table 1). The measurements thus
obtained are within an uncertainty of 5%.

The coalescence and spreading process studied in
this work occurs in < 1s (see Fig. 2) which is in-
sufficient for the impurities to be adsorbed at the
water-oil interface and influence the spreading be-
havior [53]. The physical properties of the liquids

thus may be equivalently expressed in terms of non-
dimensional quantities such as the Ohnesorge number
of the parent drop (Oh,), Bond number (Bo,), vis-
cosity ratio (qu.) and (pu-) and density ratio (,p,)
and (,pr) (see Section S2, SI, Table S1 for details on
non-dimensional quantities and Section 3.1 for defi-
nition of these quantities).

Deionized water was used as the bulk liquid, and
was held in a quartz chamber of dimensions 30 x 30 x
30 mm which was treated with Trichloro [1H, 1H,
2H, 2H - Peflorooctyl silane purchased from Sigma
Aldrich@®to prevent the formation of a concave or
convex meniscus along the glass walls by maintaining
a 90° contact angle(hydrophobic). Vapor salinization
of the glass chamber ensured any image distortions
due to the presence of a meniscus during side view
imaging were avoided.

2.2. Ezxperimental Setup

The schematic in Fig. 1(a) shows the components
of the experimental setup used to record videos from
the front and observe coalescence events. Droplet
spreading was captured from the top by orienting the
camera vertically towards the water surface. Needles
of sizes varying from 0.6—1.6 mm ID corresponding
to gauge sizes of 14, 16, 18, and 20 were attached to
a glass syringe for generating drops. The syringe was
mounted onto a syringe pump and operated at a flow
rate of 1.67 ul/s to avoid any vibrations from the
stepper motor housed within the syringe pump and
ensure consistent drop sizes for a particular needle
size. The entire apparatus was placed on an optical
table to eliminate mechanical vibrations. All exper-
iments were conducted at a temperature of 25 + 3
oC.

The drops (referred to as parent drops in the re-
maining text) were gently deposited (< 5 mm/s) on
a pool of water to minimize any inertial effects. The
depth of the pool was about 25 mm and it was large
enough to ensure that the dynamics of the overlaying
oil drop was not obscured by presence of a bottom
plate [61]. The drops (R, = D,/2) generated by the
nozzles were such that they are smaller than the cap-
illary length, I. (= +/v/ppg where, v is equivalent
interfacial tension of the drop (see further in Sec-
tion S3, SI), g is the gravitational acceleration and
pp is the density of the parent drop, thus ensuring
that gravity played no role in the deformation dy-
namics. To ensure that the water-air interface was
perfectly flat so that a deposited droplet does not
move towards the wall due to capillary attraction [62],
the glass chamber size was made ~ 10 times larger
than typical drop sizes and the walls were silanized.



Table 1: Physical properties of the oils used in the study. p is density, v is kinematic viscosity, o is interfacial
tension (different from ~ which is the equivalent interfacial tension defined in section 3.1), S is the initial
spreading coefficient, (= owa — Goq — Tow) Where gqqy = 72 mN/m. No reference is provided for values of
density which are measured in the laboratory and some values for silicone oils which are directly available

in the Gelest Inc.®)(Morrisville, Pennsylvania, USA) brochure.

Liquid P v Goa Tow 5
(kg/m®) ~ (mm®/s)  (mN/m)  (mN/m)  (mN/m)
Silicone Oil 761 0.65 15.9 38.7 [54] 17.4
Silicone Oil 853 1.5 17.8 42.5 [55] 11.7
Kerosene 810 2.39 [56] 28.0 [56] 33.0 [57] 11.0
Silicone Oil 935 10 20.1 43.0 [58] 8.9
Silicone Oil 966 100 20.9 43.1 [58] 8.0
Pentane 626 0.5 [59] 15.5 [60] 49.0 [60] 7.5
Decane 726 1.27 [59] 23.83 [60] 52.0 [60] -3.83
Cyclohexane 773 1.15 [59] 26.56 [60] 50.0 [60] -4.56
Dodecane 746 2.01 [59] 24.91 [60] 52.8 [60] -5.71
Tetradecane 756 3.06 [59] 26.6 [60] 52.2 [60] -6.8
Hexadecane 770 4.46 [59] 53.3 [60] 26.95 [60] -8.25
The top/side view experiments were performed inde-
pendent of each other [63] since the deformation was
found to be repeatable over a number of experiments . o
with an experimental uncertainty of less than 7%. 2 diffuser isynnge P
In order to capture the coalescence and O oil I SEES .
spreading behavior, high-speed imaging using camera
Photron®FASTCAM Mini AX camera was em- light source water | glass
ployed. Videos were recorded at 4000 frames per chamber
second (fps) at a resolution of 1024 x 1024 pixels b [i t=0] [ii i
with an exposure time of 5 us. This was deemed = Doy .
sufficient for capturing the entire dynamics given y, "
the temporal resolution was about 0.25 ms and
the typical time scale for the entire process was in
excess of 10 ms (see Fig. 2 (a),(b),(c)). A lens w =LV
with infinite focus (InfiniProbe®TS—160) with o,
focal length ranging from infinity to 18 mm and a |
magnification ranging from 0—16x was attached to
the camera resulting in the arrangement providing Figure 1:  (a) A schematic of the setup apparatus

a magnification of 1 pixel =~ 10 ym. An LED
(Nila-Zaila@®)) illumination source was used and the
emanating light was diffused using multiple diffuser
plates placed between the light source and the glass
chamber.

used to record videos from the front. Standard high-
speed imaging was used to capture drop dynamics
during partial coalescence. The diffuser plates are
used to uniformly distribute the light from the source.
(b) The various parameters studied during partial
coalescence, namely parent drop diameter D,,, drop
height at any instance in time hy;p, maximum height
of drop hunaq, coalescence time t., diameter of daugh-
ter droplet Dg, diameter of the upward cylinder D.,;.



The videos were recorded to capture the drop de-
formation dynamics from the moment the parent
drop touches the pool of water to its complete co-
alescence with the water.The videos were analyzed
using the open source IMAGE J software. Fig. 1(b)
illustrates some of the parameters investigated during
drop coalescence and includes (i) parent drop diam-
eter, Dy, (#i) height of the collapsing drop at any in-
stance in time, hy;p, (44i) the maximum height of the
drop, Amae, () diameter of the upward stretched
cylinder (jet), D¢y (v) the time taken for drop co-
alescence, t., and (vi) daughter drop diameter, Dg.
Similarly, Fig. 5 provides details of quantities studied
to understand the dynamics of the spreading process.

3. Results

As an oil drop gently impacts a bulk liquid (water)
it levitates over the liquid surface for some moments
before integrating with the bulk [64, 38]. The de-
lay in coalescence is due to an intervening air film
sandwiched between the oil drop and bulk liquid
[64]. As the air film drains gradually it eventu-
ally ruptures and leads to contact between the two
liquids[65, 35, 34]. Concurrent to the rupture of
this air film is the initiation of capillary waves which
propagate along the phase boundary of the drop and
ambient medium, deforming the drop in the process
[39, 35, 34, 38, 64]. The strength of the capillary
waves, which is a measure of the energy they pos-
sess is responsible for the observed drop deformation
and coalescence. In these initial moments, the coa-
lescence may also affect spreading of the drop over
the liquid pool. The global topological variables such
as total time for coalescence (t.), maximum vertical
stretch, (Amqz) and the daughter droplet radius (Ry)
thus strongly depend on the physical properties of the
liquid drop.

To probe these aspects in detail and elucidate
the key mechanisms we begin by identifying the
key dimensionless parameters and dimensional scales.
Thereafter, we use this information to delineate dif-
ferent regimes of coalescence by means of a regime
map followed by developing scaling laws for the free
surface features and conclude by studying their effect
on the spreading kinetics.

3.1. Dimensional analysis

The capillary waves causing drop deformation dur-
ing its coalescence with water (bulk) generate free
surface deformations (€2) which primarily depend on
the parent drop diameter (D)), interfacial tension
(7y), density (p», pp) and viscosity (us, pp) of the bulk

and liquid drop, velocity of impact (U) and the mag-
nitude of gravitational acceleration (g). In reality, we
may have a dependence on a few more variables than
shown here because we have a three-phase system and
each of the phases - air, bulk and the ambient have
their own density and viscosity. However, most stud-
ies [36, 38, 27] thus far have been conducted on just
two-phases. Even in our case the capillary waves es-
sentially travel along the two-phase boundary of the
air and the oil drop. So, to avoid repetition we con-
sider only density and viscosity of the drop and the
bulk with the understanding that to include the ef-
fects of the ambient we would just need to change the
fluid properties from bulk to the ambient. Therefore
we may now consider the drop deformation features
(i-v, section 2.2) to be only a function of the 8 pri-
mary variables of the problem.

(1)

Here, ~ is the equivalent interfacial tension (see Sec-
tion S3, SI for details) of the drop and defined sepa-
rately for spreading and non-spreading oils as ,

-

Applying Buckingham’s Pi (7) theorem [66] the di-
mensional dependence in eqn 1 leads to, 8 — 3 =
5 7 terms which is the difference of the 8 vari-
ables of our problem and the three fundamental
units of mass, length and time. Each of these 7
terms is a non-dimensional group and found to be,
Bo, = AppgDy /. Ohyy = ppp/\/Ppy¥Dp, Wep =
ppU%Dy /7y, pr = pp/py and p, = i/, where, sub-
scripts p and b refer to the parent drop and the
bulk, respectively. We, for our case for a velocity,
U < 5mm/s is less than 5 and considered negligible.
Similarly, Bo, is insignificant (g 1) for our case too
(see Section S2, SI for further details). Equivalently,
it means (D, < {.), where, (. is the capillary length
(= /7/Appg). Note that, Oh, = Ohy, (pr/\/pr) s0
it suffices to use one of the variables, Oh, or Oh.
Since our study involves three fluids we use the sub-
script a (for air) or b (for bulk water) as prefix to p,
and p, to denote the ratio of the parent drop prop-
erties and the ambient fluid. For our test conditions,
the density ratio, pp, =~ 0.7—0.8 and ,p, ~ 700 — 800
are approximately a constant and it may be dropped
from further consideration. In total, the dimensional
analysis presented here shows that the characteristic
features of the flow depend only on Oh, and , . Eqn

2~ f(ppapbvﬂphu'bv’)/aDpang)

if §>0
if S<0

(Toa + Tow)/2

15| (2)



1 now transforms to the form given below,

Q
Qiﬂ ~ f(aﬂra th)

3)
As we will see later, eqn 3 becomes the basis for ob-
taining the coalescence regime map.

3.2. Dominant scales

Non-dimensionalizing the drop deformation fea-
tures would require the dimensional scale €2, in eqn 3
to be determined. However, €1, is an unknown scale
with several different candidates as potential choices.
These scales are determined by a balance of the three
dominant forces - inertia (I'), surface tension or capil-
larity (C') and viscosity (V') considered two at a time
or all three together, each of which results in a dif-
ferent length, velocity and time scale. (Section S4,
SI Table S2 shows the different possibilities based on
these force balances)

Although choosing D, (corresponding to the I-C
length scale) has been usually preferred in literature
[36, 27, 37, 64] we explore the applicability of the I-
V-C scales first proposed by Eggers and Dupont [67].
These scales have recently been identified by Ganan-
Calvo [68] as being appropriate for analyzing bubble
bursting in a viscous liquid and show a remarkable
collapse of existing numerical and experimental data
[69, 70, 68]. Similar to bubble bursting, our problem
also involves the the ascent of capillary waves along
a phase boundary comprising of air on one side and
liquid on the other [69, 68], but in contrast to it they
meet at the apex of the drop (anti-parallel to grav-
ity). Further justification on the choice of these scales
may be seen in the fact that the intervening air film
drains much faster than a liquid film in a two-phase
drop coalescence problem [64]. This implies that we
need to seek scales which are much smaller than the
ones used earlier thus validating the use of the I-V-C
scales. Studies like the one presented by Lai et al.[70]
and Berny et al.[69] may be carried out to addition-
ally bolster our claim. We restrict our attention to
showing that these scales work for our experimental
data and validate it theoretically using simple scaling
arguments. It is of significance that ,u, is constant,
if we only consider the ratio of drop and air viscosity
and can be dropped out of all scaling relations yield-
ing a scaling dependence of the form, Q/Q, ~ Ohy,
where n is any real number.

The scales obtained using the I-V-C scaling can be
summarized as given in eqn 4 (derived theoretically in
Section S5, ST) and will be employed as scales for non-

dimensionalising parameters in the following sections.

2 3
j I gl
l = 7177 t = 71)7 v = — (4)
Iz Iz ppA/Q W

Note that often we may use a simple division by
length scale [,, to prove a scaling relation, theoreti-
cally even though it precludes the expected explicit
inclusion of expression for various forces. This is a
consequence of the I-V-C balance which is argued to
be applicable to our case given the above considera-
tions. Also, the fact that the capillary waves carve
the features on the drop surface and their strength
is directly proportional of the liquid properties [68]
warrants the use of a relatively simple calculation.

3.3. Coalescence Regime Map

The discussion above has enunciated the significant
role of capillary waves in governing drop deformation
and coalescence. Analysis of the high-speed imaging
videos for the 11 different oils tested (refer Table 1)
in this study showed that their coalescence behav-
ior after contacting the bulk water surface could be
classified into three main categories as shown in Fig.
2 (a)-(d) (see Section S1, SI Video 01) arranged in
increasing order of Oh,, (a measure of increasing vis-
cosity of the drop).

At very low Oh, << 1072, the capillary waves are
so strong (meaning that they possess higher energy)
that they constructively interfere at the apex (top-
most point on the deforming drop) and stretch the
drop vertically such that a portion of the liquid mass
pinches off (daughter droplet) from the parent drop
(top row, Oh, = 1072 Fig. 2(a)) in what is termed
as partial coalescence. The process then repeats it-
self until the drop completely coalesces with the bulk.
At much higher Oh, (£ 1), the capillary waves are
dampened to the extent that they decay immediately
after they appear and complete coalescence (bottom
row, Oh, = 1 Fig. 2 (c)) occurs. Interspersed be-
tween these two regimes is a new regime of delayed co-
alescence where the capillary waves are strong enough
to stretch the drop but relatively weak for a daugh-
ter droplet to form (middle row, Oh, = 107! Fig.
2b). To the best of the knowledge of the authors
this is the first time that the existence of this regime
has been shown to be an intermediate stage between
regimes of partial and complete coalescence imply-
ing that the transition is not sudden but gradual.
Although the role of capillary waves in coalescence
of drops with planar surfaces has been well under-
stood [38, 64, 37] the existence of delayed coalescence
has not yet been reported like so in literature despite
some allusions [39] to it. Our findings therefore may
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Figure 2: Features of drop coalescence (a) Shows the case of partial coalescence, where the formation of an
upward jet leads to the generation of a daughter droplet, Silicone oil (0.65 ¢St) (Oh, = 0.0042). (b) Shows
the case of delayed coalescence where formation of a jet is observed in the absence of a daughter droplet
Hexadecane (Oh, = 0.015). (c) shows the case of complete coalescence without jetting. Silicone oil (100 cSt)
(Ohy, = 0.60). The existence of a new regime of coalescence termed as delayed coalescence is emphasized.

(see Section S1, SI Video 1 for videos showing coalescence behavior in the three cases).

(d) The regime

map delineates the regions of partial, delayed, and complete coalescence as a function of the viscosity ratio
(aptr = pp/tiq) and the parent drop Ohnesorge number (Oh,,). The scale bar in each row corresponds to a

length of 1 mm.

be succinctly classified into three distinct coalescence
regimes — (i) Partial coalescence (jetting producing
a daughter droplet), (ii) Delayed coalescence (jetting
without daughter droplet) and, (#i7) Complete coales-
cence (no jetting). The terminology of jetting refers
to the abrupt change in slope of the drop contour
from zero to infinity (¢ = 3ms, frame 3 Fig. 2(b) and
frame 2, Fig. 2(a)) as against a more gradual change
back to zero (see Section S1, SI Video 01).

In section 3.1 we showed that the different drop
morphologies can be conveniently represented in the
terms of non-dimensional parameters ,u, and Oh,.
Upon plotting our experimental data using these vari-
ables, regions delimiting the partial, delayed and
complete coalescence were clearly observed. A line
of best fit drawn including these points gives rise to
a linear scaling dependence of the form, Oh, ~ u,.
Region 1 (circles) represents the regime of partial co-
alescence, where both the i, and Oh, are relatively
low. At higher 44, and Oh,, delayed coalescence is
observed, represented by the triangle plots in region
2. Region 3 represents the regime of complete coa-
lescence, where the capillary wave propagation is suf-
ficiently damped. The diamond plots in this region
represent drops with relatively high ,u, and Oh,,.
Note that replacing the ambient medium with a dif-

ferent fluid will likely produce lines parallel to the
existing data points, although it will not have any
effect on the slope of these lines. In the sections that
follow we quantify features which are manifestations
of these regimes and determine their dependence on
liquid (oil) properties.

3.4. Height of drop

The foregoing exposition has identified jetting or
vertical stretching of the drop as one of the differen-
tiating factors between complete and partial/delayed
coalescence. Even though visually apparent, an un-
ambiguous quantification in terms of a drop defor-
mation feature to distinguish different regimes is
paramount. To achieve this goal, we consider the
maximum height of the deformed drop (hmaz, Fig.1
(b)-(iii), Fig. 2 (a),(b),(c) second column), a nat-
ural choice, which also serves as an indicator of
the strength of the capillary waves [39]. To iden-
tify hpmae for each of the three regimes we plot the
variation of hy;p/D, with time, ¢ as shown in Fig.
3(a). We immediately notice that for complete co-
alescence the droplet height (hy;,) never exceeds the
droplet diameter (i.e. hyp/D, < 1) while delayed and
partial coalescence are marked by vertical stretch-
ing (h4p/Dp > 1). This provides the appropriate



quantifiable measure to differentiate between par-
tial/delayed and complete coalescence. In order to
further distinguish between partial and delayed co-
alescence we observe that when the rate of verti-
cal stretching exceeds the rate of horizontal thin-
ning, pinch-off occurs, leading to the formation of
a daughter droplet and is symbolic of partial coales-
cence in contrast to delayed coalescence where there is
no daughter droplet formation. The difference in the
exact values of hy;, /D), for partial and delayed coales-
cence is immaterial as the generation of the daughter
droplet followed by a cascade of self-similar events is
lucid enough to differentiate between the two regimes.

On this note it is pertinent to point out that
the horizontal portion in the temporal variation of
hiip/Dp (Fig. 3(a)) for partial coalescence (@) is an
indicator of the period for which there is no change
in ht;p even though a the air film has ruptured. This
is characteristic of partial/delayed coalescence where
the nature of the capillary waves is such that for a
brief period until they reach the bulk air/drop in-
terface they do not cause any visible change in fy;p
and increase the total time for coalescence. Con-
trastingly, in the complete coalescence regime hy;p
decays rapidly thereby reducing this time (discussed
at length later in Section 3.6).

hmaz, Tepresenting the end of the vertical elonga-
tion, hence is a valuable measure and strongly de-
pendent on the drop’s viscosity as revealed by our
analysis so far. Using the I-V-C length scale (I,,) de-
rived in the previous section it may be expected that
the scaled data for hg,,., when expressed in terms
of Oh, would collapse for all liquids giving rise to a
simple power law relation which can then be extended
to a wide range of fluids. Fig. 3(b) precisely shows
this dependence where with an increase in Oh,, the
maximum height of the drop decreases and can be
mathematically expressed as,
hmaz —2

L, ~ Oh,, (5)

Based on our observations we see that the maximum
height of the drop is of the order of the diameter of
the parent drop (Amaz ~ Dp). Non-dimensionalizing
hmae and D), with the length scale(lu) and recogniz-
ing that p,vR/ ,uf, = Oh,, 2 we obtain the relationship
between Ny,q,; and Oh, which matches exactly with
the experimental values as shown in eqn 5. In the
next two sections we delve deeper into mechanism of
daughter droplet formation.

3.5. Daughter droplet
As noted above vertical stretching is critical to the
formation of the daughter droplet. This process not

only involves extension of the liquid mass upwards
but also horizontal thinning at the point where it
joins the bulk [36, 64, 34]. Bestriding the free sur-
face boundary are capillary waves shaping the drop
contour as they move and elongate the drop. Their
journey can be divided into three stages - (Fig. 3(c))
(4) From incipience until they constructively interfere
at the apex (7)) Tip reversal which ends with a uni-
form cylindrical element (iii) Collapse of the cylin-
drical element (of length, L., and diameter, D,
forming a single daughter droplet. Once a daughter
droplet is produced stages ¢ to i are repeated again
until the final droplet coalesces with the bulk forming
an immiscible liquid film. We observed a cascade of
as many as 6 daughter droplets which decreased to
1 at higher Oh,,. Cases where one or more droplets
formed were very few and not considered in the cur-
rent analysis.

Against the background it must be noted that
droplet ejection from a jet has usually been explained
as a consequence of capillary (Rayleigh-Plateau) in-
stability commonly seen in dripping faucets and lig-
uid atomization [71]. It is a matter of debate whether
the same mechanism governs droplet formation in jets
formed due to capillary waves as reported in bursting
bubbles [68] and partial coalescence [28]. For our case
it is evident that the coalescence process is controlled
by the competition between the horizontal and verti-
cal rates of collapse and when the rate of horizontal
collapse is greater than that of vertical collapse, a
daughter droplet is produced. The daughter droplet
generation is thus directly dependent on the strength
of the capillary waves meeting at the apex of the drop
determined by the viscosity of the drop. Fig. 3(e)
shows the scaling dependence of the non-dimensional
daughter droplet radius on Oh, displaying a power
law exponent of —2.5.

To derive this relation theoretically we examine the
events leading to the pinch-off of the daughter droplet
at depicted in stage 3 (Fig. 3(c)). In this stage a
cylindrical mass collapses to form a spherical daugh-
ter droplet. The two volumes should be the same to
comply with the conservation of mass. Thus the vol-
ume of the daughter droplet, Vg, (~ D3) is equal to
the volume of this cylindrical mass V., (~ Lclegyz)
before pinch-off ensues. L.y is the length of the cylin-
der before its collapse begins (Fig. 1) and is equal to
Nmaz- This implies that the scaling for L.y and hy,qz
should be the same. On similar lines, D,y scales as
D,, which amounts to Dg ~ hmaIDf,- Using the I-V-C
length scale we obtain the following scaling relation.

—% ~ OhZ?
L P

(6)
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Eqgn 6 is in agreement with the experimental re-
sults(within 7%) shown in Fig 3(d) which yields a
scaling relation of Dg/l,, ~ Oh,,*'®. Predictably, the
radius of the daughter droplet decreases with an in-
crease in Oh,. With increased viscous dissipation,
the capillary waves are dampened significantly, re-
sulting in a smaller daughter droplet size. The scal-
ing relation obtained agrees well with previous stud-
ies [64, 27] where it is suggested that the ratio of the
radius of the daughter droplet to the radius of the
parent drop remains constant at low Oh, (T 0.1).
This implies that Dy ~ D, which we show for low
Oh,, can be scaled using [, and can also be obtained
using our scaling arguments.

3.6. Coalescence time

When a liquid drop comes in contact with the bulk
liquid and starts to spread, it undergoes a change in
shape due to the capillary waves straddling its sur-
face, the final outcome of which is the formation of
a lens, flat thin film or pseudo-lens (see Section S6,
SI for more details). The time interval between the
moment the intervening air film ruptures to the for-
mation of the liquid film is defined as the coalescence
time, t.. Alternatively, in terms of spreading coales-
cence time (t.) may be envisaged as time that the
drop takes to show steady state behavior (refer sec-
tion 3.7). For this calculation, time ¢ = 0 is iden-
tified by the moment when the capillary waves are
generated and is marked by formation of a promi-
nent crest. To understand clearly the instant of time
when coalescence is considered complete we refer to
Fig 2 (a), (b), (c) for estimating t.. For partial, de-
layed and complete coalescence this is approximately
19, 10 and 8 ms respectively (Fig. 2(a)). In the fi-
nal coalesced state the drop assumes the shape of a
flat liquid film few 10 pm in thickness (S > 0) or a
lens approximately 100 pm in thickness at its center
(S < 0) (see Section S1, SI Video 01).

Fig. 4 shows the experimentally measured coa-
lescence time non-dimensionalized using the I-V-C
timescale and plotted against Oh, as given by the
scaling relation below (7). From Fig. 4, it is evi-
dent that the coalescence time decreases with an in-
crease in Ohy, confirming the dominant role of capil-
lary waves in delaying the vertical collapse, and con-
sequently coalescence of the drop. To theoretically
derive the scaling relation obtained experimentally
in Fig. (4), the coalescence time t. can be considered
to scale with the ratio of the maximum height of the
drop and the capillary wave velocity Viqve which is
the velocity with which capillary waves move along
the drop/air interface. For a viscous fluid/air inter-
face it scales as v/pp D, [68] which results in the scal-
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Figure 4: Variation of coalescence time(t.) with Oh,,.
This is the time required for complete coalescence
from initial rupture of air film to the first instant of
formation of a lens (S < 0) and thin film (S > 0).
Lower viscosity drops undergoing partial coalescence
are seen to take longer to coalesce while high viscosity
drops take less time to coalesce. Coefficient of deter-
mination, R? for the power law fit is > 0.98. The
scaling exponent of —3 has an uncertainty within £

5 %.

ing relation, Viave/Vy ~ Oh, (verified experimen-
tally in Section S7, SI). Note that as counter-intuitive
as it may seem the scaled velocity of the waves does
increase with increasing viscosity. Mathematically,
this may be attributed to the scaling, V,(= v/up)
which increases with lowering of viscosity. Physically
speaking, Viyqve/Vy = ppV,/v or the wave capillary
number, Caqape- It is the relative measure of viscous
to capillary forces. A higher value of Cayqpe Signi-
fies higher dissipation due to viscosity which is the
case for higher Oh,. Interestingly, the scaling also
succeeds in highlighting the role of viscosity where
the raw experimental values (see Section S8, SI Fig.
S3 (b)) are of the same order of magnitude and fail
to exhibit a discernible trend. Continuing further we
employ the scaling relations for A,,q; and Viqee and
obtain the following scaling for the non-dimensional
coalescence time,

le

-3
-~ Ohy

(7)

The coalescence time (t.) has special significance
from the standpoint of spread of an oil spill as it
marks the boundary of the topological transition from
a spherical drop to a planar liquid thin film or a
lens. Most of the oil spill mitigation measures have
considered only spreading and dynamics when oil is
spilled as a film or has taken that form. The mea-
surement for . presented here can serve to determine
this boundary when the spreading kinetics changes



dramatically. In the next section we investigate the
spreading of the drop in the time(¢.) that it coalesces
with the bulk.

3.7. Spreading characteristics

In the context of oils spills, the coupling of the
coalescence process and the spreading behavior is of
immense significance. Most literature has focused on
very late time spreading without studying the initial
moments of the coalescence process. As such the scal-
ing laws obtained in this late time spreading regime
are monotonic and power law [18, 19]. The early time
spreading behavior for our case can vary based on its
physical properties with profound implications on the
final state of the oil slick formed.

If the drop is very viscous it damps the capillary
waves substantially and monotonically spreads to a
maximum size and forms a liquid film. If on the other
hand, the drop has low viscosity, the inertial force
due to the capillary waves and the equivalent interfa-
cial tension force compete with each other, resulting
in an oscillatory spreading behavior (see Section S1,
ST Video 02). To further understand the behavior
of different oils during this transient spreading, we
tracked the instantaneous radius of the spreading lig-
uid drop r (t) at any instant of time is plotted and
shown in Fig. 5(b). The montage in Fig. 5(a) for oils
with low Oh, (= 0.0038) (Hexadecane) is presented
as an example to demonstrate the inter-connectivity
between coalescence and spreading behavior. A low
viscosity (Hexadecane) drop shows an oscillatory be-
havior, while a drop with higher viscosity (SO 100
¢St) monotonically spreads to a maximum radius. To
analyze the most important moments during spread-
ing we looked closely at the features of oscillatory
spreading as indicated by the markers at different in-
stants in time in Fig. 5(b). Note that we only con-
sider the radial growth of the macroscopic film and
not the precursor, as may be the case for spreading
oils(S > 0). For non-spreading oils(S < 0) such a
scenario typically does not arise as there is no mi-
croscopic precursor (see Sections S2, S6 SI for more
details).

3.7.1. Recoil dynamics

The first observation one can make from Fig. 5(a)
is that a low viscosity drop spreads to a maximum
radius 7,4, (A) due to inertia provided by pinch-off
drop, and subsequently recoils to a minimum radius
Tmin (%) before the oscillatory behavior eventually
dampens to form a stable oil lens (#) on the surface
of water. The difference in radii of these extreme
points (Tymaz — Tmin) 18 the extent of recoil (Ar, see
Sections S2, SI) and the time interval between these
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two instances is the recoil time (f;e.). These recoil
characteristics are discussed further in this section.

Trrespective of the final spreading behavior (see
Sections S2 and S6, SI), the inertial force imparted
to the drop as the air film ruptures causes the initial
spread to a maximum size. Therefore, the maximum
radius attained by the drop 7,,4; is an indicator of
the inertial force imparted to the drop, ultimately de-
termining the extent of spread of the drop. Opposing
this inertial force is the viscous dissipation in the drop
due to its inherent viscosity besides the restoring sur-
face tension force which is oscillatory. It is expected
that with an increase in the viscous dissipation, the
maximum radius of the drop would decrease. The-
oretically, the maximum radius (r,4,) attained by
the drop is of the order of the diameter of the parent
drop (7maz ~ Dp). Using the I-V-C length scale [, to
non-dimensionalize the quantities, we obtain a scal-
ing law for 7,4, in terms of the properties of the drop
as Tmagz/ly ~ Oh; 2. This is in close agreement with
the experimental data provided in Fig. 5(c) where
the maximum radius attained by the oil lens is non-
dimensionalized using [, and plotted against Oh,,.

The restoring force responsible for the retraction of
the drop to its minimum radius, 7,,;, is provided by
the combination of interfacial tensions o,, and o,y
Therefore, a high initial driving force propelling the
drop to 7,4, does not necessarily result in the larger
spread of the drop. During this first cycle of spread
and retraction the extent of recoil Ar (= rypae —Tmin)
is indicative of the driving (rupture induced) and
restoring interfacial tension force. A higher restor-
ing force results in the reduction of the final lens size,
thereby reducing the steady state, late time spread
(rss). Theoretically, the extent of recoil too, is of the
order of the parent drop diameter (Ar ~ D), re-
sulting in the scaling law, Ar/l, ~ Oh];2 obtained
by non-dimensionalizing Ar with [, and using previ-
ously established definition for Oh,,. This lies reason-
ably close to the experimental data in Fig. 5(d) which
displays a dependence on the Ohnesorge number as,
Ar/l, ~ Oh;1'75. Another associated metric, the re-
coil time t,. is an important feature as it affects the
time it takes for the drop to reach a steady state and
hence governing the late time spreading behavior of
the drop. This is one of the primary reasons for in-
creased coalescence times for partial coalescence since
a large value of t,... implies longer time to achieve co-
alescence. The scaled recoil time, t... using the I-V-C
time scale is plotted against Oh,, in Fig. 5(e) display-
ing the scaling law ty.c./t, ~ Ohy®.



3.7.2. Initial droplet spreading behavior

The spreading behavior is highly dependent on the
physical properties of the oils. Experimental results
in Fig. 5(a) show that drops with a higher Oh,
display a monotonic increase in the contact radius,
r (t) as they spread while drops with comparatively
low Oh,, show a non-monotonic behavior. In order
to mathematically model the spreading kinetics we
draw an analogy to the forced response of a second
order mechanical system. Our motivation being that
such behavior has been observed in drops impacting
liquid surfaces [72, 73] and therefore, it is not un-
reasonable to expect such a description to work for
our case too. To develop these ideas we consider a
mechanical spring-mass-damper system as shown in
Fig. 5(f) with a block of mass m (kg), a spring with
spring constant k (N/m), and a dashpot with viscous
damping coefficient ¢ (N — s/m).

To determine the value of these forces as relevant
to our case, in the mechanical spring-mass-damper
system analogue we examine closely the oil drop be-
havior as it approaches the bulk liquid. Drainage of
the intervening air film establishes contact between
the drop and bulk, and a step force of magnitude Fj
acts along the oil-air phase boundary after the rup-
ture of the air film. This initial step force (Fp) is
a consequence of the rupture of the air film and the
capillary wave that is generated. The magnitude of
this step force is proportional to difference in pressure
across the film given by (0oq + 0qw) Dp [74]. The dy-
namic viscosity of the drop resists any deformation
and slows down the rate of spread of the drop. The
ratio of viscosity of the drop and air is much greater
than the ratio of viscosity of the drop and the bulk
(atr >>p py) for most of our oils (see Section S2,
Table S1, SI), and hence the viscosity of the drop is
much more significant than the viscosity of the bulk
in damping the spread of the drop. Inertia of the
drop aids the spreading while the equivalent interfa-
cial tension ~ provides the restoring force. We com-
bine these various elements to write a second order
linear differential eqn for the contact radius of the
drop at any instant of time, r (t) as,

d2r

dr
mw+c—+kr:F0

o ®)

Where, the initial radius r(0) = R, equal to the ra-
dius of the parent drop, and initial velocity v(0) = 0
are the initial conditions required to solve for r ().
In eqn 8, the mass of the drop m is given as m =
ppﬂ'Di /6, the coefficient of viscous damping force ¢
is written as i, D), and the spring coefficient due to
equivalent interfacial tension k can be expressed as

12

k=vD,.

As the inertial, viscous, and surface tension forces
are all equally dominant, we consider the appropriate
[-V-C length and time scales to transform the equa-
tion of motion (eqn 8) into its non-dimensional form.
For the sake of brevity, the dimensionless variables
for time ¢ and instantaneous radius 7 are defined as
t = t/t, and 7(t) = r(t)/l,. Recognizing the pre-
viously defined quantities m, ¢, and k, we write the
non-dimensional form of eqn 8 for the spreading of
the drop as given below.

T =

AT
Oh,, ) (9)

Here, Oh, = pp/+/ppyDy is the Ohnesorge num-
ber of the parent drop and F = Fy/vD, is the di-
mensionless form of the force obtained by normalizing
the initial step force Fy with the equivalent interfa-
cial tension force vD,, acting on the drop at the time
of contact.

The solution of the non-homogeneous ordinary dif-
ferential equation (ODE) (eqn 9) is given by 7(t) =
Ajestt + Ages2t + F, where s; and s, are the roots of
the characteristic equation of the system, and A; and
Ag are constants obtained from the initial conditions
for displacement and velocity (See Section S9, SI).
The characteristic equation of the system is written
as 52 + 2(wns + w2 = 0, where w, is the undamped
natural frequency given by w,, = y/k/m, and ( is the
viscous damping ratio given by ¢ = ¢/cer. cep is the
critical damping value given as ce, = 2Vkm.

The roots of the polynomial, given by s
—Cwy, F wpy/C2 —1, are highly dependent on the
damping ratio ¢ and so we distinguish between the
roots for an underdamped system with 0 < ¢ < 1
and an overdamped system with ¢ > 1. For an
underdamped system, the roots are s; 2 = —Cw, F
iwn/1 — (2 where i = v/—1, while for an overdamped
system, the roots are given by s12 = wp(—( *
\/¢? — 1). Thus, the solutions for the underdamped
and overdamped systems are given by the expres-
sions, 10 and 11 respectively.

.
+0h 25 4

7(t) = e St (Cy1co8(wat) + Cuasin(wat)) +7ss (10)
F(t) = e St (Cyrcosh(wyt) + Copsinh(wat)) + Tes
(11)
where 744 represents the non-dimensionalized steady
state radius of the film after it has stabilized (see
figure 5). The constants Cy1, Cy2, Cp1 and Cyy are
obtained from the initial conditions (at ¢ = 0, i—f (0)
=19 =0, r(0) = R,) and are given by, Cy1 = Cp1 =
Rpl—TSS7 Cly = vo‘;i‘:?ful and C,y = vo‘ii:'rgfol.

I
Further, the natural frequency and the damping co-
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Figure 5: Features of drop spreading (a) Side and top views of the coalescence and spreading for low Oh,,
(= 0.038, Hexadecane, delayed coalescence). (b) Variation of the spreading radius, r (¢) for oils with low
Oh, (= 0.038, Hexadecane) and relatively high Oh, (=0.610, Silicone Oil 100 c¢St). The symbols indicate
different stages in the spreading of a drop. A - maximum radius 7,,4,, % - minimum radius 7,5, ¢ - steady
state radius 7y, (c) Experimental scaling of the maximum radius of the film (rmqx/l, ~ Oh,?) and, (d)

Extent of recoil Ar/l, (where, Ar = ryaz — rmin) as a function of the Oh, (Ar ~ Oh, 7/ 4). Viscosity
reduces values of 7,4, and 7,,;, and hence their difference. Similarly, (e) shows the scaling for recoil time
trec as a function of Ohy, (tree/ly ~ thj 3). Tt is difference between instants of time corresponding to % and
A (f) Spring-mass-damper analogue of the spreading drop. The radius of the drop at every time instant
r (t) is measured to determine the features of spreading. The direction of the draining air film is shown
by pink arrows. (g), (h) The solution of the reduced order spring-mass-damper model in comparison with
the experimental data of the spreading drop. Red lines denote theoretical predictions while the data points
represent experimental measured values. Both (g) underdamped (Oh, = 0.026) and (h) overdamped (Oh,,
= 0.61) responses of the model match well with the experimental data showing 95% statistical confidence.
Coefficient of determination, R? for the power law fit is > 0.97. The scaling exponent for power law fits in
(), (d) and (e) have an uncertainty within + 8 %.
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efficient can be written in terms of Oh,, as w, = Oh$
and ¢ = Oh,/2. The terms wyq and weq represent
the damped frequency and overdamping coefficient
for the underdamped and overdamped systems re-
spectively. They are defined as wyy = wpy/1 — (2
and wyg = wnpy/(2—1. The solution for eqn 9 is
found for the underdamped and overdamped cases
using the Oh,, of the drop and the initial conditions
(see Section S9, SI) and plotted alongside the experi-
mental data in Fig. 5(g),(h). O(1) prefactors ranging
between 3.46 and 6.87 are used in the estimation of
the damping frequency (wq). The theoretical results
match the experimental data closely with 95% sta-
tistical confidence. The spreading of the drops can
thus be predicted accurately using the response of a
second order mechanical system.

4. Discussion and Conclusions

To summarize, in this work, we show that the co-
alescence behavior of an oil drop in a three-phase
system depends highly on the physical properties of
the drop and can be characterized by the Ohnesorge
number of the parent drop, Oh,,, namely (i) Partial
(Oh,, ~ 1073), (i) Delayed (Oh, ~ 1072), and (4ii)
Complete coalescence (Oh, ~ 107!). We also find
that initial time spreading follows an oscillatory be-
havior before reaching its final shape. An analytical
model based on the forced response of a second order
mechanical system is shown to be predict the spread-
ing behavior of the drop well.

For the first time, the effect of coalescence on
spreading is investigated using both experiments and
theory. To show that the experimental results may
suitably be extended to a wide range of oils, a novel
application of the I-V-C scale is pursued. Through
these implementations the significant role of the drop
viscosity and initial spreading coefficient on the coa-
lescence and spreading behavior is hypothesized.

While delayed coalescence has been observed for
two-phase oil-water systems before [39], here we have
shown, its existence as an intermediate regime be-
tween partial and complete coalescence in a three-
phase system and unreported heretofore. In con-
trast to previous works [27, 64], mainly involving
two-phases we have also shown that the dimensional
scales obtained via an inertial, viscous, and capillary
force balance (I-V-C) are the most suitable scales for
analyzing different features generated by the mov-
ing capillary waves such as maximum drop height,
apex velocity, and coalescence time, leading up to
the generation of the daughter droplet for this kind
of three-phase drop-interface system. This is a signif-
icant advancement from previous works [36, 38, 27]
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which have not analyzed spreading accompanied by
coalescence and are restricted to two-phase systems.
Furthermore, our results show that the initial spread-
ing of the drop differs markedly from the late time
behavior [19, 45], and is influenced by Oh,,.

Our manuscript provides the foundation for fur-
ther studies on oil-spreading dynamics. For ex-
ample, future work may focus on studying the co-
alescence and spreading behavior in presence of
surfactants/nanoparticles in oil/water/both media.
The difference in monotonic versus non-monotonic
spreading of different oils could inform development
of oil-water separation techniques. Consequently, we
anticipate that the results of this work can guide stud-
ies on oil-water interactions specifically aiding deter-
mination of control parameters and optimization for
applications such as targeted drug delivery, produc-
tion of emulsions, enhanced oil recovery, dispersion of
oil during a spill and measures to mitigate its spread.
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