ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Bursting of Underwater Oil Drops
Varun Kulkarni, Venkata Yashasvi Lolla, Suhas Tamvada, and Sushant Anand

Phys. Rev. Lett. 133, 034004 — Published 18 July 2024
DOI: 10.1103/PhysRevlLett.133.034004


https://dx.doi.org/10.1103/PhysRevLett.133.034004

PHYSICAL REVIEW LETTERS (2024)

Bursting of Underwater Qil Drops

Varun Kulkarni, Venkata Yashasvi Lolla, Suhas Tamvada, and Sushant Anand*
Department of Mechanical and Industrial Engineering
University of Illinois, Chicago, IL 60607

For decades, two main facets of underwater oil spills have been explored extensively - the rise of oil
drops and resulting evolution of the oil slick at the air/water interface. We report on the bursting of rising
oil drops at an air/liquid interface which precedes slick formation and reveal a counter-intuitive bulge
reversal that releases a daughter oil droplet inside the bulk as opposed to upward-shooting jets observed
in bursting air bubbles. By unraveling the underlying physics we show that daughter droplet size and bulk
liquid properties are correlated and their formation can be suppressed by an increase in the bulk viscosity.

Oil-water interactions lie at the root of diverse beneficial
applications, such as drug delivery [1], oil recovery [2],
food emulsions [3], and material synthesis [4], but they are
also a subject of immense environmental concern due to
oil seepages and spills [5, 6]. While oil seepages in oceans
may date back to ancient times [7], our excessive reliance
on oil and its transportation has increased their prevalence,
worsening their environmental and economic impact [8, 9].
Consequently, for decades researchers worldwide have fo-
cused on studying major aspects of the oil spill process:
rising of oil droplets through water[10], oil drops gently
falling onto a liquid bath [6, 11, 12] and oil film spreading
on an air/water interface [6, 13]. Although the coalescence
at a liquid/liquid interface [14, 15] has been investigated,
surprisingly, how an oil drop rising within the ocean tran-
sitions to an oil slick (forming a three-phase contact line)
after breaching the air/water interface remains unexplored.
This scenario bears similarities to the extensively studied
phenomenon of bubbles bursting at an air/water [16—18]
and air/oil/water interface[19]. For instance, in both cases,
buoyancy plays a pivotal role in draining the liquid around
the air bubble or oil drop. In air bubbles, the thin liquid film
retracts in air[17], while for oil drops, the film retracts in the
air on one side and over the oil drop’s surface on the other
[20], introducing significant viscosity effects in the latter
case. Upon film retraction, bursting air bubbles produce
jets releasing droplets upwards into the air. However, it is
unclear whether the same can occur when oil drops burst
upon breaching an air/liquid interface.

In this letter, we study the bursting process of oil drops
at an air/liquid interface. We show that an oil drop doesn’t
always directly transition to forming an oil slick but can
also form daughter droplets within the bulk liquid through
a fascinating bulge reversal. Such a reversal (oriented par-
allel to gravity) is contrary to vertically rising jets (ori-
ented anti-parallel to gravity) generated by bursting air
bubbles[17] or liquid cylinders in falling drops[11] im-
pacting liquids. The daughter droplet so released cas-
cades, forming a smaller droplet each time until the smallest
droplet bursts to merge completely with the overlaying oil-
slick. Although similar cascades have been reported for
falling drops [6, 12, 14, 21, 22] they are known to expe-
rience drop distortion which releases a daughter droplet,

O (100 ym) only upwards unlike rising drops which we
show can exhibit both downward drop distortion in the case
of drops and jetting upwards for air bubbles, producing
O (100 ym) daughter droplets (see Supplementary Mate-
rial [23] Sec. S1 and S2 for a detailed literature review and
details of prevalent mechanisms). Using experimental and
theoretical analysis, we establish the conditions for bulge
reversal and downward droplet formation, demonstrate its
control by merely changing the bulk viscosity and conclude
by determining the scaling for daughter droplet sizes.

To explore the dynamics of drop bursting, we constructed
an experimental setup (see Fig.1A, C) in which air bubbles
or parent (p) oil drops of radius R, of different sizes emerg-
ing from a nozzle gently impact the bulk(b) fluid/air(a)
interface (< 1 cm/s). We used hexadecane, pentane, and
silicone oil as drops and glycerol/water mixtures 0-80 %
wt. varied in increments of 10 % wt. as bulk fluids which
have higher density, p, (in kg/m?) than the oil drops, (o0, in
kg/m?) with a density ratio, p, = p,/p p > 1. The dynamic
viscosity, i, was in the range of 0.24 to 3.005 mPas while
up varied between 1 to 60 mPas. Higher oil (drop) viscosity
would dampen the capillary waves at their incipience and
hence completely eliminate daughter droplet generation,
therefore, in this work we consider any wave-damping only
through a change in bulk viscosity. For the oils, spreading
coefficient, S = 0q — Opa — 0pp (in N/m) with respect to
water [24] where, o), represents the interfacial tension be-
tween the parent oil drop and bulk liquid, o, is the surface
tension of oil and o, is the surface tension of bulk liquid,
all expressed in N/m. S > 0 corresponds to oil spreading
on the bulk forming a film (e.g. silicone oil and pentane), as
opposed to S < 0, where the oil is non-spreading, taking a
lenticular shape on the bulk (e.g. hexadecane) [6]. The oils
were chosen such that they have similar physical proper-
ties [25, 26] to light crude oils and petroleum hydrocarbons
found in oil spills. We combine these quantities to concisely
describe our results in terms of two dimensionless groups,
namely the Ohnesorge number, Ohy, = pp/+/pp0psR), of
the bulk fluid and viscosity ratio of the bulk fluid to drop,
Hr = pp/pp. Values for fluid properties, dimensionless
groups and setup details are presented in Supplementary
Material [23] Sec. S3. For visualization, the oil drops were
stained using an oil-soluble dye - Sudan Blue II to easily
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FIG. 1. A. Schematic depicting gently impacting air bubbles at a liquid-air interface B. Image sequence of a bursting air bubble

showing upward jetting with bulge moving at velocity, V; att = 4 ms. C. Schematic depicting gently impacting oil drops at a liquid-air
interface. Image sequence of a Hexadecane drop after bursting at D. water-air interface leading to bulge reversal and generation of a
secondary daughter droplet (+ = 11 ms) with bulge moving at velocity, V; at r = 5.2 ms and, E. 80 wt. % glycerol-air interface leading
to complete emergence without bulge reversal or daughter droplet formation.

differentiate them from the bulk liquid which was not dyed
in any case (oil drops or air bubbles).

Fig.1B shows evolution of an air bubble bursting at an
air/water interface. Following thin bulk liquid film rupture,
capillary waves propagate downwards, leading to the for-
mation of a highly curved region at its apex (f+ = 3 ms).
The momentum of this region produces an upward liquid
jet (¢ = 4 ms), which then pinches off to release daughter
drops in the air (r = 5 and 9 ms). In contrast, the temporal
evolution of an oil drop bursting at the air/water interface
is shown in Fig.1D. Here, on rupture of the liquid film, (see
Fig.2A, Video S1 and S2, Sec. S6) capillary waves rapidly
descend straddling the oil/water interface while continu-
ously being attenuated by viscosity of the drop and the bulk
(see Video S1, Sec. S6). Upon reaching the bottom apex of
the drop they constructively interfere to form a bulge (bu)
[17] (t = 4.5 ms) of radius of curvature, Rp,,.

The bulge inverts due to an interfacial stress, ~ 05 /Rpu
forming a protrusion inside (ins) of a lower radius of cur-
vature, R;,s (at ¢+ = 5.2 ms) and higher interfacial stress,
~ Opp/Rins before finally undergoing another reversal
which pulls the drop downwards with it, parallel to gravity.
The downward moving (deformed) drop takes a cylindrical
liquid shape (¢ = 8 ms) that ultimately pinches off, leaving
behind a daughter droplet (t = 11 ms) few 100 um in size,
inside the water bath. The observation of bulge reversal
in systems comprising oil drops rupturing at a air/water in-
terface is independent of S and has been unreported so far.
To examine the controllability of this behavior, we substi-

tute the water bath with glycerol/water solutions possessing
higher viscosity in which capillary waves are strongly dissi-
pated (typically > 50% by wt. glycerol) thereby precluding
daughter droplet generation (Fig. 1E, Video S1,Sec. S6).
When bulge reversal produces a daughter droplet, a cas-
cade of bursting events is triggered which produces smaller
sized daughter droplets until complete emergence (not co-
alescence since drop and bulk phases are different) occurs
with oil floating atop water (Fig.2B, also see Video S3, Sec.
S6). From a practical standpoint, it indicates that drops
bursting at an water-air interface from underwater oil spills
can disperse daughter droplets deep inside the oceans. Fur-
thermore, marine biosurfactants within the oceans [27, 28]

A

FIG. 2. A. Schematic (above) and top view (below) showing -
hole formation, hole expansion, and spreading of drop with a sub-
merged daughter droplet. B. Bursting cascade forming daughter
droplets leading to complete emergence.
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can arrest daughter droplet generation cascade and pro-
long oil droplet lifetimes, aspects which can be explored in
future studies. Finally, we are concerned with drop distor-
tion which leads to daughter droplets of size, O(100um)
unlike previously reported [29] bubbles of secondary jets
which are produced downward but much smaller in size
O(4 -5 pum).

To understand in detail why the bulge reverses and dis-
torts the drop downwards the we closely examine the bulge
movement after it forms. So far we have broadly outlined
interfacial tension stress as being important to bulge rever-
sal. However, the associated interfacial energy opposes the
kinetic energy of the bulge moving with a velocity V; im-
mediately after its reversal (see Fig. 1D, 5.2 ms) similar
to the description for bursting air bubbles[17] shown at a
slightly later instant in Fig. 1B, 4 ms after the bulge has
assumed the form of a discernible upward jet. V;, strictly
speaking, is a function of uy, up, opp, R, with the explicit
dependence on these variables not considered for simplic-
ity. The combined effect of these quantities [18, 30] on V;
implies that for jets emanating from air bubbles its value is
higher than for oil drops (see Supplementary Material [23]
Sec. S2 for experimental values). This is because the bulge
is slowed down by both viscosity of the oil drop and the
bulk. Specifically, in the case of oil drops, a comparatively
high interfacial tension stress develops at its tip (of radius
R;ns) which carries a lower kinetic energy and forces it to
reverse direction parallel to gravity, pinching off a daughter
drop. Conversely, for an air bubble, the surface tension
stress that develops at its tip (of radius R;,s) may be simi-
lar but possesses a higher kinetic energy which forces it to
continue its movement vertically upwards [17, 31].

While the above is necessary for bulge reversal an over-
arching condition also needs to be met. This requires the
excess kinetic energy (per unit volume) of the interfering
waves, ~ Pp V} /2 contained in the bulge when it moves up-
wards at velocity V; (see Fig.1B atr =4 msand Fig.1D atz =
5.2 ms) to be less than the gravitational energy (per unit vol-
ume), (o, —pp)&R, (accounting for buoyancy). With these
considerations the condition for bulge reversal in dimen-
sionless terms finally takes the form, p, (o, — 1) "' Fr? <2
where, Fr = V;/+/gR,, is the Froude number and g is the
acceleration due to gravity (shown in Fig.3A). The criterion
developed here compares well with our experimental data
and previous work[17, 31].

Having discussed the condition for bulge reversal we in-
vestigate how the strength of capillary waves that generate
it, may or may not produce daughter droplets with partial
emergence above the water-air interface of the remaining oil
drop. To establish boundary of when this would happen we
analyze the dynamics of capillary waves produced and their
travel along the oil/bulk liquid interface. A typical wave is
represented by its amplitude, &, complex frequency (with
real, re and imaginary, im parts), w(= Wy, +iw;,) and wave
number, k (= 27/ A, where A is the wavelength) enabling de-
piction by the form & = £ye“*k* where t and x represent
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FIG. 3. A. Criterion for reverse (present study) and upward bulge
movement [17, 31]. B. Wavelength of waves for bulge reversal
with droplet generation or partial (filled circles) and delayed emer-
gence (filled triangles).C. Different regimes: bulge reversal with
daughter droplet generation, partial emergence (filled circles),
bulge reversal with no daughter droplet generation, delayed emer-
gence (filled triangles) and complete emergence (filled squares)
as a function of y, and Ohyp). Drop profiles at different time
instants for D. partial E. delayed and, F. complete emergence.

the time and spatial coordinate respectively. When w;,,, # 0,
we observe traveling waves that elongate the drop and char-
acteristic of bulge reversal. To clearly identify when this
leads to daughter droplet generation we henceforth use the
term partial emergence and, when it does not, we use de-
layed emergence . For w;, = 0, monotonically decaying
standing waves are observed without any drop elongation
and the drop emerges above the air/bulk fluid interface com-
pletely, referred to as complete emergence. The real part of
the complex frequency, w,. is representative of the decay
(or dissipation) rate of the waves. A dispersion relation for
capillary waves which includes appropriate corrections for
two superposed fluids [32] can be written in these terms as,

w = —AK? £ A2k — BI3 - Ck (1)

In the above, the first term, —A k2 represents w,. or dissipa-
tion rate, O and the second term VA2k* — Bk3 — Ck rep-
resents w;,, which relates to wave velocity as, v = w;,/k.
Here, A = 2(up/pp) (1 + 1) (1+0,) =1, B =20pp/pp(1+
or) —1,C =g(p, — 1)/(pr + 1). Detailed algebra leading
to Eq. 1 appears in Supplementary Material [23], Sec. S4.

To demarcate partial/delayed emergence from complete
emergence we inspect the second term inside the square
root, A2k*— Bk* - Ck in Eq. 1. When this term is negative,
wim # 0, the waves travel with v and we observe partial
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or delayed emergence. Conversely, if it is positive, the
waves decay immediately leading to complete emergence.
Here, the term A%k* accounts for the slowing down of
the waves due to viscosity [33] of oil drop and bulk fluid.
Accordingly, the criterion for partial/delayed emergence
can now be written as A2k* — Bk — Ck < 0. Gravity effect
though important for bulge reversal does not influence the
wavelength since the parent drop Bond number, Bo, =
(pp—p p)RIZ, g/opp < 1 (see Supplementary Material [23]

Sec. S4) which implies C = 0 and A < +/B/k. Substituting
for A and B in terms of Ohy, u,, pr, kR, and using the
relation, Ohy, = (p,/+/pr)Oh,, we obtain,

1+pr My
Oh  — 2
b= \/4kRppr1+,ur @

Since p, = 1.55 for our test conditions (see Supplementary
Material [23] Sec. S2 and S4), the prefactor to u, /(1 + ;)
in Eq. 2 reduces to 4/0.4/kR,. To find k, we experi-
mentally measure A, the distance between two successive
crests of the traveling wave train (see Fig. 1D, t = 3 ms,
Supplementary Material [23] Sec. S4) near the base. We
find A = constant = 1.34 mm across a range of Oh; near
the transition boundary. kR, is therefore around 12.4 for
R, ~ 2.65 mm (see Fig.3B) giving a value 0.18 for the
prefactor. This boundary is shown by black dotted (upper)
curve in Fig. 3C.

Next, we establish the boundary between partial and de-
layed emergence (see Fig.3C, purple dotted (lower) curve)
once Eq. 2 is satisfied. Prior studies [16, 17] on bub-
ble bursting state that for bulge movement without rever-
sal or, jetting to occur, the waves should not dissipate in
amplitude completely before reaching the bottom apex i.e.
Dtpase < 1[12, 16, 21] where, 15,5 is the time the waves
take to reach the bottom apex. The length (L) the wave
needs to travel to reach the base is (7/2)R,, which can be
used to calculate #,44. as L/v. We use the same for down-
ward traveling waves due to their generality and from Eq.
1 deduce, D = Ak? and w;,, = VA2k* + Bk® + Ck. After
substituting for A, B, and C and neglecting gravity for small
Bo, < 1, we obtain the following criterion,

1+ p, Hr
Ohy <
b \/4kRp(7T2k2R%7 +Dp, 1+,

3)

For the tested oils p, ~ 1.55 and at transition to partial
emergence we found the experimental value of A = 4.6 mm
measured in a similar manner (see Supplementary Material
[23] Sec. S4) as before we get values of kR, = 3.7for R, =
2.65 mm (see Fig.3B, triangles). This yields an inequality
like the previous criterion but with a constant prefactor of
0.028 (for more details see Supplementary Material [23]
Sec. S3 and S4) where the theoretical regime boundary is
represented by the purple dashed line in Fig.3C. To validate
Eq. 3, we compare it with the case of an air bubble bursting
in water using, u, >> 1, p, >> 1, and ﬂszf, >> 1. Since
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FIG. 4. A. Schematic showing drop profile at three time in-
stances, f9, when a cylindrical entity is formed #1, during thinning
and, t,,, when a daughter droplet is pinched off. B. Scaling for
the dimensionless daughter droplet radius, R;/¢, with Ohy,.

the wavelength is small due to the low viscosity of water
Eq. 3 now simplifies to 270y, (kR,)3/? < 1 recovering
previous results exactly [12, 21].

Time resolved experimental outlines for different regimes
are shown in Fig.3D, E and F for the three oils tested.
The profiles in Fig.3E (filled triangles) and Fig.3F (filled
squares) do not produce droplets; however, we can see
a relatively sharper traveling wave at + = 6 ms (orange
line) Fig.3F in comparison to the one for the standing
decaying wave which served to distinguish visually par-
tial/delayed from complete emergence. Note that we did
not observe satellite droplet formation and our results di-
rectly relate to oil spills in water bodies which often have
varying bulk viscosities due to their composition, salinity,
and temperature[34]. Further, given the broad nature of the
derived criteria 2 and 3, we envision these to be applicable
to coalescence at liquid-liquid interfaces too[35].

A salient aspect of partial emergence is generation of
a daughter droplet of size, R; whose scaling we deter-
mine next. Fig.4A schematically shows the deformed drop
just before and after the pinch-off. After the waves in-
terfere at the base at t+ = #y a cylindrical entity of di-
ameter, d, and length, [ is formed that moves downward
with an average velocity, V,,, = [/t,, and thins continu-
ously as shown at ¢ = ¢#;, eventually pinching off in time

t=1p0 =[P pr, /0 pp. The thinning initially is a result of

downward movement of the cylinder and is accompanied by
horizontal spreading above the interface such that the two
motions compete against each other forming a neck with the
final pinch off being capillary driven [11, 12]. The pressure
difference inside and outside the neck, p;;, — Pour = APneck
during thinning equals o, (R ' +R; ' =1L ). Asryeck —
0, Ri, Ry >> rneck implying Appeck = —r), ) o5 pushing
oil away (vertically) from the neck ultimately generating
a daughter droplet of volume, (4/ 3)7rR(31 which equals the
volume of cylindrical entity, 7d>I/4 before pinch-off.

The scaling law for R; hence can be ascertained once
the scaling for / and d is known. To begin we as-
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sume the flow inside the cylindrical entity as near invis-
cid while that outside (bulk) to be viscous since yu, > 1.
At the moving cylindrical liquid front the viscous, F, ~
(#Vpo/Rp)ld and capillary force F. ~ 0p,;,d are balanced
yielding, I ~ (oppR,/ ,ub)Vp‘(}. Simplifying further we get,
>~ (pr/Ohb)l/zRf,. For, p, ~ 1.3 and using the scale
l, = 1“127 /Ppopp [17] for making / dimensionless, since the
bulge leading to formation of daughter droplet is analogous
to bubble bursting we eventually obtain, //{, ~ Oh[:s/ 2,
As the energy of waves at the bottom apex decreases with
an increase in bulk viscosity [ ~ d confirmed a posteriori
by our experimental data (see Supplementary Material [23]
Sec. S5) which show exponents of —2.23 and —2.25 for [
and d respectively. The scaling for R, using the previously

stated mass conservation results in, R; /¢, ~ Oh;S/ 2. The
scaling exponent of —5/2 shown in Fig.4B is within 7% of
—2.34 obtained from fitting. The close agreement between
theory and experiments despite assuming inviscid flow in-
side the drop shows that viscous effects arising from the
drop may be insignificant for our experimental conditions.

To summarize, this work shows that the bursting of a ris-
ing oil droplet at a liquid-air interface can lead to previously
unreported bulge reversal and daughter droplet formation
which are distinct from observations on coalescence of oil
drops gently falling on an ait/liquid interface. We delineate
the different outcomes in a regime map based on y,, and
Ohy, alone. Most studies heretofore have focused on oil-
slick formation on the interface however droplet generation
under it suggests a new pathway for oil spill proliferation
which can adversely affect aquatic life. Moreover, presence
of surfactants can arrest daughter droplet cascade ensuring
that the oil droplets remain inside the bulk for long periods.
In addition to guiding oil spill remediation our results could
potentially be beneficial to numerous fields where oil/water
interactions are important, these include oil recovery, drug
delivery, food and cosmetics.
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