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Submergence patterns of floating crude oil by granular particles
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h i g h l i g h t s

� Granular particles added to floating
oils transform floating oils to
submerged state.

� Oil thickness, particle size and
addition rate affect oil submergence
patterns.

� Six different zones with specific
submergence patterns were
identified.

� At critical thickness the floating oil
can hold large amounts of particles.

� At high particle application rates oil
submerges rapidly forming a vertical
channel.

g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 27 October 2016
Received in revised form 1 December 2016
Accepted 2 December 2016
Available online xxxx

Keywords:
Floating oils
Granular particles
Aggregation
Liquid-liquid interface
Oil spills

a b s t r a c t

Granular particles added to floating oils can transform the floating layer to submerged state. Here we
show that there is a critical thickness at which the floating oil can hold large amounts of particles by
forming an elastic oil-particle bowl while keeping some particles in completely dry state. Furthermore,
we observed that at high particle application rates, a vertical channel forms in water through which
floating oil submerges rapidly. Transformation of floating liquid to high strength elastic state has
important implications for particle induced reinforcement at liquid-liquid interfaces; while formation
of liquid-in-liquid channels by granular particles enables pipeless and rapid transfer of floating liquids.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the behavior of light hydrophobic liquids in
water and their interaction with granular particles is needed for
controlling the fate of oil spills in the environment, as well as for
development of treatment processes and oil spills mitigation
strategies [1,2].

The aggregation of light hydrophobic liquids with granular
materials is similar to liquid marble formation, however, unlike

liquid marbles, which are liquid droplets encapsulated by
hydrophobic particles exposed to air [3–5], the particle-oil
aggregates are hydrophobic liquids encapsulated by granular solids
in water [6–8].

Encapsulation or, in our case, aggregation of hydrophobic liq-
uids with granular particles depends on factors that can be divided
into two major categories: physical and chemical properties, and
application mode. Physical properties of hydrophobic liquids, such
as density, viscosity, and surface and interfacial tension affect
aggregation rates with granular materials [6,9]. Particles size,
wettability, and surface morphology are related to aggregation effi-
ciency [7,10], and capillary cohesion [11]. Chemical composition of
both liquids and granular materials influences transport and
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positioning of particles at the hydrophobic liquid and water inter-
face [12]. Application mode is a less studied category of parame-
ters, as it depends on the experimental design and test
conditions. Particle to liquid ratio [2], or volume fraction [8], has
been considered as the most important application factor for the
particle-oil formation. However, application rate has not been eval-
uated for this type of particle and oil interactions. Application rate
(mass of particles per unit of time) was controlled in this study as
the main parameter. Different submergence and aggregation pat-
terns of oil occurred with granular particles (i.e., vertical liquid
bridging, or roping state, and capillary bridging for particle reten-
tion, or bowl state). Thus, the main objective was to investigate
the interactions of granular particles, which were applied at differ-
ent flow rates, with floating oil layer of different thicknesses.

Regarding the application mode of particles, different flow
regimes have been studied which affect mobility characteristics
of the granular particles [13–16]. These flow regimes have been
classified as solid, liquid, and gaseous types depending on interac-
tion of particles [13]. Behavior of particles is very different in each
flow regime and in the transition states (i.e., jamming transition
from liquid to solid flow [16]). However, the interaction of the
granular particle flow with immiscible liquids involving a
hydrophobic liquid–water interface and different submergence
patterns have not been reported in the literature.

The investigation of submergence patterns of floating oil by
granular particles opens up the possibilities for transformation of
light hydrophobic liquids to different states. These transformations
can be used to explore novel technologies for capturing and stabi-
lizing light hydrophobic liquids in a controlled manner. Further
investigations of the particle-oil interactions can lead to develop-
ment of efficient treatment methods which can be as effective as
the conventional methods employed for oil and grease removal
[17]. Additionally, the submergence patterns and characteristics
of the particle-oil aggregates provide insight into the mechanisms
for breaking the floating oils under the influence of surface tension
and gravity forces.

2. Materials and methods

Experiments were conducted with South Louisiana crude oil
(MC 252), obtained from the BP America Production Company
(Houston, TX), and quartz sand with two different particle sizes.
Pure quartz sand with fine particle size (40–100 mesh that corre-
sponds to particle size range of 0.42–0.15 mm; average 0.28 mm)
was obtained from Acros Organics; pure quartz sand with medium
particle size (20–30 mesh with particle size range of 0.85–
0.60 mm; average 0.72 mm) was obtained from Spectrum Chemi-
cal MFG.

Submergence experiments were performed in a 50 mL beaker
filled with tap water and placed on an electronic balance to mon-
itor the addition rate of the particles. Quartz sand was applied to
the floating South Louisiana crude oil layer through a funnel
equipped with a stopper. The application rate of sand was con-
trolled by using funnels with different size openings. The distance
from the funnel opening to the floating oil surface was maintained
the same (8 cm). The experiments were carried out at the room
temperature (22 �C).

Sand particles, reaching the floating layer, initiated instanta-
neous aggregation followed by retention and/or submergence of
the particle-oil aggregates. Transition time for the submergence
patterns varied, but for the majority of the experiments it occurred
within several seconds. The granular particles passed through the
floating oil without aggregation in less than one second (Supple-
mentary Movie 1). Vertical transfer of the floating oil by roping also
occurred within one second (Supplementary Movie 2). The time

needed for the transition of oil from the floating to the submerged
state as a small aggregate was 1–2 s (Supplementary Movie 3, first
aggregate), and, as a large aggregate with a significant amount of
sand retained (bowl formation), was 10 s on average (Supplemen-
tary Movies 3 and 4).

The thickness (h, mm) of crude oil layer was varied during the
experiments. The amount (volume, V, mL) of oil added was esti-
mated by mass (m, g) and density (q, g/cm3) of the oil and the
radius (r, mm) of the oil slick (h = V/p r2, or h = m/q p r2).

Impact force of a particle was calculated as F = mp g hl/d,
knowing mass of a particle (mp, kg); acceleration due gravity
(g, m/s2); distance from a funnel opening to liquid surface
(hl, m); and travel distance of a particle in oil after impact (d, m).

3. Results and discussion

The experiments conducted with crude oil and granular sand
particles showed that there were six distinct submergence patterns
of the particle-oil aggregates depending on the floating oil thick-
ness, particle size, and particle addition rate (Table 1). These pat-
terns were described as pass through (particles coated with thin
oil film and submerged discretely), small aggregates (particles

Table 1
Submergence patterns of floating crude oil with granular particles. Identified regions
refer to Fig. 1a.

Submergence pattern Dominant effects and forces

Pass through
(Region I)

Gravitational

Small aggregates
(Region IV)

Gravitational
Cohesion
Capillary bridging

Small and large
aggregates
(Regions IV and V)

Gravitational
Cohesion
Capillary bridging
Viscous stretching and pinch
off

Bowl formation
(Region II)

Gravitational
Cohesion
Capillary bridging
Viscous stretching (no pinch
off)
Elastic/Plastic stretching

Aggregates followed by
bowl formation
(Region III)

Gravitational
Cohesion
Capillary bridging
Viscous stretching and pinch
off
Followed by: Viscous
stretching (no pinch off)
Elastic/Plastic stretching

Roping
(Region VI)

Gravitational
Cohesion
Inertial effects and jetting
Viscous stretching (no pinch
off)
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