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ABSTRACT. Breaking waves can break oil slicks into fine droplets and entrain them in the water column. An interesting hypothesis
has emerged in recent years that oil droplets and mineral fines may form Oil-Mineral Aggregates (OMAs) and enhance oil dispersion in
aquatic environments. The present research investigated physical processes of marine oil spills, including oil slick breakup, the formation
of OMAs, and 0il/lOMAs vertical mixing. In this study, a modeling approach is developed for simulating the formation and vertical
mixing of oil droplets and OMAs, namely Oil Droplet and OMAs Simulation (OMA-SIM). This integrated modeling tool combines the
oil vertical mixing model and density-based OMAs formation model to examine the dispersion of oil droplets and OMAs. The OMA-
SIM is validated using data obtained from a mesoscale wave tank experimental study. Simulation results show that the energy dissipation
rate of breaking waves is the predominant factor affecting the concentration and particle size of formed oil droplets and OMAs. It also
confirms that oil viscosity has a significant influence on dispersed oil concentration. High temperature, low oil viscosity, together with
more formed OMAs lead to a higher concentration of dissolved oil. Other findings based on the validated OMA-SIM approach include
that: the dispersants reduce oil/water interfacial tension and decrease the size of oil droplets and OMAs, and the application of mineral
fines facilitates the formation of OMAs. This study indicates that the OMA-SIM is an effective modeling tool for examining the vertical
dispersion of spilled oil with or without the use of dispersant and other green particle materials like mineral fines under breaking waves.
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1. Introduction

Oil spills have been a critical environmental issue over dec-
ades, and their adverse effects on marine ecosystems draw pub-
lic attention. During an oil spill, the oil slick is broken into oil
droplets and dispersed into water under breaking waves. In near-
shore waters, oil droplets may aggregate with natural mineral
fines to form agglomerates, commonly referred to as Oil-Mineral
Aggregates (OMAs). This natural process could enhance the
dispersion of spilled oil in aquatic environments (Gong et al.,
2014). Through settling and deposition, the OMASs may even-
tually reach the seafloor and affect the benthic ecosystem. There-
fore, the interactions of oil and aquatic mineral particles have
an important role in the fate of spilled oil (Ye et al., 2020). Pre-
sently, numerous studies have advanced our understanding of
the OMAs formation mechanisms (Lee et al., 2008; Zhang et
al., 2010; Gustitus et al., 2017). The characteristics of OMAs
and the factors affecting OMAs formation have been studied
in recent years (Lee et al., 2008; Danchuk and Willson, 2011;
O’Laughlin et al., 2017; Henry et al., 2020; Ye et al., 2020).
Mineral fines are mainly composed of kaolinite and quartz-
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formed droplet aggregates. In comparison, sediments are domi-
nated by montmorillonite-formed flaky OMAs. The OMA:s for-
mation is controlled by the properties of the crude oil, mineral
fines, and environmental conditions (e.g., the type of waves).

Although the number of marine oil spills substantially de-
creased from 79 to 6 spills per year during the 1970s ~ 2010s,
large-scale spills globally occur every year (ITOPF, 2020). These
frequent spills have boosted the need to develop advanced nu-
merical models to simulate the transport and fate of oil slicks.
In general, oil spill models are governed by a series of complex
processes (advection, turbulent diffusion, spreading, evapora-
tion, dissolution, dispersion, emulsification, etc.). A classical
investigation on the relationship between oil droplet dispersion
and turbulent energy was performed by Hinze (1955), who pro-
posed an equation to calculate the maximum radius of an oil
droplet as a function of the breaking waves energy dissipation
rate and the oil-water interfacial tension. Mackay et al. (1980)
developed a model that proposed the dispersion rate was in-
versely proportional to the oil-water interfacial tension and oil
viscosity. Zhao et al. (2014) introduced a numerical model to
simulate the size distribution of oil droplets in turbulent regimes
while accounting for both oil viscosity and the oil-water inter-
facial tension. de Oliveira et al. (2018) presented a three-dimen-
sional oil dispersion model, including vertical dispersion of the
oil droplets from the water column to the seabed. Cui et al.
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(2020) coupled the Lagrangian particle tracking method with
the population balance model to predict oil droplet formation
and transport within the breaking waves. Modeling vertical dis-
persion of oil by breaking waves has been developed in some
studies (Tkalich, 2006; Azevedo et al., 2014; Imanian et al.,
2017). It has been observed that clay particles have the prop-
erties of forming flocs when they exist in the water column.
Thus, numerical models have been proposed to study clay in-
teraction, especially the relationships between density and flocs
size (Vajihinejad and Soares, 2018; Wang et al., 2020). Although
previous studies have proposed models of the vertical oil mix-
ing, more studies are desired to assess interactions between oil
droplets and mineral fines with wave-tank or field conditions
under breaking waves.

This study aims to develop a new modeling approach, Oil
Droplets and OMAs Simulation (OMA-SIM), which integrates
an oil vertical mixing model with an oil droplets-mineral fines
interaction model for the OMAs formation and 0il/OMAs ver-
tical mixing simulation under breaking wave conditions.
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Figure 1. Sketch of the formation of OMAs (adapted from
Gustitus and Clement, 2017)

2. Modeling Methods

2.1. Physical Concept Model of OMAs Formation

The break and dispersion of oil slicks into water under
breaking waves involve numerous steps. At first, oil droplets
detached from a slick when a breaking wave collapses onto it
(Figure 1). Then two competitive processes occur: initially, the
dispersion of oil droplets into the water surface due to breaking
wave and gravity energy; the second process is that oil droplets

coalesce and resurface by the buoyancy to reform into oil slicks.

Whether the oil droplets remain dispersed or coalesced depends
on the slick properties, including droplets size, the frequency
and intensity of the breakage wave. While in the presence of
mineral fines, oil droplets dispersed into water are covered by
mineral fines. These oil droplets covered with mineral fines col-
lide with each other to form OMAs. The micro-sized mineral
fines prevent oil droplets coalesce from forming larger oil drop-
lets and reducing the probability of large oil droplets to resur-
face and reform into oil slick for their high buoyancy. On the
other hand, OMAs are preferentially dispersed into the water
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because the density of OMAs is higher than that of oil droplets.

In the past studies, it was reported that a mixing layer ex-
isted in the upper part of the water (Tkalich, 2006). Oil droplets
are uniformly mixed due to breaking waves (Figure 2). Large
oil droplets may rise and coalesce into the slick in the mixing
layer, whereas fine droplets may disperse downward into lower
water layers. The oil droplet entrainment rate controls the oil
mass exchange between the slick and the mixing layer, the oil
droplet resurfacing rate, and the fraction of sizeable buoyant oil
droplets. Below the mixing layer, the vertical distribution of
droplets is governed by advection and turbulent diffusion.
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Qil concentration
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Water layer
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Figure 2. Sketch of the mixing layer (adapted from Tkalich,
2006)

2.2. Development of OMA-SIM

The formation of OMAs consisted of three stages (Figure
3). The first stage of the OMA-SIM is to determine the effects
of the different wave energy dissipation rates (¢), which are
generated under different environmental conditions, on the max-
imum size of the oil droplet that can be formed. In this stage,
the factors affecting oil droplet dispersion are concerned, such
as oil density, viscosity, oil-water interfacial tension, water salin-
ity/density, and temperature. The second stage of the OMA-
SIM is to model the formation of OMAs, which result from the
aggregation of oil droplets and mineral fines. The density of
OMA:s is calculated using the concept developed from the oil
droplet and mineral fines interaction model. In this stage, den-
sity and size change resulting from the aggregates will affect
the oil dispersion. Oil/lOMAs concentration and size as a func-
tion of time in the wave tank are finally stimulated at the third
stage of the OMA-SIM. The input parameters of the OMA-SIM
are composed of 1) oil properties, 2) fine mineral properties,
and 3) environmental (wave) conditions.

Breaking waves introduce a significant amount of energy
into the upper ocean layer. The resulted energy dissipation rate
governs the formation and dispersion of oil droplets during an
oil spill. The wave energy dissipation rate (¢) varies under dif-
ferent wave styles and environmental conditions. Rattanapi-
tikon and Karunchintadit (2002) developed a model to calcu-
late the wave energy dissipation rate. The formula is provided
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as follows:

2
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where ¢ is the wave energy dissipation rate (m?/s®), K is the co-
efficient of the fraction waves with a published value of 0.1, ¢4
is the wave group velocity (m/s), h is water depth (m), Hrms is
the root mean square waveheight (m), L is the wave length (m),
and Qy is the fraction of the total number of waves that are
breaking waves, which is derived from the assumption that the
probability density function of wave height can be modeled with
a Rayleigh distribution truncated at the breaking wave height,
Hp (m).

Input data

1. Oil properties

2. Mineral fines properties
3. Environmental

OMA-SIM model |. _____________
¥
‘ Energy dissipation ‘

‘ Formation of oil droplets ‘ | Formation of OMAs |

Oil/lOMAs concentration and
droplet size changing with time

Figure 3. Schematic framework of the OMA-SIM.

The maximum radius of an oil droplet was given by Davis
(1985), and calculated using the following formula:

0.6
I = Cl [O‘ + Yo \/E(Z:rmax )1/3 J

max .6 0.4
2,00660

@

where c; is a constant from 0 to 0.363, rmax is the maximum oil
droplet radius (m), v, is the kinematic viscosity of the oil (m?/s),
p is the water density (kg/m?®), ¢ is the wave energy dissipation
rate (m?/s%), and o is the oil-water interfacial tension coeffi-
cient (N/m).

According to Delvigne and Sweeney (1988), the shape of
steady-state oil droplet size spectra can be expressed as the pow-
er relationship N - r. Based on the analysis of oil droplet sizes,
the dimensionless droplet size is given by Tkalich (2006) as
follows:

A 3-s)\V 1
N(r) = ( 3-s ) 3-s _5
Ar(r . —r)r

min

(s#3) 3)

where N is the number of droplets (per unit water volume), V is
the volume of oil in all droplets within a unit volume of the
mixing layer (m®); s is an empirical parameter, which is found

to be 2.3 +£0.06 in the experiment, though it may vary with the
oil density and viscosity, weathering state, temperature, etc.,
and rmin IS minimum droplet radius (m).

The model for the effective density of OMAs can be calcu-
lated using the equation below:

F-3
Pomas = Pw T (pOMA - pw)[%} ® 4
OMA

where powmas is the density of the multiple OMAS, powa is the
density of an individual OMA droplet present in the flocs of
OMAS, py is the density of the water, doma is the diameter of a
single OMA droplet, Dowas is the average diameter of OMAs,
F is the 3D fractal dimension of OMAs droplets (F < 3), and @
is the effect of the size distribution of the OMA particles form-
ing the OMAs.

Two competitive processes of downward-directed mixing
and the upward buoyant movement of spilled oil are combined
to yield (Tkalich, 2006):

M,
dt

=K(AM, -M,) 5)

where A is the dimensionless “mixing factor”, the most impor-
tant characteristics of oil, waves, and water column are combined
into a single “mixing factor”. This mixing factor includes the
interfacial surface tension coefficient and oil density addition-
ally. K is the oil mass exchange rate coefficient. Ms and M. are
the mass of oil in the slick and the mixing layer, respectively
(kg/m?). To maintain a mass balance in the mixing layer, the
oil mass in the slick has to follow the kinetics shown below:

dM,
dt

=-K(AM;-M,) (6)

Mixing factor is calculated by Equation (7):

AOW — kbya)H LWO

A= = (7
AoBr 16aL,w(r)B,
Oil mass exchange rate coefficient was calculated as:

K = (ﬁ'ow + ﬂWD)ﬂWl)Bl (8)

lOW + AWO Bl

where Ay is the resurface rate (s), indicating the mass ratio of
the large droplets moving from the mixing layer to the slick
layer per unit time. Lo is the entrainment rate (s), indicating
the exchange ratio of the oil droplet mass moving from the slick
layer into the mixing layer per unit time. Lo and Loy both are
the vertical length-scale parameter (m), Ky is the coefficient of
the certain part of the dissipated wave energy expended to en-
train the oil droplets from the slick into the water column, y is
the dimensionless damping coefficient, w is the wave frequen-
cy; and «a is a dimensionless scaling factor (1.50 £0.35) that
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depends on the sea state (wave energy) (Delvigne and Sweeney,

1988).

Considering diffusion kinetics in the vertical transport mod-
el and evaporation losses, we have equations:

dm D

e=_—M 9
dt 2 ©)
dm

s =—bM 10
ot s (10)

where D is the vertical diffusion coefficient (m?/s), Lq is the
vertical length-scale (m), and b is the oil evaporation rate (s2).

Combining the mixing, diffusion and evaporation process-
es, we obtain the integrated governing equations for droplet mix-
ing kinetics at the oil slick-water mixing layer:

dM,
dt

=—K(AM, -M,)~bM (12)

S

dM D

dte:K(AMS—Me)—EM (12)

e

Solving Equations (11) and (12), a set of deterministic mod-
els for computing exchanges of 0il/OMAs mass between the
slick and mixing layers can be obtained.

2.3. Model Validation

The modeling results were validated with the Li et al. (2007)
experiment results. The experiment was carried out at the Bed-
ford Institute of Oceanography to test the effects of mineral fines
on oil dispersion. The Medium South American crude (MESA)
oil and the dispersant Corexit 9500 were used in the experi-
mental study. Mineral fines for the experimental test were Amer-
ican Petroleum Institute kaolin, which had a cation exchange
capacity of 6.8 meg/100 g, a median particle size of 0.6 pm,
and a density of 2.6 g/cm? (Li et al., 2007). MESA oil detached
and in combination with Corexit 9500 dispersant or/and miner-
al fines were used for this experimental study. For the combina-
tion of oil, dispersant, and mineral fines, before the pouring on-
to the water surface step, oil was premixed in the flask at mix-
ing energy that reaches a level large enough to disrupt the slick.
The well-mixed oil was then released onto the water surface of
the tank. The samples were then collected and measured using
Laser In Situ Scattering and Transmissometer (LISST) over a
period of 0 ~ 200 minutes. It is assumed that the mineral fines
coated the MESA oil droplets and formed OMA:s.

The input parameters (Table 1) were adopted from Li et al.
(2007) to provide the same conditions and characteristics of oil,
mineral, and OMAs. The oil/water interfacial tension, wave-
length, and wave height are selected as input parameters be-
cause they are the main affecting parameters for the process of
oil film broken into oil droplets. Oil and mineral information
are included since they can affect the interaction between the
oil droplets and suspending mineral fines (Gong et al., 2014).
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Table 1. Input Parameters for Validation Case Study (data
derived from Li et al., 2007)

OMA-SIM Input Parameters Unit Value
Oil/water interfacial tension (o) N/m 0.0184
Minimum oil droplet radius (rmin) m 106
Threshold oil droplet radius (rc) m 50 x10®
Mineral fines density (pm) kg/m® 2600
Mineral fines diameter (d) m 6 %107
Characteristic size of omas (Drxc) m 10
Three-dimensional fractal dimension of - 2
OMA:s (Fc)
Wave length (L) m 1.5600
Wave height (H) m 0.1200
30 —'C
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Figure 4. Experimental results of the effect of dispersant
(Disp) and mineral fines (Kaolin) on oil dropletsfOMAs
concentration (Li et al., 2007).

3. Results

3.1. Comparison of the Experimental Results with
Modeling Results

Figure 4 illustrates the concentration of the oil droplets/
OMA:s as a function of time after the experimental oil spill (Li
et al., 2007), and Figure 5 presents the modeling results. The
experimental results of Li et al. (2007) shown in Figure 4 in-
dicate that the naturally dispersed oil (in the absence of mineral
fines and dispersant (-Disp/-Kaolin); black triangles), the total
dispersed oil droplet concentrations first increased to a maxi-
mum value of 10 pl/L within 10 minutes and then decreased grad-
ually to a relatively constant value of 4 pL/L by 200 minutes.
However, in the presence of mineral fines (-Disp/+Kaolin; black
circles), the peak oil droplets’fOMAs concentration was 3-fold
higher (30 piL/L) early (5 minutes), and then decreased gradual-
ly to a relatively constant value of 12 piL/L. The total droplet con-
centrations seen at the sampling device (LISST) in the presence
of mineral fines were thus about 3-fold higher than in their ab-
sence, indicating the significant influence of the mineral fines
on the oil dispersion. As shown in Figure 4, the dispersant Corex-
it 9500 does not significantly affect oil dropletssfOMAs concen-
trations. If we compare the naturally dispersed oil (-Disp/-Kaolin;
black triangles) with the addition of the dispersant (-Disp/-Kaolin;
white triangles), a slight difference can be observed. The mod-
eling results shown in Figure 5 have the same trend comparing
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with the experimental results. A detailed comparison was made
at time 150 minutes between Figures 4 and 5. The concentra-
tions of the 0il/OMAs were 4.5 pL/L for naturally dispersed oil
(-Disp/-Kaolin), 9.5 pL/L in the presence of mineral fines (-
Disp/+Kaolin), and 11 pL/L in the presence of both dispersant
and mineral fines (+Disp/+Kaolin). The corresponding results
for the modeling were 7.2, 13.8, and 15.1 pL/L, respectively.
The modeling results are slightly higher than the experimental
results. After that, both the diameter of the oil droplets in the
absence or presence of dispersant nearly not fluctuated.
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Figure 5. The OMA-SIM results of the effect of dispersant

and mineral fines (Kaolin) on oil droplets/fOMAs
concentration.

3.2. Investigation of Dispersant and Mineral Fines
(Kaolin) on the Concentration and Diameter of OMAs

Figures 6 and 7 illustrate the diameter of the oil droplets/
OMAs changed with time after the experimental oil spill and
modeling results, respectively. The experimental results (Figure
6) of Li et al. (2007) indicated that the initial diameter of the
naturally dispersed oil droplets was about 170 um (black trian-
gles) in the absence of either dispersant or mineral fines (-Disp/
-Kaolin) within the first few minutes of the experiment. After
about 100 min, the control oil droplets gradually decreased in
diameter to about 50 pum. In the presence of mineral fines (-
Disp/+Kaolin; black circles), the diameter of oil droplets imme-
diately reduced the diameter of the oil droplets by about 2-fold
to about 80 pm, and they remained at this size (80 to 100 pm)
until the end of the time. In contrast, the naturally dispersed oil
droplets became smaller (about 50 pm). The dispersant (+Disp/
-Kaolin; white triangles) dramatically affected and immediate-
ly reduced the droplet diameter 6-fold from the naturally dis-
persed oil droplet (-Disp/-Kaolin; black triangles) of about 170
um at time 0 minutes, to about 30 um. The effect was still sig-
nificant later, and the dispersant reduced the naturally dispersed
oil droplet diameter from about 3-fold from 50 um to about 15
um at 200 minutes. We obtained similar results (Figure 7) from
the OMA-SIM. For instance, the diameter of the oil droplets at
time 150 minutes for the experiment was 45 pm in the absence
of dispersant and 15 pum in the presence of dispersant. The cor-
responded modeling results were 49 and 10 pum.
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Figure 6. Experimental results of the effect of dispersant (Disp)

and mineral fines (Kaolin) on oil dropletsfOMAs diameter (Li
et al., 2007).
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Figure 7. The OMA-SIM results examining the effect of

dispersant and mineral fines (Kaolin) on oil droplets/OMAs
diameter with time.

4. Discussion

Comparison of the experimental results (Figure 4) of Li et
al. (2007) with the modeling results (Figure 5) indicated that:
1) modeling results have the same trend as the experimental
results; 2) the concentration of the oil/OMAs is always higher
when both chemical dispersant and mineral fines are present; 3)
the same large positive main effect of the mineral fines on oil
dispersion but the magnitude was less (2-fold) compared to the
experimental (3-fold); and 4) a smaller effect of the dispersant
on oil dispersion (0 to 10% in both validation case study 2 and
the experiment of Li et al., 2007). Also, more time is needed to
reach the maximum value of oil concentration in the simulation
(40 to 75 minutes) compared to the experimental study (5 to 15
minutes). These discrepancies between observations and mod-
eling results may be due to: (1) the experimental conditions were
not the same as the nature ocean wave situations. The wind and
current drive the waves in the natural environment. However,
the effect of the wind was not considered in the wave tank ex-
periments; (2) The oil could be lost due to stuck onto the sur-
face of the walls inside of the tank so that the concentration
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measured in the experiment was lower than the simulation re-
sults; (3) some mechanisms were not considered in the present
model, such as the chemical reaction between oil droplets and
oxygen in seawater. These mechanisms may reduce the level
of oil droplets concentration; and (4) the samples of various
combination of oil, dispersant, and/or mineral fines for each
test was premixed vigorously before being introduced into the
tank (Li etal., 2007). However, the mixing between oil, mineral
fines, and dispersant would take a long period if it occurred in
the natural environment. Further studies (wave tank and field
studies) would be required to know if early mixing effects are
significant or not for the effective use of OMA-SIM for pre-
dicting oil dispersion in the presence of mineral fines and/or a
dispersant in an actual oil spill situation.

The above experimental and simulation results are shown
in Figures 6, and 7, which indicate that the dispersant Corexit
9500 has dramatic effects on reducing the size of dispersed oil
droplets and OMAs. The presence of mineral fines did not re-
duce the diameters of the oil droplets comparing with the natu-
rally dispersed oil. However, the diameter of the oil droplets in
the experiment appears more scattered than OMA-SIM. A syn-
ergistic effect by chemical dispersants and mineral fines on the
transfer of oil to dispersed phases is simulated in this study.
This effect can be due to several contributing factors. First, dis-
persant reduced water-oil interfacial tension and stimulated the
breakup of oil slicks (NASEM, 2020). Second, mineral fines
reduced the time for splitting oil droplets into tiny and stable
drops, otherwise a rate-limiting step for oil dispersion by micro-
scale turbulence. Third, the interaction of mineral fines and oil
reduced the buoyancy of oil droplets and therefore transferred
more oil into the bulk aqueous phase (Lee, 2002; Owens and
Lee, 2003). Mineral fines were reported to absorb oil at their
surface due to their hydrophobic surface properties. While pri-
marily reducing the oil/water interfacial tension, dispersants may
also stimulate the interaction between oil and mineral fines. In
summary, the results obtained from the modeling (Figures 5
and 7) agreed with the experimental results of Li et al. (2007)
(Figures 4 and 6).

5. Conclusions

In this study, a new modeling approach (OMA-SIM) is de-
veloped for assessing the OMAs formation and 0il/OMAs ver-
tical mixing process under breaking wave conditions. This mod-
el combines the oil vertical mixing model and density-based
OMA s formation model to examine the dispersion of oil droplets
and OMAs. It is applied to a mesoscale wave tank experimental
study and validated by comparing the simulated results to mea-
sured data. The results indicate that the energy dissipation rate
of breaking waves is the predominant factor influencing the con-
centration and particle size of oil droplets and OMAs. The high-
er the breaking wave energy, the more oil was dispersed with
time after the experimental oil spill. The amount of dispersed
oil under plunging breaker wave conditions is more than that
under regular non-breaker wave conditions for the tank experi-
ment. Here we confirm that the effect of dispersants is to reduce
oil/water interfacial tension and result in a decreased size for
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both oil droplets and OMAs. Therefore, the application of min-
eral fines facilitates the formation of OMAs. Moreover, min-
eral fines increased the concentration of suspended oil droplets
and OMAs, and enhanced oil droplet stability. It is found, in
the presence of mineral fines, the concentration of oil droplets
and OMA:s increased approximately 2-fold compared to the ab-
sence of fine mineral under the wave tank experimental con-
ditions. The presence of dispersants and mineral fines enhanced
the transfer of oil from the surface into the water by increasing
dispersed oil concentration and decreasing the particle size of
oil droplets. In summary, the developed OMA-SIM approach
can help to assess and plan the application of chemical disper-
sant and or green materials like mineral fines to extend tradition
al marine oil spill cleanup strategies under both regular and
breaking wave conditions.
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