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A B S T R A C T

Droplet size distribution of dispersed oil in deep-water is critical to the transport and biodegradation of spilled oil
in deep-sea. Few studies have focused on the effects of pressure on chemically dispersed oil through experiments.
This study thus simulated how the crude oil homogenously pre-dispersed by Corexit 9500A using baffled flasks
would behave after being exposed to deep-water conditions. Key factors included dispersant-to-oil ratio (DOR),
mixing energy (energy dissipation rate and Kolmogorov microscale), and pressure (up to 150 bar). The variations
of pressure were demonstrated to have insignificant effects on the size distribution of pre-dispersed oil. Both the
average and medium droplet sizes were correlated negatively with DOR and mixing energy in an established
model with a p-value � 0.0011. The log-normal and log-logistic distributions provided a reasonable fit to simulate
the droplet size distribution. The two parameters of log-logistic distribution were dependent on DOR and mixing
energy with a p-value < 0.005. The results would be valuable to advance the understanding of the behaviours and
trajectories of chemically dispersed oil under deep-water conditions. The research helped provide more scientific
evidence to improve the understanding of dispersed oil behaviours under high pressure and support deep-sea oil
spill research and potential extension of the existing results from shallow water to deep water conditions.
1. Introduction

The Deep Water Horizon (DWH) oil spill happened in April 2010 led
to a release of roughly 5 million barrels of crude oil and gas in the depth
of around 1,500 m. This disaster was recorded as the largest accidental
marine oil spill resulting in huge ecological impacts and an estimated
total liability of 100 billion USD (Griggs, 2011; Turner et al., 2019). Over
2.1 million gallons of oil dispersant was applied at both the surface and
wellhead in the Gulf Mexico to decrease the size of oil droplets and in-
crease the oil fractions trapped in subsurface (Kujawinski et al., 2011;
Spier et al., 2013). This is the first real application of large amounts of
dispersant in deep-water conditions. Afterwards, many efforts began to
focus on the fate and transport of spilled oil, especially the chemically
dispersed oil, using DWH oil spill for modification and verification. An
important consensus was that the relatively smaller oil droplets were
prolonged trapped in water column while larger oil droplets could fast
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reach the surface of the ocean (Lindo-Atichati et al., 2016a; Ryerson
et al., 2012). In comparison of oil droplet size, its distribution plays an
even more essential role in determining the fate and transport of released
oil in deep-water environment as well as the intrinsic mechanisms of oil
dispersion (Gong et al., 2014; Li et al., 2011b; North et al., 2015; Zhao
et al., 2014a). The sizes of dispersed oil highly affected the spatial dis-
tribution of oil in the ocean, resurfacing rate, and oil dissolution (North
et al., 2015; Scheibye et al., 2017). Dispersed oil with smaller sizes were
more readily degraded in submarine environment and deep-water con-
ditions (Aman et al., 2015; North et al., 2015; Vilc�aez et al., 2013).
However, knowledge is still limited to better understand the behaviours
of dispersed oil associated with the possible variations of droplet size in
deep-water.

Many efforts have been undertaken to predict or simulate the for-
mation of dispersed oil under various operating and thermodynamic
conditions (Brandvik et al., 2013; Li et al., 2016; Malone et al., 2018;
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Zhao et al., 2016a). Many operating conditions can lead to diverse pat-
terns of droplet size distribution. For example, Brandvik et al. (2013)
observed the fluctuation of oil droplet size distribution with the variation
of oil spill operating parameters, containing nozzle diameters, oil flow
rate, the addition of air, and addition of dispersants with different
dispersant-to-oil ratio (DOR). Methane dissolved in oil dramatically
increased the median size of oil droplets (Malone et al., 2018). Ther-
modynamic factors mainly included pressure fluctuation caused by tur-
bulence, resistance force due to interfacial tension and oil viscosity,
pressure, temperature, and other related parameters such as oil droplet
velocity and turbulent velocity of an eddy (Chen and Yapa, 2007;
Johansen et al., 2013; Li et al., 2016; Zhao et al., 2017). Intrusions found
in the DWH oil spill were driven by horizontal currents and stratification
(Socolofsky et al., 2011). Chen and Yapa (2007) correlated thermody-
namic parameters, such as oil droplet release velocity, the density of
seawater and interfacial tension, into the estimation of maximum droplet
size for the probability density function of droplet size distribution in
deep-water. However, whether the pressure can significantly alter the
droplet size and the structure of dispersed oil existing in deep-water was
less tackled through experiments.

The variation of pressure may alter the behaviours of dispersed oil,
though the impacts on the droplet sizes might be unapparent due to the
low compressibility of liquids (Malone et al., 2018). In DHW spill site, the
oil density at seafloor obtained based on empirical calculation was 4.5 %
higher than the sea surface oil density by acoustic measurement (Camilli
et al., 2011; Socolofsky et al., 2011). With the presence of dispersant,
approximately 31% of interfacial tension between oil and water was
enhanced because of increasing pressure, implying a less effective
dispersion in deep-water conditions (Abdelrahim, 2012). The change of
interfacial tension reflected the alternation of the destabilization of sur-
factants and the possible change of droplet size controlled by high
Figure 1. Schematic drawing of the h
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pressure (Johansen et al., 2013; Khelifa and So, 2009). All these shreds of
evidence suggested that higher pressure may affect the droplet properties
of dispersed oil and the stability of the emulsion structure (Chen and
Yapa, 2007). While whether these changes were statistically significant
to the droplet size of dispersed oil under high pressure had not been
reported leading to the need for scientific verification. More experi-
mental observations were preferred to verify the model regarding oil
droplet distribution (Gros et al., 2016; Johansen et al., 2013; Malone
et al., 2018).

Meanwhile, dispersed oil could be widely distributed in the water
column after an oil spill. In the oil plume (35 km long and 1100 m depth)
after the BP oil spill, the methane levels were only discovered at 500 m
horizontal distance from the center of the oil plume, the distribution of
methane and other gas was approximately 0 % at the other parts of the oil
plume (Camilli et al., 2010). Additionally, gas bubbles had been
demonstrated easily separated from the water phase of the plume due to
their buoyancy (Johansen, 2003; Socolofsky, 2001). Dispersed oil could
be a non-negligible formation of oil plume in the water column at the
deep sea. The research on dispersed oil was essential and valuable for
understanding their behaviours and the effects of subsea dispersant
injection.

The above-stated knowledge gap was filled in this study. The
impact of pressure on the size distribution of chemically pre-dispersed
oil (CDO) droplets was investigated after being exposed to deep-water
under various dispersant-to-oil ratio (DOR) and mixing energy (i.e.,
shaking rate). The performance of CDO droplet size prediction was
evaluated using statistical tools. The research outputs would help to
understand and predict the fate of CDO under deep-water conditions
to support contingency planning, emergency response, and decision
making.
igh-pressure microscope system.



Table 1. Two-level factorial experimental design.

Factor Levels Unit Values

DOR 2 - 1:32.5 1:17.5

Mixing energy (Shaking rate) 2 m2/s3 (rpm) 9.79*10�2 (160) 3.23 (240)

Pressure 2 bar 50 150
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2. Methodology

2.1. Materials and chemicals

Experiments were conducted using Alaska North Slope (ANS) crude
oil (viscosity 50.1 cP at 21 �C, from Environment Canada) and Corexit
9500 (Nalco, Naperville, IL). Unpolluted seawater was obtained from 30
m water depth at Ocean Science Center, Memorial University in St.
John's, Canada, and pre-filtered to remove unwanted organisms and
particles.

2.2. The high-pressure microscope system

As shown in Figure 1, the high-pressure microscope system contains a
plumbing system, a sealable PRISM (PICCEL Related Imaging System for
Microscopy) chamber (Pradillon et al., 2004), and a light microscope. A
similar high-pressure system was successfully applied to determine the
biodegradation of the GC-detectable hydrocarbons (Prince et al., 2016).
The plumbing system has a liquid reservoir where seawater, RO water, or
ethanol can be stored. There are five valves used in the plumbing system,
including an anti-return valve, a back-pressure valve, a by-pass valve, and
twomanually operated valves to control the inlet and outlet of the PRISM
chamber. The feeding line is used to provide the desired liquid to the
system, whereas the downstream line is designed to set and control the
working pressure by setting the back-pressure valve. All pipes and valves
are made of stainless steel. A single-acting, single-piston air-driven
hand-pump (ACHL189-01, Parker Corporate, USA) is used to continu-
ously pump the liquid (max 0.25 L/min at 300 bar maximum outlet
pressure) from the reservoir through the feedline line and pressurize it
when the back-pressure valve is engaged.

The PRISM chamber includes a stainless-steel body (50 � 40 � 20
mm) with two lateral openings. A threaded observation column (7 mm in
diameter and 5 mm in height) is available at the center where a 3 mm
thick sapphire window is mounted by a Viton seal, a Teflon washer, and a
hollow steel screw at the top and bottom, respectively. The valid working
volume is approximate 0.2 ml when the column is sealed with windows.
The chamber is connected to the plumbing system through valves 1 and 2
such that pressure is controlled by closing valve 3 and adjusting the back-
pressure valve. The pressure can be held by the anti-return valve for at
least 24 h. The observation of droplet size was done with a Nikon
SMZ745 microscope equipped with an Infiniti1 2.0-megapixel CMOS
microscopy camera (Infinity, USA) focusing on the window of the
chamber. The images captured by the camera are 1600� 1200 pixels and
encompassed an area of 6.72 � 5.04 mm. Therefore, the length of each
pixel is approximately 4.2 μm.

2.3. Experimental design

A two-level factorial design (Table 1) was employed to determine the
impacts of pressure associated with DOR and mixing energy on the
droplet sizes of dispersed oil as well as their possible interactions using
Design-Expert® software (Design-Expert® version 8.0.5b; State-Ease
Inc., Minneapolis, MN, USA). The shaking rate, an important factor
correlated to turbulence kinetic energy, was set as 160 and 240 rpm,
given the dispersion performance at 150 rpm was significantly reduced,
and the number of countable droplets was relatively small. DOR was
tested at 1:32.5 and 1:17.5. The pressure was chosen as 50 and 150 bar to
account for deep-water (high pressure) conditions at water depth from
3

500 to 1500 m, respectively (Lemaire et al., 2012). The levels were
determined based on preliminary experimental runs and recommenda-
tions from the literature (Kaku et al., 2006; Venosa et al., 2002). The
average and median of oil droplet radii were selected as the responses.
Overall, a design of eight experiments was conducted in a random order
to minimize the impact of confounding factors. Seawater temperature
was maintained at 10 �C during the tests.

To explore the possible effects of pressure loss on the droplet size
distribution, a preliminary experiment was performed with multiple
conditions at 200 rpm (mixing energy 0.563 m2/s3). DOR was tested at
1:25. The pressure was decreased from 150 bar to 0 bar in 10 min. The
variances of oil droplet radii were observed and recorded.
2.4. Experimental procedure

For each of the experimental runs, 120 ml pre-filtered seawater was
added into a baffled flask, followed by adding 100 μL crude oil onto the
water surface using a repeater pipette (Venosa and Holder, 2007; Venosa
et al., 2002; Zhang et al., 2018). Then Corexit 9500A was added onto the
center of the oil slick according to the preset oil-to-dispersant ratio. The
flask was placed on the orbital shaker and vigorously mixed for 10 min at
the preset shaking rate to provide mixing energy for dispersion. At the
end of the mixing procedure, the flask was removed from the shaker, and
stand for another 10 min. Non-dispersed oil could rise to the surface of
the seawater. The stopcock at the bottom of the flask was opened to drain
the first 2 ml of the sample before collecting another 5 ml oil-water
mixture sample for observation.

The microscope system was thoroughly washed with RO water and
ethanol prior to and after each use. The PRISM chamber was refilled with
seawater (valves 1 and 2 open, and valve 3 closed) from the reservoir
until water dropped from the back-pressure valve at normal pressure.
Seawater was then removed from the inside of the chamber when value 2
was turned off. The clean chamber as then filled with chemically
dispersed oil. The chamber was successfully sealed only when few bub-
bles could be observed through the microscope. The pump was actuated
continuously to increase the pressure to the preset level while the sample
was maintained in the chamber. It was assumed that the amount of
seawater injected into the chamber was negligible. The pressure was
maintained for 5 min prior to capturing pictures in order to stabilize the
sample for imaging. Based on the homogeneity assumption, images were
captured at the top focal layer (lens) and four other layers that were
randomly selected between the top and bottom of the PRISM chamber.

Image processing was carried out using ImageJ software (National
Institutes of Health, USA), and the radius of each droplet was manually
measured and recorded in μm units. For each image, around 400 and 100
droplets were randomly selected from the images captured at the top
layer and the other four layers, respectively, for a total of around 800
droplets. van der Tuuk Opedal et al. (2009) suggested that at least 800
droplets are required to obtain a credible impression of oil droplet size.
2.5. Calculation of mixing energy based on the shaking rate

The velocity fields (average radial and azimuthal velocities) were
measured at different levels of shaking rates (100–250 rpm) in baffled
flasks test system (Kaku et al., 2006; Zhao et al., 2016b). The shaking rate
associated with the water velocity had a linear relationship with mixing
energy, involving energy dissipation rate and Kolmogorov microscale at
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the range from 100-250 rpm. The mixing energy can be estimated
through Eqs. (1) and (2):

ε¼ 9:0� 10�5 � e0:0437Ω (1)

η¼ 1:463� 103 � e�0:015Ω (2)

where εwas the average of energy dissipation rate, η denoted the average
of Kolmogorov microscale, Ω was the shaking rate from 100 to 250 rpm.
These energy-based parameters have been widely applied in the
modeling and mechanisms exploration for the fate and behaviours of
dispersed oil, especially the droplet size distribution (Dippner, 2009;
Khelifa et al., 2002; Li and Garrett, 1998; Zhao et al., 2014b). Therefore,
the range of the shaking rates (160–240) in this study is meaningful and
transferable to the mixing energy in non-breaking and breaking wave
conditions at sea.
2.6. Statistical analysis

All experimental data were subjected to analysis of variance
(ANOVA) to determine the significance of DOR, shaking rate, and pres-
sure on both responses (i.e., average and median radii). ANOVA tests the
null hypothesis that the output means of each factor level are equal,
versus them not being equal. A probability of p < 0.05 indicates that this
factor or the interaction between multiple factors is significant.

Previous studies have simulated the distribution of oil droplet size
(Aman et al., 2015; Brandvik et al., 2014; Johansen et al., 2013; Li et al.,
2017). The form and shape of log-logistic distribution were close to those
of lognormal and Rosin-Rammler distributions (Babinsky and Sojka,
2002). In this paper, log-normal and Log-logistic distribution regressions
were applied to predict droplet size for each experimental run using
Minitab 17.0. Log-logistic distribution could be described by the
following Eq. (3):

fðxÞ¼ 1
bðx� θÞ

e�ððlogðx�eÞ�αÞ=βÞ

½1þ e�ððlogðx�eÞ�αÞ=βÞ�2; x > θ; β> 0 (3)

where α and β are the parameters related to the average value and the
variation of the sample, respectively. They were also expressed as “loc”
and “scale” in Figures.3 and 4, respectively. The values of α and β for each
experimental run were further used as ANOVA responses to determine
the effect of DOR, shaking rate, and pressure on the shape of distribution.

3. Result and discussion

3.1. ANOVA of droplet radius

The detectable droplet size of dispersed oil generated in normal
pressure ranged from 8-200 μm with 50 μm of average and 44 μm of the
medium. This range is compatible with the droplet size distribution in
other studies though the conditions are different. For example, the
droplet size of Louisiana Sweet crude oil under 150 bar was 16–200 μm
with 57 μm of medium diameter (Malone et al., 2018). The simulated
mean of oil droplet size without dispersants decreased from 344 to 125
μm with the increase of mixing energy (Aman et al., 2015).

The coded mathematical model for a 23 full factorial design can be
given as:

Rλ ¼X0 þ X1Aþ X2Bþ X3C þ X4ABþ X5AC þ X6BC þ X7ABC (4)

where R is the average or medium droplet radius (μm); λ is the trans-
formation parameter to improve the accuracy of the model (default at 1);
X0 represents the global mean droplet radius (μm); Xi (i ¼ 1–7) represent
the regression coefficients of the individual and synergetic effects of
DOR, mixing energy, and pressure; and A, B, and C are coded input values
of -1 or 1 to correspondingly represent the low and high levels of DOR,
4

mixing energy, and pressure at 1:32.5 and 1:17.5, 0.0979 and 3.23 m2/s3

(132.7–39.97μm for Kolmogorov microscale), and 50 and 150 bar,
respectively (Table 2). The Box–Cox (B–C) plots for power transforms
suggested that a power transformation (λ ¼ -1.81 for average and λ ¼
-1.44 for median) of the original outputs would better normalize the data
points. The average and median radii of CDO droplet under different
experimental conditions can be expressed as the following equations:

Average�1:81 ¼ 3:293� 10�3 þ 4:935� 10�4Aþ 8:494� 10�4B (5)

Median�1:44 ¼ 0:012þ 1:198� 10�3Aþ 1:510� 10�3B (6)

Eqs. (5) and (6) indicate that the decrease of A (i.e., DOR) and B
(mixing energy) can result in a larger droplet radius. Results from
ANOVA on the transformed and coded response models were summa-
rized in Tables 3 and 4. From the Fisher's F-test, it was observed that the
established models (Eq. (5) and (6)) were statistically significant with F-
values of 123.34 and 35.89, respectively, and probability values (Prob >

F) all less than 0.05. This observation was also verified by the high
adjusted and predicted R2 values, which indicated that the models could
accurately predict the average and median droplet radii, respectively.
The predicted R2 values of 0.95 and 0.83 meant that 95 and 83% of the
sample variation could be attributed to the independent variables. The
adjusted R2 values of 0.97 and 0.91 were close to the predicted R2 and
were also of statistical significance and agreed with the correlation
applicability of both models.

According to Tables 3 and 4, a factor or an interaction with a p-value
less than 0.05 is defined as having a significant influence on oil droplet
size. The smaller the p-values are, the greater the significance of the
factors or their interactions. It can be observed that the shaking rate was
the most influential factor, followed by DOR. The effect of pressure and
other interactions were not prominent. This finding agreed well with the
fact that the coefficients of B, as shown in Eqs. (5) and (6), were greater
than those of DOR.

As depicted in Figure 2 and Figure 3, the contour plots of ANOVA
illustrate the correlations between each pair of factors. It was observed
that the size of dispersed oil droplet grew (both average and median
radii) with decreasing DOR and/or shaking rate (mixing energy) (Fig-
ures. 2 (a) and 3 (a)). However, the increase of median value (i.e., from
19 to 25 μm) was not as significant as that of average value (i.e., from 19
to 32 μm). This observation might imply that the number and size of
droplets smaller than 19–25 μm remained unchanged, while the size of
droplets larger than this seemed to be further enlarged. In addition, the
influence of DOR at low mixing energy (25–32 μm for 0.0979 m2/s3) was
more prominent than that at high mixing energy (19–22 μm for 3.23 m2/
s3) as shown in Figure 2 (a), while the effect of shaking rate at high DOR
(22–32 μm) was more noticeable than that at low DOR (19–25 μm).
Figures.2 (b) and 3 (b) further indicated that altering pressure after
dispersion did not contribute appreciably to any droplet size change.
3.2. Effect of pressure on oil droplet sizes under various DOR and mixing
energy

The pictures of oil droplets were shown in Figure 4. The pressure did
not show any statistically significant correlation with droplet size of CDO
in this experiment. Preliminary experiments, when the pressure was
changed from 0, 50, 150, and 200 bar with the same DOR (1:32.5) and
mixing energy (0.562 m2/s3, 200 rpm), the radius of droplet size did not
change significantly. This observation had a practical significance in the
application of dispersants under deep-water environments. The insig-
nificant effect implied that CDO droplets, once fully dispersed, may not
have a remarkable variation in size. The result was an agreement with the
negligible effect of the pressure on droplet size distribution of crude oil in
Deepwater as well as the assumptions (Abdelrahim, 2012; Malone et al.,
2018). The observed increase of droplet size in the experiments was the
coalescence on the top of glass lens due to the resurfacing of droplets by



Table 2. Factorial design matrix of three factors with experimental responses for the average and median of droplet radius.

Std Run A: DOR B: Mixing energy C: Pressure Response 1
Average (μm)

Response 2
Median (μm)

a b

2 m -1 -1 -1 33.25 25.08 3.257 0.2399

1 x 1 -1 -1 25.14 21.97 3.132 0.1867

4 y -1 1 -1 21.95 21.19 3.060 0.1409

7 xyz 1 1 1 19.08 18.35 2.893 0.1302

5 xz 1 -1 1 25.12 21.97 3.143 0.1760

3 xy 1 1 -1 19.81 19.68 2.945 0.1187

8 yz -1 1 1 22.62 21.19 3.058 0.1215

6 z -1 -1 1 29.60 27.74 3.325 0.1903

Table 3. ANOVA for the transformed response of average droplet radius.

Source Sum of squares df Mean square F-value p-value (Prob > F)

Model 7.72 � 10�6 2 3.86 � 10�6 123.34 <0.0001 significant

A 1.95 � 10�6 1 1.95 � 10�6 62.25 0.0005

B 5.77 � 10�6 1 5.77 � 10�6 184.43 <0.0001

Residual 1.57 � 10�7 5 3.13 � 10�8

Total 7.88 � 10�6 7

Table 4. ANOVA for the transformed response of median droplet radius.

Source Sum of squares df Mean square F-value p-value (Prob > F)

Model 2.97 � 10�5 2 1.49 � 10�5 35.89 0.0011 significant

A 1.15 � 10�5 1 1.15 � 10�5 27.72 0.0033

B 1.82 � 10�5 1 1.82 � 10�5 44.06 0.0012

Residual 2.07 � 10�6 5 4.14 � 10�7

Total 3.18 � 10�5 7

Figure 2. Influence on average droplet radius by factor interactions: (a) DOR and shaking rate (mixing energy), and (b) shaking rate (mixing energy) and pressure.

-1.00 -0.50 0.00 0.50 1.00
-1.00

-0.50

0.00

0.50

1.00
Medium

A: DOR

B:
 S

ha
ki

ng
 ra

te

20

22

24

-1.00 -0.50 0.00 0.50 1.00
-1.00

-0.50

0.00

0.50

1.00
Medium

B: Shaking rate

C
: P

re
ss

ur
e

212223

(a) (b) 

Figure 3. Influence on median droplet radius by factor interactions: (a) DOR and shaking rate (mixing energy), (b) shaking rate (mixing energy) and pressure.
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Figure 4. Images of Oil droplets under
different pressures: (a) 1:32.5, energy dissi-
pation rate 9.79*10�2, and 50 bar, (b) 1:32.5,
energy dissipation rate 9.79*10�2 m2/s3, and
150 bar, (c) 1:17.5, energy dissipation rate
9.79*10�2 m2/s3, and 50 bar, and (d) 1:17.5,
energy dissipation rate 9.79*10�2 m2/s3, and
150 bar, (e) 1:32.5, energy dissipation rate
3.23 m2/s3, and 50 bar, (f) 1:32.5, 3.23 m2/
s3, and 150 bar, (g) 1:17.5, 3.23 m2/s3, and
50 bar, and (h) 1:17.5, 3.23 m2/s3, and 150
bar, respectively.
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time. The major changes of the droplet sizes might be ascribed to the
combination with each other or beak-up when they travel vertically
through (e.g., resurfacing) the ocean. The stability could be the advan-
tage of using chemical dispersants as a primary response tool to deal with
oil spills in deep-water blow-out scenarios. The only exception occurred
when mixing energy and DOR were set to 0.0979 m2/s3 and 1:32.5,
respectively, meaning a lower dose of dispersant and a lower rate of
dissipating energy, such that the effect of pressure may not be over-
whelmed. Then the average droplet radius would change differently to
33.25 and 19.60 μm after being exposed to pressure at 50 and 150 bar,
respectively. This observation suggested that, if the amounts of disper-
sant or mixing energy were insufficient, an application of dispersants at
deep-water scenarios might result in relatively large oil droplets.

A decrease in DOR resulted in a relatively higher amount of disper-
sant in the same amount of oil, the interfacial tension of the resulting
oil–dispersant mixture then decreased. Mukherjee et al. (2012) stated
that an increase of DOR from 1:100 to 1:25 for Arabian light oil resulted
in a decrease of interfacial tension from 210 to 180 N/m. Such a
reduction in the oil-water interfacial tension was favored because of the
easy breakage of oil sheen and thereby the formation of small droplets by
lowering the energy required for creating new oil-water interfacial areas.
In the present study, the average radius decreased from 33.25 to 25.14
μm when the DOR was changed from the low (1:32.5) to the high level
(1:17.5), while shaking rate and pressure were set as 160 rpm and 50 bar,
respectively (Table 1). However, when shaking rate was elevated to 240
rpm, the average radius was reduced from 21.95 to 19.81 μm, indicating
that a higher shaking rate could compensate for the effect caused by
DOR.

High shaking rate (240 rpm) could bring greater mixing energy (3.23
m2/s3) associated with lower Kolmogorov microscale (39.97μm) that
could efficiently disperse oil into smaller droplet radius (19.81 μm), as
compared to those (25.14 μm) at the low level (160 rpm; 9.79*10�2 m2/
s3, 132.7μm for Kolmogorov microscale) when DOR and pressure were
set as 1:17.5 and 50 bar, respectively. An increase of mixing energy
provides additional energy to break large-sized oil droplets into smaller
ones. Hence the droplet size distribution would be dominated by small
droplets. Such a correlation among mixing energy, DOR, and the size of
oil droplets had the same trend as experiments conducted under normal
conditions (Li et al., 2011a, Yang et al., 2021). Mukherjee et al. (2012)
Figure 5. Log-logistic distribution and log-norma
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reported an inverse dependency of oil droplet size on mixing energy
during standard baffle tests. Additionally, the results fitted the changes of
the droplet size of booming crude oil without dispersants from the
impeller into an oil blowout high-pressure simulation system (Aman et
al., 2015).

Meanwhile, the pressure loss did not significantly alter the droplet
size of dispersed oil in all conditions (Fig. S1). The P value (>0.05)
indicated that the probabilities of the insignificant difference between
the two samples (difference ¼ 0) were true for both 150 bar and 100 bar
conditions.

The presented droplet size ranged from 8-124 μm, consistent with the
range of ANS oil treated by Corexit 9500A generated by the subsurface
oil injection system (0–100μm, DOR 1:20) (Conmy et al., 2017). Our
results were compatible with the monitored droplet size of MC252 oil
treated by Corexit 9500A using both laboratory and field tests (Li et al.,
2009, 2011a; Lindo-Atichati et al., 2016b). Besides, Li et al. (2016)
proposed a prediction method to estimate the droplet size distribution in
deep water conditions, relying on d50/D value (the medium value of
droplets size/the diameter of the nozzle). The calculation results
(0.007–0.016) from our medium size located at the range of observed
d50/D value (0.00–0.05). Additionally, the observed droplet size of pure
South Louisiana sweet crude oil in a deep-sea blowout simulation system
(150bar) (Malone et al., 2018).

3.3. Droplet radius regression using log-logistic distribution

Both log-normal and log-logistic distribution could fit droplet size of
dispersed oil, as shown in Figure 5. Log-logistic regression was selected as
a case to simulate the droplet size distribution. The histogram statistics
and log-logistic regression of droplet radius are analyzed. Some histo-
grams were illustrated in Figure 6 as examples. The log-logistic distri-
bution well captured the characteristics of CDO under different
experimental conditions. Such fitting can be further validated by the fact
that the p values were all below 0.05 (Figure 7), implying that the droplet
radius of CDO could be represented with statistical significance. The
histograms also illustrated that when increasing energy dissipation rate
from 0.0979 m2/s3 (Figure 5 (a)) to 3.23 m2/s3 (Figure 6 (b)), the radius
of most oil droplets down-shifted from 15-45 to 15–25 μm. Contrastingly,
l for simulation of droplet size distribution.
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Figure 6. Histogram and log-logistic distri-
bution regression for experimental runs when
DOR, shaking rate and pressure was (a)
1:32.5, energy dissipation rate 9.79*10�2

m2/s3, and 50 bar, (b) 1:32.5, energy dissi-
pation rate 9.79*10�2 m2/s3, and 150 bar, (c)
1:17.5, energy dissipation rate 9.79*10�2

m2/s3, and 50 bar, and (d) 1:17.5, energy
dissipation rate 9.79*10�2 m2/s3, and 150
bar, (e) 1:32.5, energy dissipation rate 3.23
m2/s3, and 50 bar, (f) 1:32.5, energy dissi-
pation rate 3.23 m2/s3, and 150 bar, (g)
1:17.5, energy dissipation rate 3.23 m2/s3,
and 50 bar, and (h) 1:17.5, energy dissipation
rate 3.23 m2/s3, and 150 bar, respectively.
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increasing pressure from 50 (Figure 6 (c)) to 150 bar (Figure 6 (d)) did
not show significant change on the distribution pattern.

The two shape parameters α (average) and β (variance) of log-logistic
distribution were obtained for each of the eight experimental runs as
shown in Table 2. They were further used as responses to study their
relationships with DOR, mixing energy, and pressure via ANOVA. The
results of ANOVA for α and β were summarized in Tables 5 and 6. The
coded models for α and β were obtained as follows:

α¼ 3:1� 0:073� A� 0:11� B (7)

β�1:45 ¼ 11:3þ 4:6� B (8)

The adjusted and predicted R2 values were calculated as 0.96 and
8

0.93 for α, and 0.85 and 0.77 for β, respectively, indicating that both
models had acceptable prediction accuracy. The effect of mixing energy
was greater than that of DOR, which was in good agreement with Eqs. (5)
and (6). The value of α appear red to be no correlation with pressure, but
both negatively proportional to DOR and mixing energy. The relation-
ships were close to those identified in Eq. (5) because α represents the
average droplet radius after transformation. Remarkably, β was posi-
tively correlated with shaking rate only. The physical significance of β
could be explained by the width of the distribution. The smaller the β, the
narrower the distribution shape, which means that the size of most
droplets would be close to the average. This trend indicated that a greater
energy could result in more concentrated size distribution. Although the
width of droplet size distribution varied with the pressure change in
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Figure 7. Probability plot of log-logistic
distribution (95% confidence interval)
for experimental runs when DOR,
shaking rate and pressure was: (a)
1:32.5, energy dissipation rate
9.79*10�2 m2/s3, and 50 bar, (b) 1:32.5,
energy dissipation rate 9.79*10�2 m2/s3,
and 150 bar, (c) 1:17.5, energy dissipa-
tion rate 9.79*10�2 m2/s3, and 50 bar,
and (d) 1:17.5, energy dissipation rate
9.79*10�2 m2/s3, and 150 bar, (e)
1:32.5, energy dissipation rate 3.23 m2/
s3, and 50 bar, (f) 1:32.5, energy dissi-
pation rate 3.23 m2/s3, and 150 bar, (g)
1:17.5, energy dissipation rate 3.23 m2/
s3, and 50 bar, and (h) 1:17.5, energy
dissipation rate 3.23 m2/s3, and 150 bar,
respectively.

Table 5. ANOVA for the response of α

Source Sum of squares df Mean square F-value p-value Prob > F

Model 0.14 2 0.07 94.66 <0.0001 significant

A 0.04 1 0.04 56.41 0.0007

B 0.10 1 0.10 132.90 <0.0001

Residual 3.82 � 10�3 5 7.64 � 10�4

Total 0.15 7
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Table 6. ANOVA for the transformed response of β

Source Sum of squares df Mean square F-value p-value Prob > F

Model 169.01 1 169.01 39.76 0.0007 significant

B 169.01 1 169.01 39.76 0.0007

Residual 25.50 6 4.25

Total 194.51 7
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Figure 6, The trend of the change of width is uncorrelated to the change
of pressure. Additionally, as shown in Eqs. (7) and (8), the effect of
pressure on the distribution of oil droplet size remains statistically
insignificant. This finding verified that, when oil was well-mixed with
dispersants, a pressure change may not cause any subsequent size
change.

The distribution algorithms performed in this study implied highly
reproducible and reasonable histogram functions for the prediction of
droplet size distribution. The log-normal distribution was successfully fit
the associated experimental observations under multiple circumstances,
such as the with or without dispersants, the pure and CH4-saturated oil,
as well as multiple types of oil, involving light oil (e.g., LSC, Macondo,
and ANS) (Aman et al., 2015; Li et al., 2011a; Malone et al., 2018; Wang
et al., 2016). Additionally, models regarding the behaviours of oil
droplets, such as oil breakup and transport, were closely related to the
distribution algorithms in this work (Hole et al., 2019; Johansen et al.,
2013; Li et al., 2017).

The droplet distribution results could be used to predict or support the
prediction of the behaviours of dispersed oil in the deep-water condi-
tions, such as formation, breakup, vertical transport (buoyancy), coa-
lescence, and biodegradation of oil droplets (Hole et al., 2019; Johansen
et al., 2013; Li et al., 2017; North et al., 2015). The variations of the other
factors (e.g., mixing energy and DOR) in this work also reflected the most
common conditions when applying dispersants. The range of mixing
energy (presented by shaking rate) could be transferred to the dissipate
energy, which was needed for predicting oil transport and breakup be-
haviours. The findings had an important value by scientific evidence to
better understand the dispersed oil behaviours under high pressure and
potentially extend the existing results in shallow water to deep-water
conditions.

4. Conclusions

This study investigated the influence of pressure on the size and
distribution of chemically dispersed oil droplets after being exposed to
multiple deep-water conditions. The effect of pressure coupled with oil-
to-dispersant ratio (DOR), and mixing energy were examined through a
two-level full factorial design. The experiments demonstrated that the
size and distribution of oil droplets after dispersion were not significantly
correlated with the change of pressure during most experimental runs.
However, when DOR and mixing energy were both low, the average
droplet radius would change differently to 33.25 and 19.60 μm at 50 and
150 bar, respectively, indicating that larger oil droplets may be formed as
they resurface to the top of the ocean. High DOR may cause the inter-
facial tension of the oil-dispersant mixture to decrease and lead to easy
breakage and formation of small droplets. A higher energy dissipation
rate (lower Kolmogorov microscale) therefore break large-sized oil
droplets into smaller ones. According to analysis of variance (ANOVA),
no significant interaction between the three factors was identified. Both
log-logistic distribution and log-normal distribution were applied for the
regression of droplet size distribution with p values all below 0.05. The
average, median, and distribution shape of chemically dispersed droplet
size at different water depth could be predicted using the obtained
ANOVA models. The research helped provide more scientific evidence to
improve the understanding of dispersed oil behaviours under high
pressure and support deep-sea oil spill research and potential extension
of the existing results from shallow water to deep water conditions.
10
It is worth mentioning that this study faced some challenges, partic-
ularly due to the instrumental limitations. For example, the imaging
constraint and the inherent deficiency of capturing droplets at multiple
layers could affect the accuracy of droplet size/distribution observations;
and the pressure increase by manual water injection brought small
disturbance into the system. Besides, oil viscosity plays a vital role in the
dispersion and formation of droplets. Higher viscosity refers to a larger
cohesive force that can resist disruption and breakage of oil droplets into
small ones. Viscosity was not included in this study, but it deserves more
research effort in the future.
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