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Abstract: The shipping volume in inland waterways has been rapidly increasing in recent years.
However, it is still challenging to trace oil spills caused by maritime accidents. In this study, the oil
spill dispersion trajectory in inland rivers was obtained by simulating the trajectory of oil particles
under different waterway conditions based on a simulated flow field. Firstly, the flow field was
simulated using a volume of fluid (VOF) model and the solution of an open-channel equation. Then,
an oil particle diffusion and drift model was established using Python to simulate the diffusion of the
oil. Finally, eight oil spill simulation scenarios were conducted with different channel shapes and
cross-sections. The results showed that oil spills spread more extensively in a curved channel with
a trapezoidal cross-section compared to other channel shapes and cross-sections. The findings of
this research could be used to guide inland river environmental protection and oil spill trajectory
tracking.

Keywords: volume of fluid model; oil particle model; numerical simulation; oil spill simulation

1. Introduction

Currently, the shipping industry plays a vital role in global development by providing
a method of transport for international and national goods via the sea, channels and rivers.
Although shipping contributes to the economy by connecting goods from all over the
world [1,2], environmental pollution is a critical byproduct [3]. In general, pollution is
generated by both normal shipping activities and ship collisions [4-6]. In addition, for
the offshore oil industry, approximately 14.4 million barrels of oil will be output by 2025
and could increase the rate of oil spills at sea [7]. In recent years, many accidents have
occurred and have resulted in serious environmental pollution problems [8-11]. Oil spills
have substantial negative impacts on environmental protection and pollution management
efforts. The damage caused to industries, rivers and marine life can be catastrophic and
lead to economic instability [12]. Therefore, it is crucial to investigate oil spill pollution
from ships.

Oil leak simulations are complex due to the influence of hydrodynamics and oil prop-
erties. Kinetic processes such as drift-diffusion and evaporation add a level of difficulty to
these modeling efforts. In response to these challenges, several researchers have initiated
research on oil spills at sea using diffusion and drift models. Specifically, remote-sensing
methods have garnered considerable research interest in recent years. For example, Es-
pedal [13] improved Synthetic Aperture Radar (SAR) observations using an empirical
rule, which is used at the Tromsg Satellite Station. In addition, oil spill simulations have
been validated using SAR remote-sensing technology [14]. Conceigdo et al. [15] identified
possible oil leak classes using a random forest classifier, which was developed and tested
using a Sentinel-1 SAR image dataset. In the 21st century, researchers have increasingly
incorporated deep learning into SAR analysis to study oil spills. Huby et al. [16] employed
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U-Net semantics for SAR image segmentation. Other researchers have demonstrated that
backscattered values from calm waters can be processed using the GA-RBF algorithm, thus
preventing the false identification of oil spills [17]. Ma et al. [18] improved the DeepLabv3+
model to capture the precise details of oil spill instances more accurately. Additionally,
some oil spill studies have focused on ports; a recent study explained the ROMS model
used to calculate the time necessary for the harmful impacts of a port spill to reach a coastal
location [19]. Dabrowska and Kotowrocki [20] proposed a probabilistic approach to oil spill
area in the waters of the Port of Gdynia under changing hydro-meteorological conditions.
By contrast, Ghaly et al. [21] conducted oil spill simulations of the Port of Alexandria to
identify vulnerable areas in the region and support emergency decision-making. Recently,
there has been little research progress regarding inland waterway oil spills, which have
previously received little attention due to the difficulties in oil dispersion dynamics [22].
Jiang et al. [23] conducted generalized tank experiments to study the diffusion and trans-
port of oil spills, which were used to analyze the relationship between oil slick area and
thickness over time. In addition, a multi-fluid MIXTURE model was used to simulate
the dispersion of oil on the surface of water. This model can be used to develop rescue
strategies for crude oil spills [24]. Wang et al. [25] identified the source of a mysterious oil
spill in the Detroit River using detailed and integrated oil fingerprints. Da Cunha et al. [26]
investigated the oil dispersion process of a ship accident under the Amazon River plume,
but did not compare the effects of straight and curved river channels. Chen [27] simulated
the process of an oil film landing on the tidal flats of the Yangtze Estuary without con-
sidering the oil change at the center of the river. Finally, Kim et al. [28] improved the oil
spill prediction system in the Yellow River by adding tidal factors, but did not conduct
multiple simulations of river equilibrium. Currently, various oil spills are occurring in
inland rivers. Therefore, there is insufficient theoretical support for the traceability of oil
spills and the management and prevention of water pollution in inland rivers. Moreover,
the mechanisms of oil spill diffusion in inland rivers are not clearly understood.

To fill this gap, this study investigated the simulation of continuous and one-time
oil spill accidents using an oil particle model in flow fields of different shapes. Firstly,
four different river shapes were designed for the experiment. A volume of fluid (VOF)
multiphase flow model was proposed to simulate a curved channel with triangular and
trapezoidal cross-sections. The model was calculated in Fluent [29], which was used to
compute fluid dynamics with rich physical models, advanced numerical methods and
powerful pre- and post-processing functions. Fluent is a module in the ANSYS Workbench,
which is a piece of simulation analysis software. The flow field of the straight channel with
the same cross-sections was obtained by solving an open-channel equation. Secondly, the
oil particle model was used to simulate the process of oil diffusion and drift. The range
of influence of oil particles within 3600 s was implemented using Python. In addition, a
total of eight scenarios, including two types of accident, were simulated based on different
channel shapes and cross-sections.

The remainder of this paper is organized as follows: The method is introduced in
Section 2. Subsequently, a model of the flow field based on the equation and VOF is
proposed in Section 3, followed by a continuous and one-time oil spill accident study. A
discussion and the potential applications are presented in Section 4. Finally, conclusions
are drawn in Section 5.

2. Oil Spill Simulation Methods

The study began by generating a flow field as a condition for oil spill flow, and
subsequently implementing oil particle movement using Python. The equations for the
flow fields used in the straight and curved channels are explained in this section. The basic
equations and principles of oil particle motion are also presented.
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2.1. Flow Simulation

Straight channel rivers inland are in equilibrium, so the result of solving the open-
channel equation is treated as a flow field. To accurately represent the flow process in a
curved channel, a VOF multiphase flow model was applied. A steady state was achieved
for different channel shapes and cross-sections through a 3D numerical simulation that was
employed to simulate the gas-liquid two-phase flow in an experimental inland flow.

To establish the flow field for the particle calculations in the oil spill experiment, a basic
equation based on a constant uniform flow model was used. This equation is expressed as
follows [30]:

u  %u  pg]

9x2 92w
where u is flow velocity, x and y represent the coordinates within the section, p denotes
the density of water, g stands for the acceleration of gravity and | defines the hydraulic
gradient, which is the head loss per unit flow. Head loss means the energy drop per unit
weight of water at any cross-section. y reflects the coefficient of the kinematic viscosity
of water.

To accurately simulate the conditions of a river, a 3D model of the VOF gas-liquid
two-phase flow was constructed. The VOF model was based on analyzing the movement
of multiple fluids and tracking the volume occupied by each fluid to determine its free
surface. A volume equation was introduced to achieve this result (Equation (2)), where the
functions g, and g, represent the water and air volume fractions of the unit, respectively.

)

Qw+5]a:1 (2)

To simulate river equilibrium, it is necessary to establish a clear understanding of the
volume function control equation. Specifically, the cell is fully occupied by water when the
value of g is 1. By contrast, a value of 0 indicates that the cell is filled with air. In cases
where 0 < gy < 1, the cell contains a combination of air and water.

The turbulent viscosity and the modified dissipation rate equation are two important
equations of the realizable k-epsilon model. With this modification, the overall accuracy of
the model was increased by ensuring that the positive stress was not negative in cases with
sizeable time-averaged strain rates. The equations used in this model are as follows [31].

Turbulent kinetic energy is given as follows:

ok

0 0 ) Ut
at(pk)+8xi(pku])_axi{<y+m{)6bci]+Pk+Pb_p€_YM+Sk 3)

Turbulence dissipation is given as follows:

2
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where Py represents the turbulent kinetic energy produced by the mean velocity gradient,
P, denotes the turbulent kinetic energy related to buoyancy, k reflects the turbulent kinetic
energy, € represents the turbulent kinetic energy dissipation rate, u; is the time-averaged
value of the velocity component, Sy represents the source term of the total kinetic energy, S,
denotes the source term of the turbulent dissipation rate, Yy is the diffusion fluctuation and
v stands for the current velocity. The model constants are C; = 1.9, Ci = 1.44, C3. = 0.99,
ok = 1.0 and o = 1.2, which were obtained from previous research [32].

Dynamic eddy viscosity in a fluid is characterized by strong vortex diffusion and
cascading dispersion resulting from random shocks, making it appear to have a high
viscosity, and can be defined as follows:

k2
He = pCu )
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where C; and C, are adapted to the realizable k-epsilon model [32].

A flow field of constant uniform flow can be obtained by solving Equation (1). The
volume fraction of water was set to 1 in Equation (2) to indicate that the river was filled with
water. The realizable k-epsilon model considers multiple factors to produce a non-constant
turbulent viscosity equation that can be effectively applied to curved flow fields.

2.2. Oil Particle Model

The flow, trajectory, and fate of oil spills in aquatic environments are complex. These
dynamics are influenced by numerous environmental factors, including wind, waves
and currents, as well as the properties of the oil itself. Additionally, oil demonstrates
various kinematic behaviors such as swelling and drifting [33]. In addition to weathering,
these processes also include evaporation, dissolution, deposition, photolytic oxidation and
emulsification [34]. To model oil spills more accurately, researchers have combined random
walk algorithms to characterize the movement of oil particles under turbulent conditions.
In this study, an “oil particle” refers to the discretization of the oil spill into many oil
grains, and represents a specific amount of oil. This approach is widely accepted as the
mainstream method for simulating oil spills. In inland waterways, oil spill behavior is
primarily influenced by flow dynamics. To derive the oil spill trajectory, this study focused
on two primary motion processes: oil expansion and drift. The Fay oil spill extension
model divides oil film extension into three stages [35]. The first two stages are influenced
by gravity. The third stage is governed by the interplay between the surface tension and
viscous forces. However, gravity does not play a significant role due to the fast flow of
inland rivers. Thus, Equation (6) has been adopted to govern the expansion phase of the oil
film, which is determined by the surface tension. It can be defined as follows:

NI—
W

D =2m(c/p/1)?t (6)

where D represents the diameter of the oil film, m is an empirical coefficient for the surface
tension expansion stage, o denotes the difference between the air-water surface tension
coefficient and the oil-air and oil-water surface tension coefficients and ¢ stands for the
duration of the oil spill.

A uniform distribution of points on the oil film is involved in the oil drift model. Each
point position at a given time was determined using the following equation:

Xt = Xp—1 + Atu (7)

where u is the current drift velocity, x;_; represents the position of the particle at the
previous time step, At stands for the time interval and x; reflects the current position of
the particle.

In this research, two equations were proposed to accurately characterize the behavior
of an oil spill. The spill expansion is accurately described by Equation (6), which captures
the surface tension. A clear understanding of the motion and shape of oil particles as they
drift under the influence of the surrounding currents is provided in Equation (7). A more
complete and realistic depiction of the oil spill phenomenon was obtained by integrating
these two equations.

3. Results of Two Oil Spill Accidents

In this section, two oil spill accident studies were conducted. Accidents with different
channel shapes and cross-sections were considered using the equations described in the
previous section. Firstly, the flow fields under different channel shapes and cross-sections
are described, and then, the model simulation results for the two accidents are presented.

There are two types of accident assumption: The first is a continuous oil spill, in which
the ship is stationary in seawater and oil leaks from the tank drop-by-drop owing to an
accident. The other type is a one-time oil spill from two vessels somewhere in an inland
river due to a collision. This causes the oil to leak all at once, and then, drift and spread
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over time. The flow field in which the accidents occurred included two channel and cross-
sectional shapes. The channel shapes were set as curved and straight. The cross-sectional
shapes were set as triangles and trapezoids. Eight scenarios, including the two types of
accident listed in Table 1, were simulated to compare and verify the route and scale of the
oil spill within 3600 s of the spill.

Table 1. Eight different scenarios in the simulation.

Scenarios Conditions Channel Shapes Cross-Sections
1 Continuous Straight Triangular
2 Continuous Straight Trapezoidal
3 Continuous Curved Triangular
4 Continuous Curved Trapezoidal
5 One-time Straight Triangular
6 One-time Straight Trapezoidal
7 One-time Curved Triangular
8 One-time Curved Trapezoidal
3.1. Set-Up

In this study, a simulation of an arc-shaped river section, located in the middle reaches
of the Yangtze River, was conducted. The dimensions of the river model shown in Figure 1
were based on this segment, which measures approximately 14,600 m in length and varies
between 450 and 900 m in width. Triangles and trapezoids were used as the shape of
the river bottom’s cross-section. The entrances to the two different river cross-sections
were 800 m wide and the bottoms were 30 m deep, and the slope ratios obtained from the
calculations were 0.07 and 0.08, respectively. The average annual discharge of the river is
34,000 m3 /s, with an average velocity of 2.83 m? /s for the triangular section and 2.78 m? /s
for the trapezoidal section, as obtained from the simulation at the entrance. The accuracy
of the model’s calculation results was increased using meshing in Fluent Meshing, which
comes from Fluent’s meshing software. A hexahedral grid was used for the river simulation
due to the variation in hydraulic elements along the river edge and the high grid density
in the vicinity. This grid could improve the accuracy of the numerical calculation results
of the model. The computational area under these conditions contained 887,893 cells and
4,819,446 grid nodes.

Figure 1. Location as selected from Baidu Maps.

Additionally, a straight channel was created for comparison with the curved channel.
Because the river water temperature is similar to the air temperature, the water temperature
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was assumed to be 20 °C, in which the hydraulic gradient was 5.6 x 10! and the kinematic
viscosity was 1.01 x 10~ m? /s [36]. The cross-section and slope ratios were the same as
those for the curved rivers. The cross-sections are shown in Figure 2:

A

y ¥

\

(a) (b)

Figure 2. Two types of cross-section used for the simulation of the Yangtze River: (a) triangular
cross-section and (b) trapezoidal cross-section.

Inland waterways are usually suitable for steady-state analysis due to steady flow
velocities [37]. The VOF model was chosen and g, was set to 1 in Equation (2). Using
Equations (3), (4) and (5), the turbulent kinetic energy and dissipation rates in the simulation
were calculated to be 0.28 m?/s? and 0.38 m?/s?, respectively. The effect of roughness
on the river wall was ignored, and the standard wall function method was employed
in the near-wall region. Numerical calculations were performed using the finite volume
method with discrete differential equations. The SIMPLE algorithm was used to solve the
pressure—flow velocity coupling problem. A first-order windward format was used as the
discrete format.

To conduct post-processing of the simulation data, the velocity data at each point
on the river surface were obtained via the grid node and exported to generate a CSV file.
The interpolation sub-module of the SciPy library in Python was then used to perform
interpolation calculations to obtain two flow-field images. Two flow-velocity maps were
obtained by solving straight-channel Equation (1). The flow velocities on the triangular
section of the curved and straight channels are presented in Figure 3a,c, and the flow
velocities of the two channels on the trapezoidal section are depicted in Figure 3b,d.

Figure 3 clearly demonstrates that the flow rate was higher at the center of the river
and lower near its sides. Notably, the fastest flow rate was observed at the river bend, which
is consistent with the expected flow field dynamics. These model results have important
implications for studying the flow behavior of oil spills on river surfaces, in accordance
with the laws governing fluid dynamics.

The oil particles were defined in Python using Equation (6). The surface tension
expansion phase coefficient m in the equation was empirically determined as 2.3, whereas
the surface tension o was calculated as 0.0146 N/m [35]. The variation in particle expansion
with time is shown in Figure 4. The flow direction and velocity are different for each
location in the flow field. Therefore, the perimeter of the oil particles was divided evenly
into equal aliquots with the same number of particles. The displacement of each point on
the oil particles was derived using Equation (7), and the shape of the oil particles was also
changed. Due to the problems of a large amount of data and slow search speed, the kd-tree
algorithm was used. The algorithm was mainly used to search data near the current point,
so the oil particles could be used to obtain the velocity and direction of the flow field at
the next position. The point of the oil particles stopped moving when the surrounding
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4000

3000

flow rate was 0 m/s. Additionally, a small offset value was added to the oil particles at
each movement to avoid the particles overlapping. Due to each particle representing a
certain amount of oil, density was defined as the number of oil particles. A higher number
of oil particles indicates higher density. The term “collision” refers to “ship collision” in
this study.

4000

3000

S £
> 2000 3 2000
1000 1000
0 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
X(m) X(m)
(a) (b)
2.5 2.5
2.0 2.0
w w
E 15 E 1.54
s s
1.0 1.0
0.5 0.5
0.0 T T T T 0.0 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
X/(m) X/(m)
(c) (d)
Figure 3. Velocities under different channel shapes and cross-sections: (a) curved and triangular,
(b) curved and trapezoidal, (c) straight and triangular and (d) straight and trapezoidal.
t=1s t=10s
10.0 10.0
7.54 7.54
5.0 5.0
2.51 2.51
0.0 ° 0.0 ‘
—2.51 —2.51
—5.01 —5.01
-7.51 -7.51
-10.0 -10.0

210.0 7.5 -5.0 -2.5 0.0

210.0 -75 =50 -25 00 25 50 75

(a) (b)

Figure 4. Diffusion changes in the oil particles. Sub-figures (a,b) represent the changes at 1 and

25 50 7.5 10.0 10.0

10 s, respectively.

3.2. Simulation Results of a Continuous Oil Spill

The flow field in a straight channel with two distinct cross-sections was obtained
by solving the equations presented above. The ongoing oil spill caused by the ship was
assumed to have occurred in the middle. The simulation results for 900, 1800, 2700 and
3600 s were obtained as shown in the figure below.
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The continuous oil spill results in a straight channel with a triangular cross-section
for scenario 1 are shown in Figure 5. Four time points were selected for comparison. As
time progresses, it is observed that the oil spill becomes progressively shallower from left
to right and the number of particles changes from 200 to 0, indicating a decrease in its
concentration. Furthermore, there is an increase in the length of the oil spill over time.
Based on observations at the 2000 m location, the particle number changes from 50 to 175,
which indicates a drift of the oil spill to the right with the current. Moreover, in comparing
(d) and (b) at the 4000 m position, it can be observed that oil spreads more slowly laterally.

t=900s 200
1000 - 150
£ L 100
>
(o] T T T T T - 50
0 2000 4000 6000 8000 10000 12000 (L 0
X(m)
(a)
t=1800s r 200
_ 1000 - 150
>
0 T T T T T r 50
o 2000 4000 6000 8000 10000 12000 I 0
X(m)
(b)
t=2700s r 200
1000 - 150
£ . L 100
>
0 . : . . . - 50
0 2000 4000 6000 8000 10000 12000 \_ 0
X(m)
(0
t=3600s r 200
1000 - 150
E n L 100
>
0 ’ . : ’ r - 50
(0] 2000 4000 6000 8000 10000 12000 U 0
X(m)
(d)

Figure 5. Continuous oil spills occurring in a straight channel with a triangular cross-section in scenario
1. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.

A trapezoidal cross-section of scenario 2 with continuous oil spills under a straight
path is shown in Figure 6. Similarly, four time points were selected for comparison, and
the same experimental results were obtained as in scenario 1 with respect to the density.
However, there is a notable difference between the two figures. In scenario 1, the front end
of the oil spill is more elongated and lateral expansion is not apparent. In contrast, the
lateral extension of the front end of the oil spill in scenario 2 is more pronounced. Moreover,
the extent of the oil spill is more extensive than in scenario 1.

The continuous oil spill scenario 3, under a triangular cross-section within a curved
channel, is depicted in Figure 7. During the first 900 s, the highest oil concentration is
observed at the initial point. However, the graph at 1800 s shows that the location of the
maximum oil spill concentration changed. This was caused by the accumulation of the
water-scouring effect and the expansion of oil particles. The flow velocity is the highest after
the bend owing to the curvature, and gradually slows as the channel becomes straighter.
An increase in density is caused by the accumulation of oil particles, which are affected by
the velocity.
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Figure 6. Continuous oil spills occurring in a straight channel with a trapezoidal cross-section in scenario
2. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.
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Figure 7. Continuous oil spills occurring in a curved channel with a triangular cross-section in scenario
3. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.
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Scenario 4, a continuous oil spill in a curved channel with a trapezoidal cross-section,
is illustrated in Figure 8 within the same simulation range as Figure 7. Notably, the position
of the maximum density is observed at the onset at 900 s, while it shifts at 1800 s. The
maximum density is the maximum number of particles and is represented by the darkest
color. However, there is a significant increase in oil density at the front end of the spill at
3600 s, with the deepening range in scenario 4 being greater than that observed in scenario
3. The oil spill in the curved channel with a trapezoidal section has a larger area than that
in the triangular channel but a slower rate.

t=900s t=1800s

200

150

X(m)
(a) (b)
t=2700s

t=3600s
200 200

X(m) X(m)

(c) (d)

Figure 8. Continuous oil spills occurring in a curved channel with a trapezoidal cross-section in scenario
4. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.

In scenario 1, a straight channel with a triangular section is depicted, whereas in
scenario 3, a curved channel with a triangular section is displayed. Similar behaviors are
exhibited by the two scenarios at 900 s. However, the emergence of the curved channel
leads to alterations in the water flow velocity after 1800 s, causing discrepancies between
the two figures. Over time, a shift and further movement away from its original location
are observed in the highest-density region in scenario 3. Additionally, the lateral dispersion
of oil spills is much more pronounced under the influence of curved channels than that
of straight channels. At the tip of the curved channel, the oil spill shape is transformed
into an ellipse as opposed to the triangular shape observed in the straight channel. These
findings are further corroborated by scenario 2, which demonstrates the significant impact
of curved channels on oil spills. In summary, the experimental results clearly indicate that
curved channels have a significant influence on the behavior of oil spills.

3.3. Simulation Results of a One-Time Oil Spill

In the event of a ship collision that would result in an oil spill in a river, it is important
to understand the dynamics of the oil slick as it moves with the current. To simulate this,
diagrams of oil spills with different channel shapes and cross-sections are presented.

The behavior of the oil spill caused by a collision in a straight channel with a triangular
cross-section in scenario 5 is illustrated in Figure 9. It can be inferred from the results that
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an overall high density was displayed by the oil spill, and a small area of lower density
was observed around it at 900 s. However, the experimental results were not significant. A
section with a lower density was observed at the front end of the oil spill because of the
faster flow rate in that region at 1800 s. Subsequently, a notable reduction in the density
was observed at 2700 s as the oil spill gradually spread over the entire channel. Finally, the
overall density of the oil spill decreased significantly, with the densities at the front and
rear ends being lower than those within the spill.
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Figure 9. One-time oil spills occurring in a straight channel with a triangular cross-section in scenario
5. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.

The behavior of the oil spill caused by a collision in the straight channel under the
trapezoidal shape in scenario 6 is depicted in Figure 10. The front-end position appeared
gentler compared with that of scenario 5, with a similar overall effect at 900 s. The internal
density of the oil spill was higher than the surrounding density, and the oil spill affected a
larger area than the oil spill under the triangular cross-section at 1800 s. The overall density
of the oil spill was lower than that of the triangular cross-section at 2700 s. Finally, the
front-end density was slightly higher than the back-end density, and the density at the
back-end of the oil spill was almost negligible.

The results of the oil spill from the collision in the curved channel with a triangular
cross-section in scenario 7 are shown in Figure 11. The results revealed that the highest
concentration of the oil spill was not at the forefront, but rather, some distance from it. The
trajectory of the oil spill from the collision in the channel is shown, and numerous particles
are still present, moving with the water flow. Particle build-up was detected at the bend
location at 2700 s. Owing to the effect of the bend flow velocity, several oil particles were
reassembled into one piece, with the deepest density emerging at the front at 3600 s. The
density gradually decreased towards the tail owing to the effect of water scouring.
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Figure 10. One-time oil spills occurring in a straight channel with a trapezoidal cross-section in scenario
6. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.
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Figure 11. One-time oil spills occurring in a curved channel with a triangular cross-section in scenario
7. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.
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The results of the oil spill from the collision in the curved channel with a trapezoidal
cross-section exhibited in scenario 8 are shown in Figure 12. The results observed in the
first 1800 s are similar to those in scenario 7. However, the number of oil particles at the
front end and bend locations was smaller and they were less extensive than those observed
in Figure 11 at 2700 s. The number of particles in the middle section was around 47 at 3600
s. Additionally, the front of the oil possessed more particles, which were more aggregated.
However, the impact range was smaller than that observed in scenario 7.
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Figure 12. One-time oil spills occurring in a curved channel with a trapezoidal cross-section in scenario
8. Sub-figures (a), (b), (c) and (d) represent the situation at 900, 1800, 2700 and 3600 s, respectively.

As can be seen in scenario 5, the oil spill occurred in a straight channel, whereas
the same accident was presented in a curved channel with a triangular cross-section in
scenario 7. A comparison of the two figures showed that the flow velocity near the curved
channel was faster at 900 s, which resulted in an overall density that was no longer uniform.
However, the density at the front end remained higher than that at the back end. The lateral
diffusion in the curved channel was more pronounced at 1800 s. Oil particles accumulated
owing to the flow of water in the curved channel, which led to an increasingly severe oil
spill impact when comparing the results at 2700 and 3600 s. These findings are further
supported by a comparison of scenario 6 and scenario 8.

The above results clearly demonstrate that oil particles moved in the direction of the
water flow through the action of the water flow. Notably, the influence of water flow was
more significant than that of oil particle diffusion. The distribution area of the oil particles
expanded, and the characteristics of the strip distribution are shown. When comparing the
plots under the flow fields of the two different river bottom cross-sections, the oil spill size
under the trapezoidal flow field was more significant than that under the triangular flow
field. However, the oil spill speed was slightly slower. In addition, the maximum densities
of the simulated and experimental flow fields varied, which can be attributed to the change
in flow velocity owing to the presence of the bend. Specifically, the flow velocity gradually
increased at the bend and decreased in the straight channel, which resulted in a change
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in the location of the maximum oil spill density. Moreover, the oil particles drifted and
aggregated over time due to the decreased flow rate.

4. Discussion

The Yangtze River is the largest river in China and the third largest river globally,
containing diverse habitats and ecosystems [38]. In addition, its economic status is critical
and it plays a strategic role in the development of China’s inland regions [39]. This
status has contributed to the rapid development of ports along the river’s shores, which
now constitute more than 40% of China’s gross domestic product (GDP) [40]. However,
the traditional economy-oriented development model has overlooked the importance of
environmental protection and resource efficiency owing to the rapid growth of the Yangtze
River Economic Zone [41]. This has led to an increase in oil spill pollution incidents [42],
which negatively impact marine life and the stability of cities along rivers [43,44]. Owing
to the increasingly stringent ecological and environmental protection regulations that have
been enacted [45], a method to properly simulate Yangtze River oil spills is urgently needed.
Therefore, accurate river models are essential for simulating oil spill dispersion and drift to
predict the size and location of oil spills in the Yangtze River.

Currently, most research on oil spills has focused on oceans and bays [46,47], whereas
this study focused on inland rivers that have previously received less attention. Li et al. [48]
found that data quality affects oil spill simulation, so the data on flow fields was improved
using interpolation in this study. Jiang et al. [49] studied only one type of oil spill accident,
whereas this study simulated two types of inland oil spill to better understand oil spills
through comparison. In addition, Bi and Si [50] conducted oil spill simulation but did not
compare the effects of flow fields with different channel shapes and cross-sections on oil
spills. This represents a lack of reference value for simulating oil spills at different locations
in the channel. Therefore, oil spills under flow fields with different channel shapes and
cross-sections in inland rivers were simulated to fill this gap.

The results of this study may assist in identifying instances of inland oil spill pollution.
Significant variations in the oil particles at the bend location were shown in the results
of the simulation experiment. The importance of establishing an accurate early warning
system for pollution caused by Yangtze River shipping is highlighted by this finding. This
system can be used for decision-making, such as developing oil spill plans, promoting
pollution prevention, and determining responsibility for managing pollution incidents. In
addition, oil spills under trapezoidal cross-sections can spread more widely. It is therefore
necessary to establish additional monitoring stations in the Yangtze River Basin so that oil
spills can be detected more quickly in the trapezoidal section. Maritime departments can
identify the sources of oil spills in inland rivers through a combination of this research and
GIS. This will accelerate the management and layout of emergency pollution events, as well
as assisting in determining responsibility for managing oil spill incidents. The visualized
oil spill simulation results can be used for environmental education, providing the public
with a greater understanding of the environmental consequences of oil spills and raising
public awareness of the importance of environmental protection.

This oil spill study still has some limitations. Specifically, it did not take into account
factors such as temperature variations, wind and other variations in oil. In addition, the oil
spill simulation could have been affected to a certain degree by discrepancies between the
flow field assumptions and the actual situation. Additionally, the diffusion coefficient of
the oil particle model was taken from the empirical value, which causes some uncertainty.

5. Conclusions

In this study, the flow field of the Yangtze River was established using a VOF multi-
phase flow model and an open-channel equation, and a two-dimensional oil spill dispersion
drift model was constructed by combining the oil particle models. Furthermore, two oil
spill accidents were simulated, and the results of the eight scenarios were compared. The
results suggested that striated characteristics were developed by the oil owing to water
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movement. In addition, oil spills on rivers with trapezoidal cross-sections were more
extensive than those with triangular cross-sections. The density of the oil particles varied
with flow time owing to the different flow rates at different locations, which resulted in
different levels of aggregation at each spot. The effect of a curved channel was critical
because it led to the diffusion of oil particles, which were more pronounced than in a
straight channel and became biased toward the side of the curve.

Future research should focus on a comprehensive analysis that incorporates wind-
and oil-type factors. In addition, combining GIS for real-time monitoring and creating
an Internet database would significantly enhance experimental accuracy. Moreover, oil
spills in the upper and lower reaches of the river should be considered to improve the
simulation accuracy.
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