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Abstract: As oil spills cause harm to the survival and environment of the ocean, the objective of the
present paper is to study the oil migration range using the key indicator kv, which is defined as
the ratio of oil spill speed to ocean current speed. The correctness of diffusion models created and
estimated for subsea oil spills can be verified by experiments. We also considered the effect of key
indicators on the horizontal and vertical dispersion ranges of oil spills. The study’s findings show
that, under various kv settings, the horizontal and vertical spreading heights of oil spills both increase
as kv rises. When kv is equal, the leakage velocity and water flow velocity increase synchronously,
and over time, the horizontal distance and vertical diffusion height of the oil spill gradually increase.
In the early stages of an oil spill, when kv = 50, 100, or 150, the vertical spreading velocity will
rapidly decrease. The vertical spreading speed of spilled oil increases as kv rises when the water flow
rate remains constant. The horizontal migration distance grows as kv decreases when the leakage
rate is constant. Fitting curves for the vertical rise height and horizontal spreading distance for the
same and various kv settings were also obtained in order to anticipate the migration mode of oil
spills. This is critical for dealing with environmental damage caused by maritime oil spills, as well as
emergency responses.

Keywords: oil spill; submarine pipeline; physical model experiment; fitting curve; a key indicator kv

1. Introduction

Problems such as the corrosion of submarine pipelines have occurred during the
production and transportation of oil and gas, resulting in frequent incidences of underwater
oil leaks. Whether it is locations with active oil production around the world or other
regions, knowledge of preventing oil leak incidents should be enhanced [1–4]. The bulk
of oil spills occur along coasts, sheltered bays, ports, or docks and are close to response
resources [5]. Oil spills have a detrimental influence not only on oil safety but also on the
survival and habitat of the ocean and related species [6–8]. If the leaked oil accumulates on
the sea surface, it will not only affect the operations of nearby vessels but also threaten the
safety of the oil platform. Once encountering an open flame, there may be secondary vicious
accidents such as fires or explosions. Many large-scale oil spills have occurred worldwide over
the past decades, causing tremendous ecological hazards and socioeconomic losses [9,10]. The
severity of the damage caused by an oil spill depends largely on the chemical context of the
oil, the area affected, and the success of remedial efforts [11,12]. Once an oil spill accident
occurs, it is necessary to make an active and rapid response to reduce the harm caused by
the spill [13–16]. As a result, it is very necessary to understand the transport state of oil
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droplets under water. Furthermore, laying oil containment booms, as a basic way to control
oil dispersal, also depends on the rising speed of oil spread and the trend of spreading.
Therefore, an exact prediction of the oil spill process and dispersal could provide useful
information for setting up an oil containment boom and reducing the damage of future
oil spills [17].

With the gradual expansion of underwater oil exploitation and the gradual increase in
underwater oil and gas transportation [18], studying the diffusion and drift processes of
underwater oil spills is of great significance for relevant departments to take emergency
measures and reduce the risk of accidents and the pollution [19–21]. In recent years, there
have been many oil spill accidents caused by large-scale blowouts, and many scholars
have conducted research on them [22,23]. Haibo Chen [24] has established a numerical
model for oil spills from blowouts that simulates the underwater transportation and fate
of oil spills in deep water. It is specifically used to simulate hypothetical oil spill events
that occur on the seabed of deep-water oil and gas fields in the South China Sea. P. M.
Paiva’s [25] research findings emphasized the importance of three-dimensional methods
for oil spill scenarios in deep and ultradeep water wells, especially when considering the
injection of dispersants into the leak source. Scholars from China and other countries have
performed extensive research on the elements that influence the spread of underwater oil
spills [26–28]. One of them, Yuan Sun [29], used simulation to determine the impact of
underwater oil spill density on the time it took for the oil to reach the sea surface. Using
the two-dimensional numerical simulation VOF model, Cao Xuewen [30] discovered that,
in the presence of a wave ocean current, the time it takes for the oil to rise to the water’s
surface grows as its density rises and that its height essentially varies linearly over time.
The corresponding time for oil leakage to reach the same horizontal distance increases as
oil density increases; Chen Jiayue [31] measures the scope of oil spill diffusion using the
measuring parameter Fr0 (density Froude constant). The driving force of a floating jet
involves both momentum and buoyancy, and the ratio of inertia force to buoyancy force,
represented by momentum, is critical to the jet movement. Additionally, the oil spill’s
diffusion range is impacted by the jet velocity near the leakage site. According to Cosan
Daskiran, the thickness of the shear layer at the orifice is the primary factor influencing
the size of droplets that separate from liquid jets. The size of the droplet increases with
the thickness of the shear layer at the nozzle. The increase in shear layer thickness and
instability in the jet direction cause the droplet size to grow [32]; To simulate how oil and
gas will behave in deep-sea well explosions, Yapa has created a 3D model. The model
incorporates jet/plume fluid mechanics, jet/plume thermodynamics, and the dynamics and
thermodynamics of hydrate formation [33]. According to a formula developed by Fanghui
Chen, a multiphase jet/plume model, the effect of gas separation from the primary plume
under cross-flow conditions is explained [34]. Mohammadmehdi Raznahan [21] explored
the behavior of oil in nearshore locations at various wave and current velocities and
developed a three-dimensional numerical model of transient three-phase flow. Johansen
and Yapa [35] performed an experimental investigation on the oil droplet size of the spilled
oil and discovered that the size of the oil droplet impacts the spilled oil. To explore the
distribution properties of oil droplet size before and after adding oil dispersant and varying
flow rates, oil and gas ratios, and the influence of the diffusion range, a cylindrical pool
with a diameter of 3 m and a height of 6 m was built in the SINTEF laboratory [36]. The
distribution of oil droplets and bubble particle size, according to Qi Junliang [37] and other
studies [38], impacts the rate of hydrate growth, the rate of dissolution, and the position
and timing of the oil and gas rising to the surface; Zang Xiaogang’s [39] simulated research
looked at how the oil spill aperture affected the oil’s underwater drift and diffusion. Yang
Yi [40] investigated the impact of varied leakage angles on the drift trajectory of oil spill
dispersion. Through tests and simulations, Xiang Ziyang [38] investigated the effects of
temperature and the position of the oil pipeline in the deep sea on the horizontal migration
distance and time of the oil leak. Research on the relationship between oil spill and seawater
speed has been carried out (seawater speed involves wave height, wavelength, etc.) by
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Chen Jiayue [31] and Gao Qingjun [41]. Gao Qingjun [41] studied the influence of wind
speed on the scope of oil spill by simulating underwater oil spill. Hong Ji [42] used tests and
numerical simulations to simulate the impacts of different oil leakage rates and different
ocean current speeds on the underwater oil spill, and then fitted the linear fitting curve.

The migration trajectory of the leaked oil is affected by each of the components in the
aforementioned studies to a different extent. However, the majority of them are single-
factor studies that do not account for the complexity of the factors impacting an undersea
oil spill. The diffusion range of an underwater oil spill is comprehensively affected by
ocean current speed and oil spill speed. This paper primarily considers the influence
of oil spill speed and water flow speed on the spread of an oil spill and an indicator kv
(the ratio of oil spill speed to ocean current speed); speed is a scalar quantity that only
considers size and does not involve directional issues. kv is the ratio of speeds and was
defined, and the law of oil spill diffusion under different kv was studied, which provided an
effective reference for guiding the treatment of underwater oil leakage accidents and marine
environmental pollution.

2. Simulation Method

In this paper, a two-dimensional numerical simulation of an underwater oil spill
was adopted, and the VOF multiphase flow method was selected to track the migration
process of an underwater oil spill. The VOF model is a numerical model used to simulate
multiphase flow in fluid mechanics simulation. It is widely used to study the interaction
and interface behavior between different phases such as liquid and gas, and liquid and solid.
The VOF model is based on the concept of a volume fraction, dividing the fluid domain
into regions of different phases. The volume occupied by each phase in the fluid domain is
represented by the corresponding volume fraction, which represents the proportion to the
total volume. The VOF model equation [43,44] is:

ρ = αρ + (1− α)ρ (1)

µ = αµwater + (1− α)µoil (2)

∂(ρu)
∂t

+∇ · (αu) = 0 (3)

∂
(

ρ
→
u
)

∂t
+∇ ·

(
ρ
→
u
→
u
)
= −∇ · p +∇ ·→τ + ρ

→
g +

→
f (4)

where p is the pressure,
→
g is the acceleration due to gravity,

→
τ is the stress tensor, and

→
f describes the forces interacting with phases such as surface tension.

The diffusion processes of underwater oil spills all follow the three laws of conserva-
tion of mass, conservation of momentum, and conservation of energy. The RANS equation
is used to describe the fluid flow, including the following mass conservation equation and
momentum conservation equation [21,45]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (5)

∂ui
∂t

+
∂uiuj

∂xj
= − ∂p

ρ∂xi
+ υ∇2ui −

∂x′i x
′
j

∂xj
+ gi (6)

Among them, ui and uj represent the instantaneous speed components in the i and j
directions, respectively, and xi represents the spatial coordinates in the i direction; gi is the
gravitational acceleration in the i direction; t represents time; p represents pressure; ρ and υ
represent density and kinematic viscosity.



Processes 2023, 11, 2332 4 of 22

The realizable k-ε turbulence model includes two equations of turbulent kinetic energy
and turbulent energy dissipation rate, as follows [45–48]:

ρ
∂k
∂t

+ ρui
∂k
∂xi

=
∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε (7)

ρ
∂ε

∂t
+ ρui

∂ε

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε− ρ (8)

Among them:

µt = ρCµ
k2

ε
Gk = −ρui

′uj
′ ∂uj

∂xj
Gb = −g

µt

Prt

∂ρ

ρ∂xi
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(

0.43,
η

η + 5

)
η = S

k
ε

S =
√

2Sij · Sij

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
, C1 = 1.44, C2 = 1.92, Cε = 1, Cµ = 0.09, Prt = 0.85, σk = 1, σε = 1.2

In these equations, Gk and Gb represent the average speed gradient and turbulent
energy k caused by buoyancy, respectively; k and ε represent the enthalpy per unit mass
and the turbulent energy dissipation rate, respectively; σk and σε are turbulent Prandtl
numbers; µ and µt denotes dynamic viscosity and turbulent viscosity, respectively. The
VOF method is a solution to the fluid volume fraction equation based on the mixed phase
momentum equation. In the process of underwater oil leakage, Fw and Fo represent the
fluid volume fraction in the water phase area and the oil phase area, respectively. The
physical meaning of the F function is the fraction of the liquid phase volume of a unit. The
liquid volume functions Fw and Fo are written as follows [49,50]:

Fw =
Vw

Vc
(9)

Fo =
Vo

Vc
(10)

Among them, Fw and Fo are volume functions of water and oil, respectively; Vc, Vw,
and Vo are the unit volume and volume of water and oil, respectively, and subscripts w and
o represent water and oil, respectively. The two-dimensional transport equation’s fractional
function is as follows:

∂Fw

∂t
+

∂uFw

∂x
+

∂vFw

∂y
= 0 (11)

∂Fo

∂t
+

∂uFo

∂x
+

∂vFo

∂y
= 0 (12)

The density and kinematic viscosity are as follows:

ρ = (1− FO)ρw + Fo + ρo (13)

ν = (1− FO)νw + Foνo (14)

3. Underwater Oil Leakage Experiment

The experiment on a maritime oil leak will have an impact on the ecosystem, and the
oil used in the experiment is challenging to recover. The actual undersea oil pipeline leak
experiment is also rather pricey. As a result, China and the vast majority of nations forbid
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experimentation with oil spills at sea. This study uses a water tank to simulate saltwater
for studies on underwater oil spills [51].

3.1. Experiment Preparation

The experiment was performed in a tank of water. The rectangular, parallelepiped
shape of the lab-specific water tank measures 2.4 m by 1.2 m by 0.6 m (length, width, and
height). The clear plexiglass water tank has an 18-mm glass wall thickness.

(1) Oil for experimentation. The oil used in the oil leakage experiment had a density of
0.915 g/mL and a viscosity of 56 mPa·s [42].

(2) An oil well pump. The pump utilized in the experiment has a rated power of 880 W, a
speed of 10,000–25,000 r/min, a minimum flow rate of 30 L/min, and a maximum
flow rate of 100 L/min.

(3) A high-speed camera.
(4) Other experimental tools and materials. The oil spill pipe is a PVC pipe with an inner

diameter of 30 mm and a wall thickness of 1.5 mm; the oil hose has an inner diameter
of 33 mm and an outer diameter of 40 mm; and the total capacity of the oil drum
is 45 L.

3.2. Experimental Method

Before flowing through the valve and the oil barrel, the oil spill pipeline is connected
to the oil pump via the water tank. During the experiment, we adjusted the different oil
pump gears to determine the different leakage speeds of the oil product, turned on the oil
pump, opened the leakage valve after the oil product started to flow at a constant speed,
and used a high-speed camera to record the oil spill process, as shown in Figures 1 and 2.
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3.3. Comparative Analysis of Experimental and Simulation Results

It is vital to compare the experimental results with the simulation results in order to
ensure the model is trustworthy. The simulation’s surroundings and discharge situation
are identical to those in the experiment. The rectangular area that a high-speed camera
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caught during the experiment is referred to as the leakage range. The water depth in the
experiment is 0.4 m, the leakage range’s total length is 2.4 m, and the water flow rate
is 0 m/s. The oil pump’s flow rate at various gear ratios was used to approximate the
experiment’s leakage pace. There are six gears in all, with the third gear having a 58 L per
minute pumping capability. With a 3 mm leaking hole diameter, the computed leakage
speed is 1.9693 m/s. The experiment’s fixed parameters are the leakage aperture and
leakage velocity. The three-dimensional physical model is reduced to two dimensions.
The leakage diameter is set to be the equivalent diameter of the circular hole, and the
overflow diameter is set at 3 mm. We set the simulation calculation area to 0.4 × 2.4 m
and placed the leakage port in the middle of the pipeline, 1.2 m away from the right
water tank wall. Figure 3 shows the simulated and experimental oil leak patterns for 2.6 s
and 3.4 s. The simulated and experimental oil spills have a similar general shape. In the
experiment, we placed a scale exactly above the leakage point to measure the height of the
oil spill at different times and compare the findings of the experiment and simulation. The
comparative results are shown in Figure 4, and the general trends of the simulated and
experimental data are essentially the same.
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Experiment and simulation findings almost always have differences, and the differ-
ences can never be zero. The experiment was conducted indoors, and the model was set to
normal atmospheric pressure, thus there may have been some differences. Pressure magni-
tude may have an effect on the diffusion of underwater pipeline leaks, such as the effects
on the vertical climbing height. Furthermore, there may be some differences in temperature
measurement equipment in the experimental setting and the actual temperature. The
water temperature measured at different times, as well as the seawater temperature in the
ocean, differ, and the temperature has an effect on the spreading condition. Comparatively
speaking, the difference in error between the experiment and the numerical simulation is
extremely minor and falls within acceptable bounds.

4. Simulation Method

The two-dimensional single-hole undersea oil spill calculation domain is 40 m × 30 m
(X × Y). Because of the overall simplicity of the computational model in this article, a
structured grid is chosen and the area around the leaking hole is encrypted to ensure
optimal time and storage space. Figure 5 depicts the grid division outcomes. There are
97,955 grids in the two-dimensional underwater single-hole oil spill model. The grid
quality of the two-dimensional single-hole undersea oil spill model is 0.89–1 after testing in
software, which passes the standards.
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The mesh size of the oil leaking component in this study is small, and the single
precision solver is difficult to solve, hence the double precision solver is used for this model.
When oil flows from the sea, the velocity and shape of the oil droplets change frequently.
Transient calculations are used to simulate and monitor changes in oil spills at any given
time. The PISO algorithm is an implicit operator segmentation approach based on the
pressure that is commonly used for proximity correction. The PISO algorithm is better
suitable for transient calculations than other algorithms, and a corrective step is inserted
during the iteration process to make the iteration converge faster.

The time step is set to 0.01 s, with a total of 1000 iterations to capture changes in oil
spill spreading within 10 s.

Figure 6 is a schematic illustration of the scope and boundary conditions of the
undersea oil spill calculation region. The calculating area is a two-dimensional rectangle
with a length of 40 m and a height of 30 m. The calculation area is full of water and
the water flows from left to right. We set the leakage hole at 0.05 m, 8 m away from the
water inlet.



Processes 2023, 11, 2332 8 of 22

Processes 2023, 11, x FOR PEER REVIEW 8 of 23 
 

 

Figure 6 is a schematic illustration of the scope and boundary conditions of the un-
dersea oil spill calculation region. The calculating area is a two-dimensional rectangle with 
a length of 40 m and a height of 30 m. The calculation area is full of water and the water 
flows from left to right. We set the leakage hole at 0.05 m, 8 m away from the water inlet. 

 
Figure 6. Schematic diagram of the calculation area for the diffusion and drift of crude oil leakage 
in the ocean current wave environment. 

The calculating area’s water depth is shallow, and the stratification of seawater den-
sity is not taken into account. The density of seawater is set at 998.2 kg/m3, the density of 
crude oil is set at 830 kg/m3, and the viscosities of seawater and petroleum are set at 1 × 
10−3 and 5 × 10−2 Pa·s, respectively. 

In the coupling method of unsteady speed and pressure, the PISO algorithm is 
adopted [52,53], and the implicit volumetric force option is enabled to partially balance 
the pressure gradient and volumetric force of the momentum equation, so as to improve 
the stability of the oil diffusion and drift model in the gravitational field, and to carry out 
coupling calculations between the leakage port and the environmental flow field. 

This paper considers the influence of different ocean current speeds and water cur-
rent speed ratios on leakage oil diffusion and drift behavior. Table 1 lists the correspond-
ing calculation conditions (kv = leakage speed/ocean current speed). 

Table 1. Pipeline leakage speed, water flow speed, and kv under different working conditions. 

            Water Speed 
Leakage Rate 0.2 m/s 0.4 m/s 0.6 m/s 0.8 m/s 1.0 m/s kv 

Case 1~5 10 m/s 20 m/s 30 m/s 40 m/s 50 m/s 50 
Case 6~10 20 m/s 40 m/s 60 m/s 80 m/s 100 m/s 100 

Case 11~15 30 m/s 60 m/s 90 m/s 120 m/s 150 m/s 150 
Case 16~20 40 m/s 80 m/s 120 m/s 160 m/s 200 m/s 200 
Case 21~25 50 m/s 100 m/s 150 m/s 200 m/s 250 m/s 250 

5. Numerical Results and Discussion 
5.1. The Impact of Ocean Currents on the Spread of Oil Spills 

Different ocean current speeds’ working environments are compared. Figure 7 de-
picts the 7 s process of oil spreading from the leak to the water’s surface under various 
working conditions (case 16: Ocean current speed is 0.2 m/s; case 26: Ocean current speed 
is 0.4 m/s; case 27: Ocean current speed is 0.8 m/s; the leakage speed of three working 
conditions is 40 m/s). 

Figure 6. Schematic diagram of the calculation area for the diffusion and drift of crude oil leakage in
the ocean current wave environment.

The calculating area’s water depth is shallow, and the stratification of seawater density
is not taken into account. The density of seawater is set at 998.2 kg/m3, the density of crude
oil is set at 830 kg/m3, and the viscosities of seawater and petroleum are set at 1 × 10−3

and 5 × 10−2 Pa·s, respectively.
In the coupling method of unsteady speed and pressure, the PISO algorithm is

adopted [52,53], and the implicit volumetric force option is enabled to partially balance
the pressure gradient and volumetric force of the momentum equation, so as to improve
the stability of the oil diffusion and drift model in the gravitational field, and to carry out
coupling calculations between the leakage port and the environmental flow field.

This paper considers the influence of different ocean current speeds and water current
speed ratios on leakage oil diffusion and drift behavior. Table 1 lists the corresponding
calculation conditions (kv = leakage speed/ocean current speed).

Table 1. Pipeline leakage speed, water flow speed, and kv under different working conditions.

Leakage Rate

Water Speed
0.2 m/s 0.4 m/s 0.6 m/s 0.8 m/s 1.0 m/s kv

Case 1~5 10 m/s 20 m/s 30 m/s 40 m/s 50 m/s 50
Case 6~10 20 m/s 40 m/s 60 m/s 80 m/s 100 m/s 100

Case 11~15 30 m/s 60 m/s 90 m/s 120 m/s 150 m/s 150
Case 16~20 40 m/s 80 m/s 120 m/s 160 m/s 200 m/s 200
Case 21~25 50 m/s 100 m/s 150 m/s 200 m/s 250 m/s 250

5. Numerical Results and Discussion
5.1. The Impact of Ocean Currents on the Spread of Oil Spills

Different ocean current speeds’ working environments are compared. Figure 7 depicts
the 7 s process of oil spreading from the leak to the water’s surface under various working
conditions (case 16: Ocean current speed is 0.2 m/s; case 26: Ocean current speed is 0.4 m/s;
case 27: Ocean current speed is 0.8 m/s; the leakage speed of three working conditions
is 40 m/s).
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Under the three working conditions, the maximum height of the oil leak can reach
19.53 m, 15.51 m, and 16.88 m in 7 s, respectively. The simulation figure at 1 s shows that
there will be a process of vertical rise at the start of the oil spill and leaking. This is due to
the fact that at the start of an oil leak, the leakage speed is dominating, causing the leakage
to produce a vertical columnar oil flow. The oil column tilts to the right as the oil droplets
reach a specific height, displaying a huge number of dispersed oil droplets. The height
of the initial rise in oil for the ocean environment is almost the same due to the influence
of inertia force on the leak mouth crude oil being greater than that of shear force, gravity,
buoyancy, and inertia force. The current shear effect started to appear as the height of the
oil spill rose progressively. With time, the slope of the corresponding spreading height
curve declines and the oil droplets diffuse downstream as a group, taking longer to reach
the water’s surface. Additionally, the leaking oil starts to tilt downward and gradually
diffuses downward. The oil spill, which has an ocean current speed of 0.8 m/s, accumulates
downward on the sea floor, as seen in the simulation figure at 7 s.

Figures 8 and 9 show, respectively, how oil products drift when subjected to the
influence of the action of different ocean currents. When the ocean current speed increases,
the rising height of oil spills will gradually decrease, and the rate of rising height will not
remain unchanged all the time. The rate will decrease over a period of time. The horizontal
drift distance of the oil spill shows an increasing trend, and the increase in the ocean current
speed will make the pollution range of the oil spill larger.
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Figure 8. Changes in oil spill rising height under different ocean current speeds.
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Figure 9. Changes in oil spill horizontal migration distance under different ocean current speeds.

5.2. The Impact of Oil Spill Rate on Oil Spill Spread

When comparing the oil spill patterns of different leakage speeds (case 1: Leakage
speed 10 m/s; case 11: Leakage speed 30 m/s; case 21: Leakage speed 50 m/s; three
working conditions ocean current speed are all 0.2 m/s), Figure 10 illustrates the change
in the spread of the oil spill within 7 s. When the leaking time is 1 s, the height of the
vertically ascending oil column progressively grows as the leakage speed increases. This is
because the first oil spill speed prevails, and the initial kinetic energy causes the oil to climb
vertically. As the length of the oil leak expands, the oil spill is impacted by ocean currents
and begins to tilt to the right. At 7 s, the number of oil droplets spread by the oil leak
grew, as did the area of oil spill pollution, the oil spill speed, and the oil droplet spreading
range. Figure 11 is the curve of the rising height of oil at different leakage speeds with
time. The maximum heights reached by the oil spilled within 7 s are 5.99 m, 15.68 m, and
20.92 m, respectively. Under the conditions of the same ocean currents, the rising height of
the leaked oil varies with the leakage speed. As the leakage speed increases, the slope of
the curve also increases. When the leaking speed is constant, the slope of the spread height
curve tends to go down as the rising height rises gradually, especially when the oil spill
spreads to the water’s surface. Figure 12 shows the variation of the horizontal spreading
distance of crude oil with different leakage rates over time. It can be seen from Figure 12
that the greater the leakage speed, the faster the spread of spilled oil when it reaches the
water surface, the wider the range of spreading levels, and the more serious the pollution
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to the marine environment. When the spilled oil spreads over a certain period of time, the
horizontal spreading speed will decrease.

Processes 2023, 11, x FOR PEER REVIEW 11 of 23 
 

 

water surface, the wider the range of spreading levels, and the more serious the pollution 
to the marine environment. When the spilled oil spreads over a certain period of time, the 
horizontal spreading speed will decrease. 

 
Figure 10. The migration patterns of underwater oil spills at different leakage rates. 

 
Figure 11. Changes in oil spill rising height under different leakage rates. 

Figure 10. The migration patterns of underwater oil spills at different leakage rates.

Processes 2023, 11, x FOR PEER REVIEW 11 of 23 
 

 

water surface, the wider the range of spreading levels, and the more serious the pollution 
to the marine environment. When the spilled oil spreads over a certain period of time, the 
horizontal spreading speed will decrease. 

 
Figure 10. The migration patterns of underwater oil spills at different leakage rates. 

 
Figure 11. Changes in oil spill rising height under different leakage rates. Figure 11. Changes in oil spill rising height under different leakage rates.



Processes 2023, 11, 2332 12 of 22Processes 2023, 11, x FOR PEER REVIEW 12 of 23 
 

 

 
Figure 12. Changes in oil spill horizontal migration distance under different leakage rates. 

5.3. The Influence of Different kv on the Spread of Oil Spill 
Numerical simulations were run under settings in which the leakage velocity to 

ocean current velocity kv ratio was 50, 100, 150, 200, and 250, respectively. Table 2 shows 
the matching leakage velocity and ocean current velocity for various kv. Figures 13 and 14 
depicts a cloud diagram showing oil spill diffusion and migration. 

Analysis of multiple oil spill velocities based on the same water flow velocity. The 
faster the oil flow, the greater the vertical spreading height, and the less oil spill accumu-
lates on the right side. When the leakage speed is the same and the current speed is dif-
ferent, the higher the current speed, the more oil spills accumulate on the right side. That 
is, when the water flow velocity remains constant as kv increases, so does the vertical 
spreading velocity of the oil spill. As shown in Figure 15, When the leakage rate is con-
stant, as kv lowers, the horizontal spreading distance increases. It can be seen that the ac-
cumulation of oil spills to the right is controlled by the combined effect of oil spill speed 
and ocean current speed. The spreading range increases with the increase in leakage in-
tensity, and the greater the degree of leakage, the larger the spreading range. The petro-
leum product with kv = 50 diffuses in the form of an oil column for 1 s during an oil spill. 
Within one second, the oil with kv = 250 generated dispersed oil droplets. After a 7-s oil 
release, oil spreading with kv = 250 virtually fills the entire simulated region. As seen in 
Figure 16, the leakage Vertical diffusion height corresponding to kv = 250 tends to stabilise 
as time passes. 

Figure 17 shows the trend of the horizontal average speed of oil spill diffusion. It can 
be seen that after 6 s, the slope of the line graph of the average migration speed of oil 
products tends to be the same, that is, the actual acceleration of oil product horizontal 
spreading is almost the same. When the time is long enough, the change in kv has little 
effect on the acceleration of oil spill diffusion. 

As shown in Figure 18, with an increase in kv, the vertical spreading speed of spilled 
oil gradually increases, but when kv is the same, the vertical migration speed gradually 
decreases with the increase in time. When the migration time exceeds 2 s, the vertical mi-
gration speed curves corresponding to different kv have nearly the same trend and almost 
the same slope, and the acceleration of oil vertical migration is also nearly the same. When 
kv = 50 and kv = 100, the vertical spreading speed of the oil spill has been in a steady down-
ward trend within 6 s, and there is an increasing trend after 6 s; when kv = 150, kv = 200, 
and kv = 250, the vertical spreading speed of the oil spill decreased greatly in 1–2 s, and 
the vertical speed of 2–3 s increased to a certain extent, and the speed of 3–4 s began to 
decline, and then increased for a period of time after the decline. Different kv values cor-
respond to the oil spill at 6–7 s, and after that, the time speed change gradient is relatively 
similar, achieving a relatively stable condition. The bigger the kv, the greater the reduction 

Figure 12. Changes in oil spill horizontal migration distance under different leakage rates.

5.3. The Influence of Different kv on the Spread of Oil Spill

Numerical simulations were run under settings in which the leakage velocity to ocean
current velocity kv ratio was 50, 100, 150, 200, and 250, respectively. Table 2 shows the
matching leakage velocity and ocean current velocity for various kv. Figures 13 and 14
depicts a cloud diagram showing oil spill diffusion and migration.

Processes 2023, 11, x FOR PEER REVIEW 13 of 23 
 

 

in vertical spreading speed of the oil spill in 1–2 s; the smaller the kv, the slowest the ver-
tical speed change. 

The maximum height that can be attained when oil spills of 7 s of varying kv are 
simulated to generate Figure 19, adjustment coefficient R2, and fitting curve formula is as 
follows: 

23.274 0.17 3.491y x x= + −  (15)

With the increase in kv, the maximum height of oil spill spreading keeps rising, but 
the extent of the rise gradually decreases, and the rising curve gradually flattens out. 

Figure 20 shows the furthest distance of horizontal migration of an oil spill within 7 
s under different kv. With the gradual increase in kv, the furthest distance of horizontal 
spreading of an oil spill does not always increase. When kv =200, the furthest distance of 
horizontal spreading of an oil spill is 30.06 m. The simulated data were fitted, and the 
adjustment coefficient R2 was 0.979. The fitting formula was as follows: 

22.776 0.243 5.697y x x= + −  (16)

According to the above fitting equation, with the increase in kv, the maximum hori-
zontal spreading distance of the oil spill does not always increase but reaches the maxi-
mum when kv is 200. After that, with the increase in kv, the horizontal spreading distance 
of the oil spill gradually decreases. 

 
Figure 13. Ocean current velocity of 0.6 m/s, leakage speed of 30 m/s, kv = 50, oil spill spreading. 

  

Figure 13. Ocean current velocity of 0.6 m/s, leakage speed of 30 m/s, kv = 50, oil spill spreading.



Processes 2023, 11, 2332 13 of 22

Processes 2023, 11, x FOR PEER REVIEW 14 of 23 
 

 

Table 2. Corresponding leakage velocity and ocean current velocity values at different kv. 

            Water Speed 
Leakage Rate 

0.6 0.8 m/s 0.8 m/s 1 m/s 0.8 m/s 

kv 
30 m/s 80 m/s 120 m/s 200 m/s 200 m/s 

50 100 150 200 250 

 
Figure 14. Ocean current velocity of 0.8 m/s, leakage speed of 200 m/s, kv = 250, oil spill spreading. 

 
Figure 15. The horizontal distance of underwater oil spill spreading with different kv. 
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Table 2. Corresponding leakage velocity and ocean current velocity values at different kv.

Leakage Rate

Water Speed
0.6 0.8 m/s 0.8 m/s 1 m/s 0.8 m/s

kv
30 m/s 80 m/s 120 m/s 200 m/s 200 m/s

50 100 150 200 250

Analysis of multiple oil spill velocities based on the same water flow velocity. The
faster the oil flow, the greater the vertical spreading height, and the less oil spill accumulates
on the right side. When the leakage speed is the same and the current speed is different,
the higher the current speed, the more oil spills accumulate on the right side. That is, when
the water flow velocity remains constant as kv increases, so does the vertical spreading
velocity of the oil spill. As shown in Figure 15, When the leakage rate is constant, as kv
lowers, the horizontal spreading distance increases. It can be seen that the accumulation
of oil spills to the right is controlled by the combined effect of oil spill speed and ocean
current speed. The spreading range increases with the increase in leakage intensity, and the
greater the degree of leakage, the larger the spreading range. The petroleum product with
kv = 50 diffuses in the form of an oil column for 1 s during an oil spill. Within one second,
the oil with kv = 250 generated dispersed oil droplets. After a 7-s oil release, oil spreading
with kv = 250 virtually fills the entire simulated region. As seen in Figure 16, the leakage
Vertical diffusion height corresponding to kv = 250 tends to stabilise as time passes.
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Figure 17 shows the trend of the horizontal average speed of oil spill diffusion. It
can be seen that after 6 s, the slope of the line graph of the average migration speed of
oil products tends to be the same, that is, the actual acceleration of oil product horizontal
spreading is almost the same. When the time is long enough, the change in kv has little
effect on the acceleration of oil spill diffusion.
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As shown in Figure 18, with an increase in kv, the vertical spreading speed of spilled
oil gradually increases, but when kv is the same, the vertical migration speed gradually
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decreases with the increase in time. When the migration time exceeds 2 s, the vertical
migration speed curves corresponding to different kv have nearly the same trend and
almost the same slope, and the acceleration of oil vertical migration is also nearly the same.
When kv = 50 and kv = 100, the vertical spreading speed of the oil spill has been in a steady
downward trend within 6 s, and there is an increasing trend after 6 s; when kv = 150,
kv = 200, and kv = 250, the vertical spreading speed of the oil spill decreased greatly in
1–2 s, and the vertical speed of 2–3 s increased to a certain extent, and the speed of 3–4 s
began to decline, and then increased for a period of time after the decline. Different kv
values correspond to the oil spill at 6–7 s, and after that, the time speed change gradient is
relatively similar, achieving a relatively stable condition. The bigger the kv, the greater the
reduction in vertical spreading speed of the oil spill in 1–2 s; the smaller the kv, the slowest
the vertical speed change.

Processes 2023, 11, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 16. The height of underwater oil spill spreading with different kv. 

 
Figure 17. Horizontal migration speed of underwater oil spills with different kv. 

 
Figure 18. Vertical spreading speed of underwater oil spills with different kv. Figure 18. Vertical spreading speed of underwater oil spills with different kv.

The maximum height that can be attained when oil spills of 7 s of varying kv are
simulated to generate Figure 19, adjustment coefficient R2, and fitting curve formula is
as follows:

y = 3.274 + 0.17x− 3.491x2 (15)
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0.856 0.576y x= +  (17)

Figure 19. Fitting curve of the maximum height h that an oil spill can reach at various kv within 7 s.

With the increase in kv, the maximum height of oil spill spreading keeps rising, but
the extent of the rise gradually decreases, and the rising curve gradually flattens out.

Figure 20 shows the furthest distance of horizontal migration of an oil spill within
7 s under different kv. With the gradual increase in kv, the furthest distance of horizontal
spreading of an oil spill does not always increase. When kv =200, the furthest distance
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of horizontal spreading of an oil spill is 30.06 m. The simulated data were fitted, and the
adjustment coefficient R2 was 0.979. The fitting formula was as follows:

y = 2.776 + 0.243x− 5.697x2 (16)
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According to the above fitting equation, with the increase in kv, the maximum horizon-
tal spreading distance of the oil spill does not always increase but reaches the maximum
when kv is 200. After that, with the increase in kv, the horizontal spreading distance of the
oil spill gradually decreases.

5.4. The Impact of the Same kv on the Spread of Oil Spills

When kv is constant, as shown in Figures 13 and 21, when the oil spill is at 0.05 s, with
the increase in leakage speed and water flow speed, the entrainment vortex formed by the
oil spill becomes larger and more obvious. In the case of leakage at 1 s, the vertical height
of the oil spill gradually increases with the increase in both the leakage speed and the water
flow speed. When kv is the same, the ocean current speed and the oil spill speed increase
proportionally, and the spilled oil migration pattern is equivalent to the migration pattern
that just alters the ocean current speed. However, as the oil spill speed increased, the spill
tilted to the right and washed away sooner. At 7 s, when kv is the same, the height of the
oil spill spreading with higher oil leakage speed and ocean current speed is smaller, but the
distance of horizontal spreading to the right is longer.

The horizontal migration distance of oil spills under different working conditions is
shown in Figure 22. Under the same kv, the horizontal migration distance of an oil spill
increases with the proportional increase in oil spill speed and ocean current speed. This is
due to the fact that the initial speed of the oil spill and the speed of the ocean current are
both high, and as the time of action on the oil spill rises, so does the horizontal spreading
distance. When the oil spill speeds are 10 m/s, 30 m/s, and 50 m/s, respectively, under
three working conditions and the ocean current speeds are 0.2 m/s, 0.6 m/s, and 1.0 m/s,
respectively, the simulated data are fitted, and the adjustment coefficient R2 is 0.942, 0.884,
and 0.925, respectively. The fitting formula obtained is as follows:

y = 0.856x + 0.576 (17)

y = 1.956x + 2.087 (18)

y = 2.437x + 2.455 (19)
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According to the above fitting equation, it can be seen that the slope of the fitting curve
of the horizontal spreading distance and time of the oil spill gradually increases when kv is
the same. The slope is the horizontal migration speed, which is 0.856 m/s, 1.956 m/s, and
2.437 m/s, respectively.

Figure 23 shows the vertical spreading distance of an oil spill under different working
conditions. When kv is the same, the vertical spreading distance of an oil spill increases
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with the increase in oil spill speed and ocean current speed in the same proportion, showing
the same law as the horizontal migration distance. When the oil spill speed is 40 m/s,
120 m/s, and 200 m/s, respectively, and the ocean current speed is 0.2 m/s, 0.6 m/s, and
1.0 m /s, respectively, the simulated data are fitted, and the adjustment coefficient R2 is
0.909, 0.908, and 0.219, respectively. The fitting formula is as follows:

y = 2.328x + 3.898 (20)

y = 3.671x + 5.647 (21)

y = 3.792x + 9.507 (22)
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According to the above fitting equation, it can be seen that when kv is the same, the
slope of the fitting curve between the vertical spreading height of the oil spill and time
gradually increases. The slope represents the vertical spreading speed, which is 2.328 m/s,
3.671 m/s, and 3.792 m/s, respectively.

Since the R2 values of the above fitting are all less than 0.9, it indicates that the one-time
fitting curve has a poor degree of fitting to the observed value. The fitting curve is modified
to a cubic function to fit the observed value. The results are as follows:

Figure 24 shows the fitting curve of the oil spill rising height when kv is the same.
The adjustment coefficient R2 is 0.991, 0.977, and 0.995, respectively. The fitting formula is
as follows:

y = 0.545 + 7.905x− 1.692x2 + 0.137x3 (23)

y = 0.828 + 10.965x− 2.045x2 + 0.153x3 (24)

y = 0.106 + 16.139x− 2.982x2 + 0.187x3 (25)

Figure 25 shows the fitting curve of the oil spill horizontal spreading distance when
kv is the same. The adjustment coefficient R2 is 0.965, 0.971, and 0.984, respectively. The
fitting formula is as follows:

y = 0.099 + 1.934x− 0.393x2 + 0.036x3 (26)
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y = 0.147 + 3.948x− 0.078x2 + 0.022x3 (27)

y = 0.338 + 7.601x− 1.686x2 + 0.145x3 (28)
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Figure 25. Cubic fitting curve of horizontal spreading distance of oil spill under the same kv

(d: Horizontal drift distance of oil spill; d1: Leakage rate 10 m/s water flow rate 0.2 m/s; d2: Leakage
rate 30 m/s water flow rate 0.6 m/s; d3: Leakage rate 50 m/s water flow rate 1 m/s).

6. Conclusions

This article provides fitting curves for the actual oil spill migration velocity under
different kv values, which can be used to better understand the trend of oil spills. kv
is the ratio of leakage velocity to ocean current velocity. The oil spill spreading under
different ocean current speeds, leakage speed, and the proportion of leakage speed to ocean
current speed are studied. The analysis of the oil spill spreading law is performed last. The
following findings have been reached based on the results of our numerical simulation
and experiments:
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(1) A numerical simulation was used to model the process of oil seeping from the oil spill
hole. The simulation area was 30 m high, and the calculation time was 7 s. When the
water flow rate is constant, the vertical spreading velocity of an oil spill increases as
kv increases. When the leakage rate is constant, the horizontal spreading distance
climbs as kv decreases. The greatest oil spill spreading height does, however, decrease
as the water flow speed increases; the maximum oil spill spreading height at 0.2 m/s
is 19.53 m.

(2) The maximum height of the oil spill can be 20.92 m for an oil spill with a speed of
50 m/s. As the speed of the leakage grows, so do the height and horizontal distance
of the oil spill; the greater the speed of the oil spill, the higher the maximum height
of the oil spill will be. With an increase in leakage speed, the slope of the line graph
representing the height of the oil spill rises.

(3) When kv is different, an oil spill’s horizontal spreading distance and vertical spreading
height grow as kv rises. The vertical spreading speed of an oil spill rapidly reduces at
the start of the spill when kv = 50, 100, or 150. When the water flow rate is constant, the
vertical spreading velocity of an oil spill increases as kv increases. Under conditions
of a constant leakage rate, the horizontal spreading distance increases as kv decreases.

(4) In the process of underwater oil spill transport, the ratio of oil spill speed to ocean
current speed, kv, is fitted to the highest height that the oil spill can reach within
a certain period of time, and the fitting curve is y = 3.274 + 0.17x − 3.491x2; the
maximum distance of horizontal migration of oil spill within a certain period of time,
and the fitting curve is y = 2.776 + 0.243x − 5.697x2.

(5) When kv is the same, the leakage speed and flow speed increase simultaneously, but
the migration pattern of an oil spill is similar to that of only a changing flow speed. At
7 s, when kv is the same, the height of the oil spill spreading with higher oil leakage
speed and ocean current speed is smaller, but the distance of horizontal spreading to
the right is longer.

(6) Kv is a research indicator used to study diffusion patterns following oil spills. When an
oil spill accident occurs on the sea surface, the movement trajectory and destination of
the oil spill can be judged in advance, which can respond in time, and the oil pollution
can be effectively cleaned up in the first place according to the emergency plan to
control the spread of marine pollution. By simulating the diffusion law of the oil
spill, some targeted measures can be taken to prevent the oil leakage accident on the
submarine pipeline, which plays a very important role in environmental protection.
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