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Abstract: An oil spill accident will cause serious harm to marine ecology and the environment. Rapid
response and effective prevention methods are required to minimize the damage of oil spill accidents.
The critical problems that marine emergency rescue teams face are when the spilled oil reaches the
sea surface, the extent of the spilled oil, and how far they are from the drilling platform. However,
there is no reliable model to predict the diffusion distance of spilled oil. Accurately predicting the
diffusion characteristics of underwater spilled oil can provide timely and accurate information for
the treatment of oil spill accidents and guide the correct implementation of emergency treatment.
In this paper, the computational fluid dynamics (CFD) method was used to establish a two-phase
flow model for the diffusion of a submarine oil spill. The volume-of-fluid (VOF) technique was
implemented to track the interface between oil–water phases. The effects of different parameters on
leakage and diffusion characteristics were investigated by adjusting spilled oil velocity, ocean current
velocity, crude oil density, and crude oil viscosity. The logarithmic velocity profile was adopted for
ocean currents to conform to the actual flow near the sea surface. A user-defined function (UDF) was
developed and applied for CFD modeling. The focus was on analyzing the diffusion range (rising
height Hp and lateral migration distance Wp) from full-field data. The results indicate that the oil
spill velocity, ocean current velocity, crude oil density, and crude oil viscosity impact the viscous
shear force, the oil spill’s inertia force, and the current shear effect. The formula for calculating the
lateral migration distance of spilled oil under different working conditions was obtained by fitting.
The results of this study can provide a scientific basis for formulating an emergency treatment plan
for offshore oil spill accidents and minimizing the harm to marine ecology and the environment.

Keywords: drilling platform; underwater oil spill; polluted water; leakage and diffusion; VOF;
remediation strategies

1. Introduction

The exploration and extraction of offshore oil and gas resources have become essential
to solving the shortage of limited onshore oil resources globally [1,2]. However, large-scale
offshore oil and gas exploration and extraction will inevitably bring the risk of crude oil
leakage [3,4]. Many severe underwater oil spill accidents have occurred worldwide in the
past decades. For example, the Deepwater Horizon accident in the Gulf of Mexico in 2010
was the most severe offshore oil spill on record. The spill lasted three months, resulting in
a large amount of crude oil leaking at sea [5–7].

The spread of oil spills at sea will cause serious harm to the marine ecological envi-
ronment. Rapid response and effective prevention methods are required to minimize the
damage of oil spill accidents [8]. The critical problems that marine emergency rescue teams
face are when the spilled oil reaches the sea surface, the extent of the spilled oil, and how
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far they are from the drilling platform. Therefore, it is of great significance to predict the
underwater diffusion characteristics of spilled oil and its migration distance under the
action of ocean current for the emergency response of oil spill treatment [9,10].

For underwater oil spills, the oil phase gradually disperses in the process of rising
to the water surface under the action of buoyancy, partially dissolves in seawater, and is
biodegradable, partially deposited on the seabed and partially surfaced. Underwater oil
spills are generally divided into two stages: the diffusion and migration process in seawater
and the floating process after oil spills reach the sea surface [11]. Suppose the location
of the spilled oil can be deduced according to the marine and meteorological conditions
after the spilled oil on the sea surface is discovered. In that case, emergency remedial
measures can be taken to plug the leak point in time. After the oil comes out of the water, it
can be disposed of by means of emergency recovery, adsorption, combustion, etc. Some
of the escaped pollutants migrate with the seawater, and further through volatilization,
dissolution, sedimentation, biodegradation, etc. If we can predict the location of the spilled
oil before it reaches the sea surface, and then deal with the oil spill at the beginning of its
diffusion and drift, this will not only reduce the workload but also reduce the pollution of
the marine environment.

As the field test of underwater crude oil leakage and diffusion is difficult, it is almost
impossible to capture the entire spilled oil diffusion trajectory through experimental re-
search. With the progress of science and technology, using numerical simulation instead of
field tests has attracted the attention of researchers [4,12–14]. Many scholars are committed
to the numerical simulation of offshore oil spills to achieve more accurate prediction after
oil spills and provide a technical basis for the timely handling of accidents and the impact
assessment of accidents.

However, the underwater environment is complex, and various factors will change the
leakage and diffusion behavior of spilled oil. In this study, we use the computational fluid
dynamics (CFD) method to establish a two-dimensional numerical model of the underwater
oil spill. The volume-of-fluid (VOF) method was introduced to track the interface between
oil–seawater phases. The simulated results were in agreement with the experimental results
of Zhu et al. [15]. The effects of different parameters on leakage and diffusion characteristics
were investigated by adjusting spilled oil velocity, ocean current velocity, crude oil density,
and crude oil viscosity. The results of this study can provide helpful information for taking
emergency response measures to reduce the impact of crude oil spillage.

2. Computational Methodologies
2.1. Governing Equations

Spilled oil and seawater are considered incompressible fluids, and it is assumed
that there is no phase transition and slip at the oil–water interface. The volume-of-fluid
(VOF) multiphase model is implemented to simulate the diffusion of underwater oil
spill [16,17]. The interface tracking between the phases is accomplished by solving the
continuity equation for the volume fraction of oil–water in two phases. The VOF method
has been continuously improved and widely used for decades since it was proposed. It
can naturally keep the mass of the fluid in balance. It can efficiently deal with the large
deformation of the free surface and the change of the topology of the free surface. For
calculating the fluid volume in a cell, it is only necessary to calculate the fluid volume in
the cell adjacent to the cell. Based on this definition, the continuity equations for the oil and
water phases can be written as follows.

∂αq

∂t
+∇ · (αq

→
u ) = 0 (1)
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where
→
u is the velocity vector of the fluid, α is the volume fraction of phase q, and the

volume fraction of each phase is calculated based on the following formula:

n

∑
q=1

αq = 1 (2)

The momentum equation is calculated by using a single-velocity field
→
u acting on a

mixed fluid with a density of ρ = αq · ρq + αp · ρp and a viscosity of µ = αq · µq + αp · µp.
The momentum equation can be written as follows.

∂

∂t
(ρ
→
u ) +∇ · (ρ→u→u ) = −∇p +∇ · τ + ρ ·→g +

→
F (3)

In which, p is the pressure,
→
g is the gravity acceleration, τ is the stress tensor, and

→
F

describes the interaction forces acting on phases such as surface tension.
The realizable k-ε turbulence model is used to solve the velocity fluctuation caused

by turbulence. Due to the excellent compromise between numerical requirements and
stability, the realizable k-ε turbulence model has been widely used in industry in recent
decades [18–20]. In the realizable k-ε model, the turbulent kinetic energy (TKE) k and its
dissipation rate ε are described by the following two balance equations.

∂(ρk)
∂t

+
∂(ρkuj)

∂xj
=

∂

∂xj

[
(µ +

µt

σk
)

∂k
∂xj

]
+ Gk − ρε (4)

∂(ρε)

∂t
+

∂(ρεuj)

∂xj
=

∂

∂xj

[
(µ +

µt

σε
)

∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√

µ
ρ ε

(5)

where σk and σε are turbulent Prandtl numbers of k (TKE) and ε (dissipation rate), tGk is
the generation of TKE due to the average velocity gradient, described by:

Gk = µtS2 (6)

In which, µt is the turbulent dynamic viscosity, which are defined by:

µt = ρCµ
k2

ε
(7)

S is the modulus of the mean rate of strain tensor, described by:

S =
√

2SijSij (8)

Sij =
1
2

(
∂ui

∂xj
+

∂uj

∂xi

)
(9)

The coefficients appearing in the above equations are as follows: C1 = max
[
0.43, η

η+5

]
,

η = S k
ε , σk = 1.0, σε = 1.2, C2 = 1.9.

2.2. Geometric Model and Boundary Conditions

Under the action of ocean currents, the leaked crude oil from the wellhead will
migrate and diffuse downstream. A two-dimensional numerical simulation method is used
to capture the migration behavior and diffusion process of the spilled oil. The selected
two-dimensional geometric calculation domain is a section parallel to the current direction.
At the bottom of the calculation area is a crude oil leakage wellhead located on the seabed
and perpendicular to the calculation area, and it leaks crude oil into the sea at a certain
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speed. The density of seawater increases unevenly with the increase of depth, but in this
paper, it is assumed that the density of seawater does not change with the increase in depth.
The oil spill wellhead is located 5 m from the left and 15 m from the right endpoint. The
water depth is H = 20 m, and the wellhead size is D = 0.5 m. The overall diagram of the
geometric calculation area and boundary conditions is shown in Figure 1.

Figure 1. Underwater oil spill process.

The logarithmic speed profile is assumed for ocean currents to conform to the actual
flow near the sea surface. The current velocity flow distribution is given as:

U = U0

[
2y
H
−
( y

H

)2
]

(10)

where U0 is the maximum current velocity that appears at the free surface; in this paper,
U0 = 0.05~0.15 m/s is taken, and the maximum current velocity is located on the sea surface;
H is the water depth, y is the height variable (0 ≤ y ≤ H).

The left side of the calculation domain and wellhead are set as the velocity-inlet bound-
ary conditions. The velocity distribution of the ocean current meets the above velocity
distribution relationship. The seabed and well wall at the bottom are set as the wall bound-
ary conditions, and the other boundaries are selected as the outflow boundary conditions.

The governing equations are discretized by the finite volume method and solved by
the Semi-Implicit Pressure Linked Equation (SIMPLE) algorithm. The time step was 0.001 s,
the total number of time steps was set as 4 × 104, and the total calculation time was 40 s.
The convergence criterion is 10−5 for the residual error of governing equations.

2.3. Grid Details and Grid Mesh Independence

The computational domain is meshed with structured hexahedral mesh elements, and
the mesh generation near the wellhead is denser, which can more accurately describe the
leakage state. The hexahedral mesh generation method based on topological segmentation
is adopted to obtain the topological segmentation method of the model and carry out all
hexahedral mesh generation. In the computational domain far from the wellhead, the mesh
division is sparse, reducing the calculation time while ensuring the results were accurate.

A comparison of the rising altitude of spilled oil among grid densities and the differ-
ence in the rising height between 188,702 and 285,902 hexahedral nodes is less than 0.5%
(as shown in Table 1). The grids with 188,702 hexahedral grids produce grid-independent
results per the accuracy selected to balance computational cost and accuracy. The schematic
diagram of the grid details is shown in Figure 2.
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Table 1. Sensitivity of grid size to simulation results.

Mesh Numbers Rising Height of Spilled Oil (m) Error (%)

54,302 17.48 /
111,502 18.57 6.24%
188,702 18.83 1.40%
285,902 18.91 0.42%

Figure 2. Computational grid and solution domain.

2.4. Model Validation

The model’s accuracy was verified according to the underwater oil spill experiment
results of Zhu et al., as shown in Figure 3. The modeling method adopted in this paper
was used to establish a matching numerical model regarding the experimental geometric
conditions and oil physical properties. As seen in Figure 3, the simulation results based
on the VOF model were in good agreement with the experimental results. Therefore, the
numerical results were reliable and can be used to study the diffusion law of underwater
oil spills.

Figure 3. Validation of CFD model against experimental data [11]. (a) oil spill experiment; (b) CFD
results against experimental data.
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3. Results and Discussion
3.1. Effects of the Oil Spill Velocity

Firstly, the change of oil spill morphology with time at different oil spill velocities when
U0 = 0 m/s is obtained, as displayed in Figure 4. The time variable is shown horizontally,
and the oil spill distribution at T = 5 s, T = 10 s, and T = 15 s is shown from left to
right. Longitudinal is the variable of oil spill velocity; that is, each row represents the
cloud map of oil spill concentration distribution when the oil spill velocity is 0.05 m/s,
0.10 m/s, 0.15 m/s, and 0.20 m/s, respectively, and the oil spill velocity increases from top
to bottom.

Figure 4. Analysis of influence of spill velocity on oil spill leakage and diffusion (U0 = 0 m/s).

For the different initial oil spill velocities, the lateral migration distance of spilled oil
does not change significantly with the increase of spill velocity in the absence of ocean
current, which indicates that different spill velocities have no significant impact on the
diffusion of the horizontal oil spill. Under different oil spill velocities, the changing trend
of longitudinal distance is linear with spill velocity. When the crude oil leaves the wellhead,
it is greatly affected by the initial momentum. Then, its acceleration gradually decreases as
the oil droplets float upward. The migration of spilled oil mass can be divided into two
successive stages: the accumulation stage and the buoyant droplet stage. In the floating
process, the pressure difference is the main driving force in the initial stage, and the droplet
buoyancy is the driving force in the other stages.

3.2. Effects of the Ocean Current Velocity

The ocean current velocity is the main factor affecting the diffusion of spilled oil.
Ocean current can accelerate the dilution and purification of pollutants due to their rapid
diffusion and correspondingly expand the scope of pollution. The change of oil spill
diffusion morphology with time under different ocean current velocities is obtained when
the oil spill velocity is Up = 0.15 m/s, as shown in Figure 5. Among them, longitudinal is
the time variable; that is, each line from top to bottom represents the oil–water distribution
when the time point is T = 10 s, T = 20 s, T = 30 s, and T = 40 s, respectively; the horizontal
is the maximum current velocity; that is, each column represents the oil spill distribution
with the maximum current velocity of 0.05 m/s, 0.10 m/s, and 0.15 m/s, respectively.
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Figure 5. Effects of different current velocities on oil spill leakage and diffusion (UP = 0.15 m/s).

It can be acknowledged that the length of the oil column increases with the increase
of ocean current velocity. The momentum effect loses its dominant position when the oil
column rises to a certain height. The positive buoyancy formed by the density difference
controls the free diffusion of the oil droplets, and the oil column is blown into oil droplets
under the action of the ocean current. Under the action of the ocean current, the angle
between the oil column and horizontal plane changes with the change of ocean current
velocity, mainly due to the oil column being easier to tilt along the current direction. Ac-
cording to the oil–water distribution corresponding to T = 30 s and T = 40 s, the momentum
effect of the upper half of the oil column basically disappears, and only a small amount of
oil droplets disperses. The reason is that when the oil column rises to a certain height, its
initial momentum will be weakened, which will reduce its ability to resist ocean currents,
thus forming a depression in the upper part.

The local velocity distribution of the underwater oil spill is shown in Figure 6. The
three different current velocities correspond to different oil spill diffusion areas. When
U0 = 0.15 m/s, the corresponding diffusion range is the largest, and when U0 = 0.05 m/s,
the corresponding diffusion range is the smallest. The size of the diffusion region mainly
depends on the number of dispersed oil droplets. Near the sea level, on the one hand,
the initial momentum of the oil column decreases greatly; on the other hand, due to the
large current velocity near the sea surface, the number of oil droplets is also large. When
U0 = 0.15 m/s, the crude oil will be affected by a strong current after being ejected from
the wellhead. The upper half of the oil column will be blown away to form oil droplets,
extending horizontally. At this time, the momentum of the oil column is not so significant,
and it will be affected by the greater current velocity near the surface.

On this basis, the vorticity distribution characteristics of the spilled oil at T = 40 s
are obtained, as shown in Figure 7. With the continuous overflow of crude oil from the
wellhead, the oil spill trajectory has a centralized effect. The ocean current has a significant
impact on the horizontal diffusion of the spilled oil, resulting in the dispersion effect of its
motion trajectory. The main body of spilled oil inclines to the right and diffuses upward
under the action of the transverse current, and a small part of the spilled oil diffuses to the
left under the action of free drift; in the initial stage of the oil spill, the spilled oil is mainly
distributed as dispersed oil droplets and oil blocks. With the increase of oil spill degree, a
large number of continuous oil masses and oil belts also increase, the range of underwater
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pollution will also increase, and the more significant current velocity will also promote the
growth of oil droplets.

Figure 6. Influence of ocean current velocity on oil spill leakage and diffusion (UP = 0.15 m/s).

Figure 7. Contour plots of vorticity field influenced by ocean currents. (U0 = 0.15 m/s, UP = 0.15 m/s).

The rising height Hp under different maximum current velocities is compared, as
shown in Figure 8. In the first 5 s, the spilled oil has approximately the same rising height
because the oil spill leaked from the wellhead has relatively large inertia, which exceeds
the shear effect of the ocean current. The crude oil is dispersed or combined under the
joint action of gravity, inertia force, buoyancy, and shear stress, and its size changes with
time. At the same time, with the growth of rising height, the viscous shear force gradually
weakens the inertia force of the spilled oil. With the increase of Hp to 5 m, the shear effect
of the ocean current begins to strengthen, and the greater the velocity of the ocean current,
the more shear stress and kinetic energy it exerts on the spilled oil, thus the rising height of
the spilled oil is slightly increased.
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Figure 8. Rising height of spilled oil for three different maximum ocean current velocities.
(UP = 0.10 m/s).

The variation of lateral migration distance Wp with time under different current
velocities is compared, as shown in Figure 9. The oil droplets move downstream by the
shear action of the ocean current while floating. With the gradual increase of the maximum
ocean current velocity, the lateral migration distance of the spilled oil gradually increases.
When T = 10 s, the growth rate of the lateral migration distance of the spilled oil under
the water is almost the same. In comparison, when T = 40 s, the lateral migration distance
growth rate near the sea surface is significantly greater than its growth rate under the water.
The crude oil moves downstream, and the lateral migration distance increases significantly
with the decrease of water depth. The reason is that the upper seawater flow velocity is
higher, exerting greater kinetic energy on the oil flow; therefore, the seawater flow plays an
important role in the transportation and diffusion of crude oil. The impact of the actual
seawater flow velocity distribution on the spilled oil trajectory should be considered, and a
relatively accurate prediction should be made.

Figure 9. Lateral migration distance of spilled oil for three different maximum ocean current velocities.
(UP = 0.10 m/s).

3.3. Effects of the Crude Oil Density

The variation of the rising height Hp under different crude oil densities is obtained,
as shown in Figure 10. The crude oil density affects the diffusion speed and diffusion
range in seawater. The greater the density, the longer it takes crude oil to diffuse from the
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seabed to the sea surface. When ρp = 750 kg/m3, the leaked oil diffuses from the leaking
wellhead to the sea surface in about 28 s. When ρp = 900 kg/m3, the rising distance of the
spilled oil is 9.7 m at T = 28 s, which is 10.3 m different from the crude oil with a density of
ρp = 750 kg/m3 at the same time. This is because the higher the density of crude oil with
the same volume, the greater the gravity and the same buoyancy. Therefore, the vertical
upward force on high-density crude oil is smaller, and the rising speed is slower.

Figure 10. Rising height of spilled oil for three different oil densities. (UP = 0.10 m/s).

The lateral migration distance Wp with time under different crude oil densities is
obtained, as shown in Figure 11. An increase in the density of crude oil leads to a decrease
in lateral migration distance in seawater. When ρp = 750 kg/m3, the lateral migration
distance of leaked oil in seawater after about 28 s is 14.7 m; when ρp = 900 kg/m3, the
lateral migration distance of spilled oil at T = 28 s is 8.5 m, which is 6.2 m different from the
crude oil with a density of ρp = 750 kg/m3 at the same time. Before the spilled oil reaches
the sea surface, it is challenging to detect the lateral movement under the sea surface
with monitoring instruments. In addition, floating containment booms are an essential
device in the fight against coastal pollution, allowing us to contain the pollutant before its
recovery [21]. Therefore, studying the maximum horizontal movement of crude oil with
different densities is of great significance.

Figure 11. Lateral migration distance of spilled oil for three different oil densities. (UP = 0.10 m/s).
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3.4. Effects of the Crude Oil Viscosity

The viscosity is an essential quantitative parameter to characterize fluid rheology and
can indicate the difficulty of crude oil flow. The viscosity change will change the diffusion
law of spilled oil underwater. Therefore, the variation of the rising height Hp with time
under different viscosities is obtained, as shown in Figure 12. The smaller the viscosity
of the leaked crude oil, the faster the oil leakage rises from the leaking wellhead to the
sea surface, and the shorter the time. When crude oil viscosity is µ = 0.01 Pa.s at T = 30 s,
the rising distance of the spilled oil is about 15.1 m, and when the crude oil viscosity is
µ = 0.50 Pa.s, the rising distance is about 12.5 m.

Figure 12. Rising height of spilled oil for three different oil viscosities.

The variation of crude oil lateral drift distance Wp with time under different crude
oil viscosities is obtained, as displayed in Figure 13. The greater the viscosity of crude oil,
the smaller the lateral diffusion distance in seawater. At µ = 0.01 Pa.s, the lateral migration
distance of the leaked oil in the seawater after about 28 s is 13.6 m, when µ = 0.50 Pa.s
at T = 28 s, the lateral diffusion distance of the spilled oil is 11.1 m, and the viscosity at
the same time is µ = 0.01 Pa.s and crude oil has a difference of 2.5 m. The increase of the
viscosity will reduce the diffusion speed and drift speed of the spilled oil, and the oil mass
with high viscosity will also block the drift and dispersion of the spilled oil. Therefore,
the thickness of the oil film in the high-viscosity spilled oil is relatively thick; The slower
diffusion speed provides more response time for oil spill emergency response.

Figure 13. Lateral migration distance of spilled oil for four different oil viscosities.
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3.5. Parameter Fitting

According to the above analysis, the lateral migration distance Wp is an important
index to determine the impact range of an oil spill, so it is necessary to provide the
variation of Wp with oil spill time under different working conditions. According to
the numerical simulation results, the lateral migration distance Wp at different times
under various working conditions is obtained, and the parameters are fitted, as seen in
Equation (11). It is satisfied between the oil spill time and various influencing factors, and
the power relationship between the oil spill lateral migration distance Wp and various
influencing factors.

Wp = 50.8µ0.42ρ−0.45
0

(
U0Up

)0.98T1.25 (11)

Figure 14 shows fitted curves of the relationship between the simulated lateral migra-
tion distance and the model-predicted lateral migration distance. Our correlations reason-
ably agreed, within ±15%, in comparison with the numerical lateral migration distance.

Figure 14. A comparison between the numerical results and the model-predicted results using the
presented correlations.

3.6. Remediation Suggestions on Oil Spill Treatment Measures

Through the establishment of an emergency response mechanism for science, which
can effectively protect the marine ecological environment, we propose to respond to un-
derwater oil spill pollution. The results in this study show that it still takes some time for
the oil droplets to reach the sea surface. So, improving the sensitivity, positioning accu-
racy, and response time of the oil spill early warning and detection device can maximize
the emergency management time and reduce the damage of the oil spill accident to the
environment. Emergency information construction can help people accurately judge the
scope of oil spill accidents for the first time and judge the accident level and environmental
damage risk.

In the buoyant droplet stage, the oil spill is greatly affected by the ocean current
velocity, so it is necessary to strengthen the oil spill emergency information construction,
such as real-time monitoring of the ocean current velocity change in the sea area where
the drilling is located; real-time information processing, which can be used to guide the
direction and scope of the sea area where the oil spill is spreading; and using unmanned
aerial vehicle (UAV) and satellite monitoring technology to determine the sea area where the
oil spill occurs in the shortest time, and take corresponding emergency treatment measures.

We propose strengthening the technical capacity of the emergency response team,
including regular training and drills for emergency experts and professional emergency
response teams, to improve the emergency management and disposal level of personnel;
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improving the specialization of oil spill removal equipment, such as oil spill recovery ships,
oil containment booms, oil collectors and oil spill collection and storage equipment; and
minimizing the damage to ecology and the environment as much as possible.

4. Conclusions

Using the computational fluid dynamics (CFD) method and the volume-of-fluid (VOF)
technique, the oil spill leakage and diffusion process was simulated. The effects of oil spill
velocity, ocean current velocity, crude oil density, and crude oil viscosity were analyzed,
and the rising height and lateral migration distance were obtained. The continuous oil flow
is formed after the crude oil overflows from the wellhead. Due to the small amount of oil
spilled per unit of time, after a while the continuous oil flow is interrupted by the ocean
current and the seawater turbulence. Therefore, the spilled oil is soon distributed in the
water as an oil mass. The current velocity is the main factor affecting the oil spill diffusion.
With the increase of the oil spill height, the viscous shear force gradually weakens the oil
spill’s inertia force, and the current shear effect begins to increase. The greater the current
velocity, the more shear stress and kinetic energy it exerts on the oil spill, so the oil spill’s
vertical and horizontal diffusion distance slightly increases. The higher the density of crude
oil with the same volume, the greater the gravity. The change of oil spill viscosity will
change the diffusion law of oil spill underwater. The greater the oil spill viscosity, the
horizontal and vertical migration distance of crude oil will be slightly reduced, and the
leakage and diffusion range of oil spill will be slightly reduced. The results of this study
can provide a scientific basis for formulating an emergency treatment plan for offshore oil
spill accidents and minimizing the harm to marine ecology and the environment. Later, we
will discuss different ocean current densities and crude oil mixed with natural gas.
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