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ABSTRACT

Oil spill accidents in damaged submarine-buried pipelines cause tremendous
economic losses and serious environmental pollution. The accurate prediction
of oil spills from subsea pipelines is important for emergency response. In this
study, the volume-of-fluid model, realizable k—¢ turbulence model, and porous-
medium model were employed to describe the process of an oil spill from a
submarine pipeline to the sea surface. The effects of seawater density, seawater
velocity, and pipeline buried depth on the transverse diffusion distance of crude
oil and the time at which crude oil reaches the sea surface were obtained through
numerical calculations. The calculation results show that, with a decrease in
seawater density and an increase in seawater velocity and pipeline depth, the
diffusion rate of crude oil decreases significantly, the maximum transverse
diffusion distance increases and crude oil takes a long time to reach the sea
surface. In particular, compared with a sea density of 1045 kg/m?, the transverse
distance of a sea density of 1025 kg/m® is increased by 0.091 m. When the
seawater velocity is greater than 1.5 m/s, the diffusion of crude oil in seawater
is significantly affected, the seawater velocity increases to 0.35 m/s, and the
transverse diffusion distance of oil to the sea surface increases to 12.693 m.
When the buried depth of the pipeline reaches 0.7 and 1.3 m compared to 0.1 m,
the diffusion widths of crude oil in sea mud rise by 20% and 32.5%, respectively.
The time required for crude oil to reach the sea surface and the transverse
diffusion distance of crude oil migrating to the sea surface were analyzed using
multiple regression, and the fitting formulas were obtained. The results provide
theoretical support for accurately predicting the leakage range of submarine-
buried pipelines and provide valuable guidance for submarine-buried pipeline
leakage accident treatment schemes.
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1. INTRODUCTION

Offshore oil and gas pipelines are critical for
delivering oil and gas products. The leakage of a
submarine oil pipeline causes extensive damage to the
marine environment, human health, and natural resources.
Severe leakage accidents can lead to unpredictable
economic losses (Mark et al., 2004; Wei et al., 2018;
Zhang et al., 2022). When a submarine crude oil leak
occurs, it is necessary to take measures to reduce the harm
as soon as possible. Accurately predicting the leakage and

oil spill processes of submarine-buried crude oil pipelines
is of great significance for emergency response.

Research on submarine crude oil pipeline leakage
has mainly focused on two subjects: the diffusion process
in seawater and the diffusion process in sea mud (Yang et
al., 2016). Regarding the diffusion of crude oil in seawater,
Wang et al. (2018) used computational fluid dynamics
(CFD) to simulate the jet situation of crude oil leakage
with different flow rates. The results showed that, when
the water flow rate was high, the position of the jet was
low, and the lateral displacement of the oil leakage was
first slowly diffused and then accelerated. Liu(2015) used
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NOMENCLATURE

Cj;;  constant

2 inertia loss coefficient

G constant

Cs;  constant

Cui  constant

Dp  particle diameter of porous media
G,  turbulence kinetic energy

Gy turbulence kinetic energy generated
H total depth of seawater

k turbulence kinetic energy

P pressure

Pr,  Prandtl number

S strain rate

ugi  velocity in i direction

Uy velocity of seawater at depth
Uwmax ~ Mmaximum velocity of seawater
Vw current depth of seawater

n relative strain parameter

O¢ turbulent Prandtl number

Ot turbulent Prandtl number

a permeability of porous media
ag volume fraction of ¢ phase

e porosity ratio of porous media
U hydrodynamic viscosity

m turbulent viscosity

p density of oil-water mixture
Pq q phase density

the finite volume method and PISO algorithm to simulate
the effects of different jet velocities and leakage apertures
on the leakage of submarine crude oil pipelines. The
results showed that, with an increase in the leakage
aperture and jet velocity, the oil column injected at the
same time is longer, the time to reach sea level is shorter,
and the pollution range is larger. Zhu et al. (2014, 2017a)
studied the process of oil spill to a free surface with
different leak sizes and investigated the effects of crude
oil density, oil leakage rate, oil leakage amount, and
seawater velocity on the leakage process, by analyzing the
time it took for oil droplets to reach the sea surface and
the migration distance in the direction of coastal water
velocity. Sun et al. (2019) simulated the diffusion process
of underwater oil spills and oil spills after they reached the
sea surface using a two-dimensional numerical model, and
they analyzed the influence of wave wavelength, seawater
velocity, wind velocity, leakage direction, crude oil
density, and leakage rate on oil spill diffusion.

To study the diffusion of crude oil in sea mud, Liu et
al. (2012) simulated the temperature field and pressure
field in the sea mud during hot oil leakage using a porous-
medium coupling model. The simulation results showed
that the temperature of the sea mud around the pipeline
fluctuates violently within a certain period after the
pipeline leaked. The temperature of the crude oil in the
leakage front dropped rapidly, and the range of the heat-
affected zone gradually stabilized. Shi et al. (2014)
established the mathematical model of crude oil pipeline
leakage in water by using the VOF model and studied the
influence of the crude oil leakage velocity and water flow
velocity on the leakage law. The simulation results
showed that the crude oil leakage velocity and water flow
velocity are positively correlated with the oil leakage
range. Guan et al. (2015) studied the influences of
seawater velocity and leakage hole direction on the oil
leakage and diffusion characteristics of submarine
pipelines. The simulation results showed that, when the
leakage direction is 45 ° to the countercurrent direction of
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seawater, the crude oil diffusion leakage is very intense.

Most studies on the leakage of submarine crude oil
pipelines have focused on the diffusion of crude oil in
seawater (Han et al., 2015; He et al., 2017; Lin et al., 2017;
Bonvicini et al., 2018; Ji et al., 2018; Kotzakoulakis &
George 2018; Lu et al., 2018; Fu et al., 2020; Gong et al.,
2020). However, research on the diffusion law of crude oil
in sea mud and seawater basins has been relatively scarce.
In addition, experiments on crude oil leakage and
diffusion in submarine-buried pipelines are costly and
dangerous, whereas numerical simulations are
economical and safe (Manda et al., 2020, 2021, 2022,
2023). In this study, the VOF multiphase flow model and
porous-medium model were combined to establish a
numerical model for the leakage of submarine-buried
crude oil pipelines under the condition of sea-mud-
seawater coupling. Considering the influences of seawater
density, seawater velocity, and pipeline buried depth on
the leakage, diffusion, and drift characteristics of crude oil,
the diffusion law of crude oil after entering seawater was
studied, and the migration characteristics of crude oil were
obtained. Finally, through multiple linear regression
analysis, formulas for the time of crude oil reaching the
sea surface and the transverse diffusion distance of crude
oil under the influence of seawater density, seawater
velocity, and pipeline burial depth were established. The
research results provide theoretical support for
formulating treatment schemes for submarine-buried
pipeline leakage accidents.

2. SIMULATION METHOD

2.1 Computational Domain

Figure 1 shows the simulation domain's geometry,
point O is the origin of the coordinates, the x-direction is
parallel to the direction of the seawater velocity, the y-
direction is perpendicular to the direction of the sea
surface, the z-direction is parallel to the direction of the
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Fig. 1 Geometric model of submarine-buried crude oil pipeline

Fig. 2 Mesh of submarine-buried crude oil pipeline

fluid flow in the pipeline. The simulation domain is a
hexahedron area with a length of 20 m, width of 10 m, and
height of 13 m. The lower part is sea mud with a depth of
3 m, and the upper part is seawater with a depth of 10 m.
The buried depth of the pipeline is 0.1 m. The length of
the pipeline is 10 m, and the diameter is 0.75 m. The
diameter of the leakage hole is taken as 0.045 m, which is
located directly above the middle of the pipeline (z=15 m).
The transverse diffusion distance in the following
represents the distance of the crude oil moving parallel to
the x-axis with the leakage hole as the origin. The
diffusion height represents the distance of the crude oil
moving parallel to the y-axis with the leakage hole as the
origin.

2.2 Mesh Generation

ICEM was used to mesh the simulation domain using
a hexahedral mesh, and mesh refinement was performed
at the junction of the sea mud and seawater, leak holes,
and surrounding areas (Fig. 2). To ensure simulation
accuracy, three groups of calculation results with different
grid numbers were selected for comparison. The
simulation results of the change in the transverse diffusion
distance of crude oil with time were compared, and the
results are shown in Fig. 3. The figure shows that Mesh 2,
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Fig. 3 Grid independence verification

with cell number 1650432, can better balance the
computational efficiency and result accuracy.

2.3 Governing Equation

The VOF model is suitable for the case of a gas-
liquid two-phase system with a clear phase interface. Such
physical phenomena as stratified flow, free surface flow,
bubble flow, and dam break in real life can be calculated
using the VOF model.

In this study, sea mud was regarded as a saturated
water-bearing porous medium, and the diffusion of leaked
crude oil in sea mud was simplified as the flow of oil and
water in porous media. The VOF and porous media
models were used for numerical simulation. The diffusion
process of crude oil in seawater was analyzed using the
VOF multiphase flow model (Neofytou et al., 2006;
Papadimitrakis et al., 2006; Wols et al., 2010), and the
realizable k-¢ turbulence model was adopted. The
governing equations are as follows:

The continuity equation is
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0 0
a(aqpq)Jr&(aqpquqi):O (1)

where aq is the volume fraction of the q phase, pq is g-
phase density, and ug; is the velocity in the i-direction.

The Momentum equation is

0 0 op 2
—(pu.)+—(puU.)=——+ VU + pg,
at(p.) aX_(p.J) o HUVU + pg,

()
+F + [ U +C,= p|u|u}
p=a,p,+(1-a,)p, ®3)

where p represents the density of the oil-water mixture.
The subscripts o and w represent the oil and water phases,
respectively. p represents pressure. u is the hydrodynamic
viscosity.c. is the inertia loss coefficient. F;i represents
other forces, and « is the permeability of porous media.
The expression is

D&
150 (1—&)?

where ¢ is the porosity ratio of porous media, and D,is
the particle diameter of porous media.

“

The turbulence equations are
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2
=pC, (13)

€
where Yy is the effect of the pulsating expansion on the
total dissipation rate in compressible turbulence. & is
turbulence kinetic energy, ¢ represents turbulent
dissipation rate, S is the strain rate, 7 is the relative strain
parameter, u, represents turbulent viscosity, o, and o,
represent the turbulent Prandtl number taken as 1.0 and
1.2, respectively, G is the turbulence kinetic energy
generated by average velocity gradient, Pr; is the
turbulent Prandtl number taken as 0.85, G, is the
turbulence kinetic energy generated by buoyancy, and Cj,,
(>, Cs;and C,are constants taken as 1.44, 1.0, 0.9 and
0.09, respectively.

2.4 Numerical Method

In this study, ANSYS Fluent 2020R2 software was
used for numerical simulation. The finite volume method
was used to address the problem of crude oil leakage. The
unsteady model was adopted, and the time step was
defined as 0.01s. The PISO algorithm was employed to
solve pressure-velocity coupling. The second-order
upwind scheme discretized the momentum equation and
the pressure discrete PRESTO! algorithm was selected.
The Boussinesq approximation is adopted considering the
buoyancy of seawater. The convergence criterion for all
the calculations was set to be less than 10 residuals.

2.5 Boundary condition

The seawater velocity profile is used to express the
relationship between seawater velocity and seawater
depth, (Sun et al., 2019), and the modified seawater inlet
condition is defined by user-defined function (UDF)
programming (See Appendix). The specific formula is

U
u =

W= —wmax_ (yw (1 4)
where H is the total depth of seawater, y, is the current
depth of seawater, U, ;,q, IS the maximum velocity of
seawater (surface velocity of seawater), and u,, is the
velocity of seawater at depth y,,.

) + uwmax

The leakage port of the pipeline and seawater inlet
are defined as “velocity-inlet”, and the seawater flow
outlet is “pressure-outlet”. The pipe wall, the surrounding
of sea mud, and the bottom surface of the simulation
domain are defined as “wall”. In the seawater part, the side
and sea surface of the simulation domain are defined as
symmetry. The interface between seawater and sea mud is
defined as “interior” (Fig. 1).

2.6 Model Validation

Few studies have been conducted on leakage from
submarine-buried pipelines. In this study, the
experimental data of small hole leakages in buried
pipelines and underwater diffusion of oil spills in
submarine pipelines were selected to verify the model of
submarine-buried pipelines with the same experimental
size.
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Through comparison with the experimental results of
Zhang et al. (2015), the accuracy of the numerical model
in this study for the diffusion process of crude oil in sea
mud was verified, as shown in Fig. 4. The analysis
revealed that the transverse diffusion distance of crude oil
and diffusion height curve of crude oil obtained by the
numerical simulation were basically consistent with the
experimental results. The main reason for the error is that
the uniform porous-medium model was used to simulate
the diffusion law of the soil. The error is relatively small.
Therefore, the numerical model established in this study
has a high calculation accuracy in simulating porous
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media, such as soil sea mud.

The accuracy of the numerical model for seawater
was verified through a comparison with the experimental
results of Zhu et al. (2017b). When numerical simulation
was conducted, the leakage pressure was defined as 99
hPa, and the distribution patterns of oil products when the
experimental times were 0.2 s and 0.82 s respectively are
compared with the crude oil phase distribution diagram in
the simulation results at the same time, as shown in Fig. 5.
In comparison, the diffusion patterns of crude oil in
seawater were similar at the same times, and the scope was
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Fig. 6 Crude oil volume fraction at different seawater densities

Table 1 Simulation cases

Buried
Case S(_aawater See}water dgpth_ of
density (kg/m®) | velocity (m/s) pipeline
(m)
1 1025 0.05 1
2 1035 0.05 1
3 1045 0.05 1
4 1025 0.05 0.1
5 1025 0.1 0.1
6 1025 0.15 0.1
7 1025 0.25 0.1
8 1025 0.35 0.1
9 1025 0.05 0.7
10 1025 0.05 1.3

roughly the same. It was confirmed that the established
model could accurately simulate the diffusion process of
crude oil in seawater.

3. RESULTS AND DISCUSSIONS

When a submarine-buried pipeline leaks, it is
affected by pipeline parameters and the marine
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environment. In this study, considering that there are
different seawater densities, seawater velocities, and
seabed sediments in different sea areas, the gradual loss of
seabed sediment under the erosion of water flow leads to
a change in the pipeline buried depth. Three factors
(seawater density, seawater velocities, and pipeline buried
depth) were studied to explore the diffusion law of
submarine-buried crude oil pipelines. The parameters of
the simulation in this study were primarily based on the
development report of an oilfield group in the Bohai Sea,
China. The 10 simulation cases are listed in Table 1.

3.1 Seawater Density

The buried depth of the pipeline # was taken as 1 m,
and the seawater velocity u,,;mq, Was taken as 0.05 m/s.
The submarine crude oil leakage and diffusion conditions
were simulated under seawater densities of 1025,1035,
and 1045 kg/m?3. The volume fraction of crude oil leakage
with different seawater densities is shown in Fig. 6 (cross
section of z = 5 m), and the variation in the diffusion
height of crude oil in seawater with leakage time is shown
in Fig. 7.

Figures 6 and 7 show that the diffusion patterns of
crude oil are almost the same under different seawater
densities, and the change in seawater density has little



H.J. Zhaoet al. / JAFM, Vol. 17, No. 1, pp. 75-88, 2024.

10 ~-
—=— p,=1025kg/m? 0//:/
—A—p =1035kg/m® .%:/

81 e p,,=1045kg/m? .¢‘/
6 V7

Crude oil diffusion height/m

50 60

Leakage time/s

Fig. 7 Variation of diffusion height of crude oil in seawater with leakage time

80 90

| ]}

)

)

(

)

\.

\.

1035kg /m’ 87s

1045kg / 7’ 83s

1025kg /ni* 90s

Fig. 8 Transverse diffusion distance of crude oil under different seawater densities

effect on the diffusion law of sea mud. When crude oil
diffuses into seawater, the greater the density of seawater,
the greater the diffusion rate of crude oil, and the higher
the diffusion height at the same time. For example, when
the leakage time is 55 s, the diffusion heights of crude oil
in seawater at seawater densities of 1025,1035, and 1045
kg/m? are 3.068, 3.504, and 3.886 m, respectively. The
reason is that the greater the density of seawater, the
greater the buoyancy formed by the diffusion of crude oil
in seawater, and the greater the upward acceleration
generated. Thus, the greater the diffusion speed of crude
oil, the shorter the time it takes to spread to the sea surface.
A comparison of the transverse diffusion distances xo of
crude oil at different seawater densities is shown in Fig. 8.

Figure 8 shows that, when the seawater densities are
1025, 1035, and 1045 kg/m3, the transverse diffusion
distances of crude oil are 0.638, 0.587, and 0.547 m,
respectively — that is, with an increase in seawater
density, the transverse diffusion distance of crude oil
decreases. The analysis shows that the greater the density
of seawater, the greater the diffusion speed of crude oil in
seawater, the shorter the time to diffuse to the sea surface,
and the shorter the migration distance of crude oil in the
horizontal direction (x-direction) under seawater
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entrainment.
3.2 Seawater Velocity

The pipeline buried depth was taken as 0.1 m, the
seawater density was taken as 1025 kg/m?, and the
maximum velocities of seawater Uy;mg, (surface
velocity of seawater) were 0.05, 0.1, 0.15, 0.25 and 0.35
m/s. The diffusion law of a submarine crude oil pipeline
after leakage at different seawater velocities was studied.
The distribution of the volume fractions in sea mud and
seawater after the leakage of crude oil is shown in Fig. 9.

Figure 9 reveals that there is no obvious difference in
the diffusion form and diffusion range of crude oil in sea
mud at different seawater velocities. When crude oil leaks
into seawater, its diffusion pattern varies significantly
with the seawater velocity. The greater the seawater
velocity, the greater the diffusion range of underwater
crude oil. When the seawater velocity is 0.05 and 0.1 m/s,
the diffusion trajectory of the oil is columnar, and the
transverse diffusion distance is small. When the seawater
velocity increases to 0.15 m/s, the central oil column
obviously shifts and the transverse diffusion distance
begins to increase. When the seawater velocity increases
to 0.25 and 0.35 m/s, the transverse diffusion distance of
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the oil increases sharply, the central oil column changed
from a columnar to an inclined flame shape, and an oil
mass separation trend appears near the sea surface.

As Fig. 10 shows, the greater the velocity of seawater,
the longer the time for crude oil to reach the sea surface.
When the velocity of the seawater is less than 0.1 m/s, the
time for oil to reach the sea surface changes less. When
the velocity of the seawater is between 0.1 and 0.35 m/s,
the time for the oil to reach the sea surface increases
rapidly with the change in the seawater velocity. When the
seawater velocity is less than 0.15 m/s, the leakage
diffusion range is small, and the transverse diffusion
distance of crude oil to the sea surface is less than 2 m.
When the seawater velocity is greater than 0.15 m/s, the
transverse diffusion distance of the oil to the sea surface
increases significantly, the seawater velocity increases to
0.35 m/s, and the transverse diffusion distance of oil to the
sea surface increases significantly to 12.693m.

An analysis of the above phenomena shows that the
time and transverse diffusion distance of crude oil
diffusion to the sea surface increase with an increase in
seawater velocity. This is because, when crude oil reaches
seawater, it spreads under the action of buoyancy and
gravity. A smaller seawater velocity has a less transverse
impact on the crude oil, and the rising speed is faster; thus,
it can reach the water surface faster. Under a higher
seawater velocity, the rising speed is slower, and the time
to reach the sea surface increases. With an increase in
seawater velocity, the horizontal velocity of crude oil
under seawater entrainment increases; thus, the transverse
diffusion distance to the sea surface increases.

3.3 Buried Depth of Pipeline

The seawater velocity was taken as 0.05 m/s, and the
seawater density was taken as 1025 kg/m?. Buried depths
hof 0.1, 0.7, and 1.3 m were selected for the simulation,
and the diffusion law of the submarine crude oil pipeline
after leakage at different buried depths was studied. The
volume distributions of oil products in sea mud and
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seawater at different burial depths are shown in Fig. 11.

As Fig. 11 shows, with an increase in the buried
depth of the pipeline, the time required for the crude oil
leakage to spread to the seawater level clearly increases.
Aburied depth / of 0.1 m requires 15 s, and a buried depth
of 1.3 m requires 115 s, which is approximately 7.67 times
that of 0.1 m. Different buried depths have different oil
diffusion patterns in the sea mud. When the buried depth
is small, the diffusion area in the sea mud is flat and
elliptical. With an increase in the buried depth, the short
axis of the ellipse gradually lengthens. When the buried
depth increases to 1.3 m, the diffusion area of crude oil in
the sea mud is vertical and elliptical. When the seawater
velocity is 0.05 m/s, there is an oil column in the diffusion
of crude oil in seawater. As the buried depth increases, the
high- concentration area of the oil column begins to
decrease.

An analysis of the oil volume distribution at different
buried depths reveals that the diffusion of submarine
crude oil pipelines differs significantly at different buried
depths. To explore the influence of buried depth further,
vector diagrams of oil diffusion velocity in the area above
the leakage port from mud to seawater at three buried
depths were compared, as shown in Fig. 12. (The area is
1.2 m wide and 1.8 m high, and the location changes
according to the buried depth of the pipeline.)

As shown in Fig. 12, the diffusion velocity of crude
oil at different buried depths spreads radially, and the
overall trend is that it first decreases and then increases at
the boundary of the interface of sea mud and seawater
(»=0 m). In the same horizontal direction, the velocity at
the center line of the leakage hole is the highest. The
smaller the buried depth of the pipeline, the greater the
diffusion velocity of oil in the sea mud and seawater.
When the buried depth is 0.1 m, the main flow type of oil
in the sea mud above the pipeline leakage hole is a jet, and
only the flow type in the far sea mud is porous flow. In
this case, the diffusion velocity of crude oil in water is the
highest, reaching approximately 2.5 m / s. When the
buried depth is 0.7 and 1.3 m, the speed of the crude oil
flowing out of the leakage hole drops sharply, and then it
displays seepage movement in the sea mud at a very small
speed, reaching approximately 1.5 and 1.0 m/s
respectively in the seawater.

In the analysis of the oil volume distribution, it can
be seen intuitively from Fig. 11 that the smaller the buried
depth, the shorter the time for crude oil to leak to sea level,
and the larger the pollution range in the water at the same
time. However, the diffusion process of crude oil in sea
mud is not obvious compared with that in seawater;
therefore, the diffusion ranges of crude oil in sea mud at
different buried depths were compared, as shown in Fig.
13.

As Fig.13 shows, the maximum transverse diffusion
width of crude oil in sea mud at different buried depths
increases with time. When the leakage time is less than 10
s, the leakage diffusion range increases rapidly. When the
leakage time exceeds 10 s, the growth trend of the diffusion
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Fig. 12 Vector illustration of oil leakage diffusion velocities at different buried depths
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Fig. 13 Variation of transverse diffusion width of
crude oil in sea mud at different buried depths

range begins to decrease. After 60 s, the growth trend is
slower. With an increase in buried depth, the leakage and
diffusion range of crude oil in the sea mud increases.
When buried depths are 0.1, 0.7, and 1.3 m, the maximum
transverse diffusion widths are approximately 1.51, 1.81,
and 2.0 m respectively.

The analysis shows that, when the buried depth is
small, the thickness of the sea mud on the upper part of
the pipeline is small, which makes the resistance of some
sea mud on the pipeline far less than that in the other
directions. Therefore, when the buried depth is small, the
crude oil moves upward more easily than in the left and
right directions. As the buried depth increases, the
thickness of the sea mud above the pipeline increases,
which makes the sea mud resistance in all directions
around the pipeline increasingly uniform. At this time, the
moving speed in each direction is more uniform, and the
trend of the crude oil moving in the left and right
directions increases. Therefore, it is necessary for the oil
to move upward. Because the resistance of sea mud in all
directions is quite large, and compared with sea mud,
crude oil diffuses more easily in seawater. With an
increase in time, crude oil continues to leak into the
seawater; thus, the longer the leakage time, the slower the
increase in the transverse diffusion width and diffusion
range of crude oil in sea mud.

3.4 Multiple Linear Regression Analysis

Based on the results of the above simulation of the
diffusion of crude oil in sea mud and seawater after
leakage from the submarine-buried crude oil pipeline, the
analysis shows that the time ¢ of crude oil diffusion to the
sea surface and the transverse diffusion distance xo of
crude oil are mainly related to the seawater velocity
Uwmax> S€awater density p,, and pipeline depth /4 of the
submarine pipeline. A multivariate linear regression
model is a linear regression model with multiple
explanatory variables, that is used to explain the linear
relationship between the explanatory variables and other
explanatory variables. The prediction equation can be
established using multiple linear regression to fit the time
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of crude oil diffusion to the sea surface and the transverse
diffusion distance of crude oil.

The multiple linear regression models are established

as
t=ay + Uy, + 0,0, + 0N+ & (15)
Xo =By + Bl + Bopu + Bsh+ &1 (16)

where ao and S are regression constants and a1, az, a3, f1 ,
f> , and f are regression coefficients.

The multiple linear regression model is evaluated
using the F-statistic, #-statistic, and goodness of fit.

$T=§¥M—yf (17)
SSR :2(9—7)2 (18)
SSE = iZl:(yi -9y (19)

- % (20)

where y is the dependent variable, ¥ is the mean of the
dependent variable, and J is the fitted value. Here, SST
is the total sum of squares, SSR is the regression sum of
squares, and SSE is the residual sum of squares. In
addition, n is the number of sample sizes, and p is the
number of independent variables. The P-value of the F-
statistic is less than 0.05, indicating that the regression
model is significant.

ﬂj _ﬂa
=20 @)
5.(8,)
=2 (22)
5.(@,)

where S, is the standard error, and the P-value of the #-
statistic is less than 0.05, indicating that each regression
coefficient is significant and should be retained in the
regression equation.

R? =SSR/ SST (23)
The range of R? values is (0,1), and the closer the
result is to 1, the more significant the regression equation.

The multi-linear regression model established by
Python programming was solved. Under the influence of
the seawater velocity, seawater density, and pipeline depth,
the time of crude oil diffusion to the sea surface and the
transverse diffusion distance equation of crude oil are

t =378.6096+136.8123u,,,, —0.369p,

24)
+83.2649h

X, = —4.3505 +41.8664u,,, +0.0013p,

25
+1.4779h =

The P-values of the F-statistic were 7.12e-07 and
9.55e-05, approaching 0. The P-values of the #-statistic
were less than 0.05. The R*> are 0.993 and 0.965
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respectively, and the linear relationship is significant. The
fitting formula for the time when crude oil diffuses to the
sea surface and the lateral diffusion distance of crude oil
with seawater velocity, seawater density and pipeline
buried depth can accurately predict the best rescue time
and crude oil pollution range after the accident, and
provide some theoretical support for the formulation of an
emergency plan for the leakage of crude oil from buried
pipelines.

4. CONCLUSION

The VOF model and porous-medium model were
used to simulate the leakage of buried crude oil pipelines
on the seabed, and the effects of seawater density,
seawater velocity, and pipeline depth on the diffusion of
oil leakage were studied. The specific conclusions are as
follows.

(1) The floating velocity of crude oil in seawater
decreases with the increase in seawater velocity, and the
underwater migration time and diffusion range increase
accordingly. When the seawater flow rate is greater than
0.10 m/s, the leakage and diffusion forms of oil begin to
change significantly. A seawater velocity greater than
0.15 m/s has the greatest impact on the leakage and
diffusion of crude oil.

(2) The density of seawater is positively correlated
with the diffusion velocity of crude oil at the same height
in seawater. It is negatively correlated with the time of
crude oil leakage and diffusion to the sea surface and the
transverse diffusion distance of crude oil. Compared with
a density of 1045 kg/m®, the transverse distance of a
density of 1025 kg/m?® is increased by 0.091 m, which is
approximately 1.166 times that of a density of 1045 kg/mq.

(3) As the buried depth of the pipeline increases, the
leakage and diffusion rates of the oil decrease, the time
taken to diffuse to the water surface increases, and the
high-concentration area of crude oil in the seawater
decreases. The diffusion widths of crude oil in sea mud
increase by 20% and 32.5%, respectively, when the buried
depth of the pipeline is 0.7 and 1.3 m compared with 0.1
m.

(4) Combined with the simulation data, a multiple
linear regression model of the seawater velocity, seawater
density, and submarine pipeline buried depth at the time
of crude oil diffusion to the sea surface, along with the
lateral diffusion distance of crude oil, was established.
The model can accurately predict the optimal rescue time
for an accident after leakage from a submarine-buried
crude oil pipeline and the range of crude oil diffusion
pollution.

(5) The simulation of sea mud and seawater was
simplified. Researchers interested in this should conduct
more in-depth studies. In addition, the study of more
influencing factors affecting the crude oil leakage law of
submarine-buried pipelines, such as crude oil density and
crude oil leakage rate, is needed.
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APPENDIX

The UDF code that represents the seawater velocity at the

seawater inlet is
#include"udf.h"

#define h 10

#define um 0.5
DEFINE_PROFILE(inlet,t,i)
{

real x[ND NDJ;

real y;

face tf;

begin_f loop(f,t)

{

F_CENTROID(x,f,t);
y=x[1];

F PROFILE(ft,i)=-(um/h*h)*pow(y-h,2)+um;
§

end f loop(f,t)

}
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