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Abstract

Computational fluid dynamics (CFD) codes are being increasingly used in the simulation of submarine oil spills.
This study focuses on the process of oil spills, from damaged submarine pipes, to the sea surface, using numerical
models. The underwater oil spill model is developed, and a description of the governing equations is proposed,
along with modifications required for the particalization of the control volume. Available experimental data were
introduced to evaluate the validity of the CFD predictions, the results of which proved to be in good agreement
with the experimental data. The effects of oil leak rate, leak diameter, current velocity, and oil density are
investigated, by the validated CFD model, to estimate the undersea leakage time, the lateral migration distance,
and surface diffusion range when the oil reaches the sea surface. Results indicate that the leakage time and lateral
migration distance increase with decreasing leak rates and leak diameter, and increase with increasing current
velocity and oil density. On the other hand, a large leak diameter, high density, high leak rate, or fast currents
result in a greater surface diffusion range. The findings and analysis presented here will provide practical

predictions of oil spills, and guidance for emergency rescues.
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1 Introduction

Oil spills typically occur in submarine pipelines because of
corrosion, submarine landslides, ice issues, and ship anchors,
resulting in significant damage and destruction to the economy,
marine environment, and human health (Wang et al., 2013; Deng
etal., 2013). The accidental marine oil leakages in the Gulf of
Mexico (Tangley, 2010; Boufadel et al., 2014), and the Penglai 19-
3 oilfield in the Bohai Sea (Xu et al., 2013; Yang et al., 2017), re-
leased significant amounts of oil into the sea, causing ongoing
concern from the associated environmental and social hazards.

In order to reduce the environmental and social con-
sequences, oil leakages require emergency responses, contin-
gency planning, and impact assessments (Zheng et al., 2010).
Therefore, predictive information about oil spills is essential. The
bulk of previous oil spill models focused on the surface, or near-
surface, spills based on environmental input parameters from at-
mospheric, ocean, and wave forecast models or observations. As
reviewed by ASCE Task Committee on Modeling of Oil Spills
(1996), Hackett et al. (2009), Marta-Almeida et al. (2013), and
Spaulding (2017), such models included OSPM (oil spill process
model), OSCAR (oil spill contingency and response), and OD3D
(oil drift three-dimensional model). However, for submarine oil

spills information such as the submarine trajectory and the mi-
gration of spilled oil in the horizontal direction, is also of great
importance in providing guidance for emergency rescues (Zhu et
al., 2014). Therefore, a fast and accurate prediction model for
simulating submarine oil spills could satisfy the above require-
ments.

Certain scholars have been successful in simulating the pro-
cess of submarine oil spills, using computational fluid dynamics
(CFD) software. Li et al. (2013) simulated the submarine oil spill
with current and wave, using FLUENT. Zhu et al. (2014) em-
ployed CFD software to simulate the process of oil spilling from a
submarine pipeline to the free surface, under a shear current. Ji-
ang et al. (2016) investigated the effect of grid density on the nu-
merical results for oil leakages from a subsea pipeline. Zhu et al.
(2017) studied the underwater spreading and surface drifting of
oil spilled from a submarine pipeline under the combined action
of waves and currents using CFD software. However, the CFD
software simulation process requires a greater computation time
than the oil-spill mathematical model. Therefore, the mathemat-
ical model is more suitable for the early emergency response to
unexpected oil spills.

For CFD mathematical models, early studies were primarily
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concerned with the submerged oil jets/plumes in shallow water,
such as McDougall (1978), Fannelop and Sjoen (1980), Milgram
(1983), Fannelop et al. (1991), Yapa and Zheng (1997), and Yapa
etal. (1999). In order to improve on the inadequacies of Yapa and
Zheng's (1997) model for simulating the special behavior of gas
in a deepwater environment, an enhanced comprehensive mod-
el-ADMS/CDOG was developed by Zheng et al. (2003). Another
model in common use is DeepBlow, developed by Johansen
(2000). Yapa et al. (2012) studied the general behavior of an oil sp-
ill in deepwater, using a model, CDOG, developed by Zheng et al.
(2003). Chen et al. (2015) simulated a hypothetical oil spill taking
place at the seabed of a deepwater oil/gas field in the South Chi-
na Sea, using a numerical model based on the previous studies of oth-
er scholars. Recent developments in underwater oil spill model-
ing were summarized by Zhang et al. (2016) and Paiva et al. (2017).

Under the action of currents, the leakage time, lateral migra-
tion distance, and surface diffusion range are the three critical
parameters that guide oil spill response (Dasanayaka and Yapa,
2009; Chen et al., 2015). Therefore, the understanding of the un-
derwater oil spill process must be as detailed as possible. Figure 1
shows the continuous process of an underwater oil spill. Initially,
spilled oil rises as a jet/plume, gradually losing momentum and
buoyancy because of the entrainment of the stratified ambient
fluid, i.e., the plume-dynamic stage. Above the terminal level of
plume dynamics (TLPD), the plume dynamics becomes negli-
gible, and the oil moves as individual droplets because of their
non-miscible characteristics, as has been observed in field exper-
iments (Rye et al., 1996; Rye and Brandvik, 1997; Johansen, 2003;
Brandvik et al., 2013), i.e., the advection-diffusion stage. The bulk
of previous mathematical models (Rye, 1994; Yapa and Zheng,
1997; Zheng et al., 2003; Chen et al., 2015) used the neutral buoy-
ancy level as the TLPD, that enabled simulations on the fate of oil
that originated as jets/plumes. However, according to
Dasanayaka and Yapa (2009), it was a possibility that, for slow

sea surface
Avi

Sin., 2018, Vol. 37, No. 11, P. 104-115 105

leaks from pipelines or wellheads, the plume-dynamic stage was
comparatively short-lived, or non-existent, and that oil initially
moves as individual droplets, not plume. Their study also pro-
posed that the droplet buoyant velocity, V,, corresponding to the
median oil droplet size based on volume, can be used as the
transition point for TLPD.

In this study, the model by Yapa and Zheng (1997) is im-
proved as follows. The plume-dynamics model (PDM), used to
simulate the jet/plume stage, is combined with an advection-dif-
fusion model (ADM) for simulating the advection-diffusion stage;
the particalization of the control volume is conducted so that
comprehensive, and successive, simulations on oil spill fate can
be performed. The droplet buoyant velocity criterion proposed
by Dasanayaka and Yapa (2009), is chosen to define the trans-
ition point between the PDM and the ADM. A comparison of the
improved model, against a selection of experimental data, is then
carried out for model verification. The experimental data include
oil slow-discharges in un-stratified flowing ambient, and buoy-
ant jets in stratified/un-stratified ambient. In the simulations
presented in this study, the turning coefficients did not change
from one simulation to another.

Therefore, this study presents and verifies a slightly modified
CFD model for simulating submarine oil spills accurately, and is
organized as follows. In Section 2, the mathematical models and
modifications thereof are presented; Section 3 validates the mod-
els by comparing them with available experimental data; Section
4 presents the numerical results of a parametric study and a dis-
cussion of the results; the concluding remarks are presented in
Section 5.

2 Mathematical model

According to the actual scenario of an oil spill, the present
model comprises two sub-models: the PDM is used to simulate
the jet/plume stage, while the ADM is used to simulate the ad-
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Fig. 1. Underwater oil spill process.
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vection-diffusion stage.

2.1 Plume-dynamics model (PDM)

The plume-dynamics model was developed, based on the
Lagrangian integral control volume (CV) method proposed by
Yapa and Zheng (1997). Some modifications were implemented
to improve the applicability for simulating crude oil droplets ac-
curately, without gas bubbles, such as particalization of the CV
(Fig. 1). In this model, the CV element moves with its local velo-
city along the centerline of the buoyant plume. Therefore, the CV

element heightis h :M At, where M is the local velocity, and
At is time step. The element mass is m =pnb*h, where p and bare
the density and radius of the buoyant jet/plume, respectively.
Based on Lee and Cheung’s study (1990), A¢=0.1k/ ‘ f/‘, where by

is the initial radius. The following governing equations are ap-
plied to the CV.

2.1.1 Mass conservation equation
Conservation of the oil mass in the CV is written as (Yapa and
Zheng, 1997):

dm - dmgqg

dmi
W—PaQe*; T T 1)

where p, is the density of ambient water; Q. is the entrainment of
ambient water; m; is the mass loss due to dissolution of the oil
component i from the buoyant jet/plume into ambient water;
and my is the mass loss due to turbulent diffusion. The dissolu-
tion of oil into water represented by the second term of the right
side of Eq. (1) can be calculated by Rye’s formulation (1994).
Based on Yapa and Zheng's (1997) study, the turbulent diffusion,
represented by the third term on the right side of Eq. (1), can be
calculated with the concentration gradient.

2.1.2 Momentum conservation equation

d(mv)
a g™

- dm (pa—p) o, @)
sk

where V, is the average velocity vector of the ambient current
over the exposed buoyant jet/plume surface; and K is unit vector
in the vertical direction. The first term on the right side of Eq. (2)
is the momentum of the entrained mass, and the second term is
the force exerted on the CV.

2.1.3 Heat, salinity and oil mass conservation equation
Conservation of heat (C,T), salinity (S ), and oil concentrati-
on by mass (C) in the CV, are described by (Yapa and Zheng, 1997):

d(mC,T dm C,T — CpaT,
d(mC,T) dtp ) _ Coala 3 — PaKA i Y 3)
d(mS dm S-S
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where C, and T are the specific heats and temperature of the oil,
respectively; the subscript “a” refers to the ambient water (for oil
C,=1800 J/(kg-K) and for water C,a=3900 J/(kg-K)); and K, K,
and K are the heat, salinity, and oil concentration diffusivities,
respectively (K, = 2.52x10-* m?/s, Kg = 1.5x10-°m?/s, and K =
1.5x109m?/s, Bemporad, 1994).

2.1.4 State equation

The density variation of oil due to temperature, salinity and
concentration can be described by the state equation. Based on
Bemporad’s study (1994), the exact functional form for oil is de-
scribed by

p = po[1-B(T — Ty) + fc(C — Cy)], (6)

where f; and f are the coefficients of heat conduction and dis-
solution, respectively (8= 5x10-4-°C-1 and .= 8x10-3 %1, Bem-
porad, 1994); and the subscript “0” refers to the initial values.

2.1.5 Entrainment

Entrainment of ambient water into the jet/plume, Q, in Eq.
(1), from both shear-induced entrainment, Qs, and forced en-
trainment, Qs, (Frick, 1984; Lee and Cheung, 1990) is a critical
factor in the fate of the jet/plume. The coefficient of shear-in-
duced entrainment can be calculated, based on Schatzmann
(1979) and Lee and Cheung's formulations (1990). Furthermore,
the modified formulations of forced entrainment were derived by
Yapa and Zheng (1997), that were more complete and less com-
plex than those of Lee and Cheung (1990) and Frick (1994). Be-
cause of the good agreement between the laboratory and field ex-
periments (Zheng and Yapa, 1998), the same formulation is used
here to model the entrainment.

2.1.6 Particalization of control volume

The PDM uses the Lagrangian integral CV approach, whereas,
the ADM uses the Lagrangian particle method, in which the
particle is clearly superior to the CV for describing oil droplets.
Therefore, the CV of the present PDM CV needs to be filled with
particles to facilitate the butt joint between the PDM and ADM.
In the plume-dynamic stage, each particle represents a set of oil
droplets of equal size, that is presumed to be a random continu-
ous distribution in the CV. When the CV has reached the trans-
ition point, from the PDM to the ADM, all particles are intro-
duced into the ambient, and then move in response to buoyancy,
shear current, and turbulence. The particalization processes for
the CV are separated into two sub-processes: assignment to the
initial coordinates of particles in the CV, and then rotation and
translation for the initial coordinates of particles.

First, the equation for assignment to the initial coordinates of
particles in the CV can be written as

Zdp = R1(Z(i + die) — Z(i)), 0]

Xdp = [b(i)R2 + R1(W(i + die) — b(i))] x

sin i 2 + Ek
n PR (3)

Ydp = [b(i)R2 + R1(b(i + die) — b(i))] X

cos i.21[ + E k
n PR )]
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where X dp, Ydp, and Zdp are the initial coordinates of particles
in the x-, y-, and z-directions, respectively; R1 and R2 are ran-
dom numbers uniformly distributed in the interval [0, 1]; die is
the iteration time step; b(i) is the radius at the ith time step; and k
COS €, COSE,
Ry = —Cosey Siney + siney, singy cos e,
singy sine; + cose, singy cos e,

where ¢y, ¢, and ¢, are the velocity angles of the CV in the x-, y-
and z-directions, respectively.

After rotating the space coordinates by the angle matrix, and
then translating to the position of the CV calculated by the PDM,
the final discrete particle coordinates can be written as

Ys | =Ro| Ydp | + | Y(i) |, (11)
Zs Zdp Z(i)

where X s, Y5, and Z; are the final discrete particle coordinates in
the x-, y- and z-directions, respectively; and X (i), Y(i) and Z (i)
are the coordinates of the CV at the ith time step.

2.2 Advection-diffusion model

2.2.1 Terminal level of plume dynamics

Based on Rye et al. (1996) and Yapa and Zheng's work (1997)
on the transition point from the plume-dynamic stage to the ad-
vection-diffusion stage, Dasanayaka and Yapa (2009) studied the
various criteria that could be used as the choice of TLPD. Their
study suggested that the droplet buoyant velocity, V;, corres-
ponding to the median oil droplet size based on volume, could be
used as the TLPD transition, with the advantage that the model
would go directly into the ADM calculation stage when the leak
rate, or plume velocity is lower than the buoyancy velocity of the
median oil droplet. The droplet buoyant velocity criterion is used
in this paper, considering the possibility of slow leaks resulting in
immediate advection-diffusion movement.

2.2.2 Kinematic equation of oil droplets

The transport of oil moving as individual droplets beyond the
buoyant velocity criterion can be calculated by the ADM. The
kinematic equation for the displacement vector of a droplet, in a
single time step, is described by

S'=8+S.+ V- kAL, (12)

where S} and S, are the displacement vectors of droplet due to
advection and turbulent diffusion, respectively; V4 is the droplet
buoyant velocity; and k is unit vector in the vertical direction.

The equation for the displacement vector of a droplet, be-
cause of advection, can be written as

. . t+At N
§i= St / Vi(x(2), y(1), £)dt, (13)
t

where S, is the initial displacement vector of a droplet; and Wis
the velocity vector of the local current.

The equation for the displacement vector of a droplet, due to
turbulent diffusion, can be written as

is an iteration variable of each set of particles for the CV.
Using the velocity angles of the CV calculated by the PDV, the

angle matrix for coordinate rotation (R) is then described by

coseysine, —singy,
COSE, COSE, + Siney singy sing,  siney cosey, , (10)
—sine, cose; + CoSey Singy, sine;  COSey COS €y,
Sa=/6kiAt(Ry,R ), R;), (14)

where k, is the turbulent diffusion coefficient in x-, y-, and z-dir-
ections (for the horizontal diffusivities k, = k, = 0.05 m?/s, and for
the vertical diffusivity k, = 0.001 m?/s, Yapa et al., 1999); and Ry,
Ry, and R, are random numbers of normal distribution in the in-
terval [-1, 1].

2.2.3 Buoyant velocity of oil droplets (Vb)

Underwater oil spills contain oil droplets of various sizes, that
have different buoyant velocities, V;, for simulating the fate of oil.
Previous studies (e.g., Clift et al., 1978; Takemura and Yabe, 1999)
have shown that fluid particles can be spherical (small-size
range), ellipsoidal (intermediate-size range), or spherically cap-
shaped (large-size range). Based on the studies of Clift et al.
(1978), Zheng and Yapa (2000) presented an integrated formula-
tion to compute V, of bubbles/droplets in the above three size
ranges. The same method is used here.

The size distribution of oil droplets from underwater oil spills
has a great influence on the fate of oil in the environment (Jo-
hansen, 2003; Brandvik et al., 2013). Based on experimental data
obtained from oil droplet breakup experiments, conducted in a
new test facility at SINTEF, a modified Weber number model for
the prediction of droplet size distributions, formed in subsea oil
and gas blowouts, was introduced (Johansen et al., 2013). In this
model, the same Weber number method is adopted, and the
droplet size distribution could then be obtained from the medi-
an droplet size, based on the discharge conditions (leak rate, and
leak diameter).

3 Model validation

The numerical model developed in Section 2 is tested against
a selection of actual experimental data, that includes different
discharge and ambient conditions. The experimental conditions
used are: slow-discharges in un-stratified stagnant/flowing ambi-
ent, given by the China Offshore Oil Engineering Corporation
(COOEC); and buoyant jets in both un-stratified flowing ambient
and stratified stagnant ambient given by Fan (1967). To differen-
tiate the characteristics of the various experimental conditions,
three parameters (Jiang et al., 2016) are introduced:

.
v

>
=
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(15)
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in which the subscript “0” refers to initial values; Fr is the jet
densimetric Froude number; g’ = g(p, — p/p); D is the diameter
of orifice, i.e., leak diameter; St is the stratification number; R is
the ratio between the magnitudes of the jet and cross-flow velo-
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cities; and ¢, is the angle between the discharge direction and
the positive direction of the x-axis. The values of the primary
parameters used in the experiments are presented in Table 1, and
other specific parameters are detailed in the section below.

camera equipment

Fig. 2. COOEC experimental setup.

Model validation entails detailed comparisons of model sim-
ulations with photographic observations, that include the traject-
ory of the spilled oil, the leakage time, and the maximum lateral
migration distance when the oil reaches the sea surface. Figure 4
shows the trajectory comparisons, for FC-0, FC-1, FC-2, FC-3 and
FC-4, with the model calculations. It can be seen that the CFD oil
trajectory simulations in the water were in a good agreement
with the experimental data. The detailed comparison of the leak-

Table 1. Primary experimental parameters
Description No. Author Fr, St R, ¢o/(°)
Slow-discharges in unstratified flowing ambient FC-0 COOEC 1.975 o S 90.0
FC-1 1.975 o 4.618 90.0
FC-2 1.975 oo 2.506 90.0
FC-3 1.975 s 1.667 90.0
FC-4 1.975 oo 1.245 90.0
Buoyant jets in unstratified flowing ambient FF-1 Fan (1967) 20.000 oo 4.000 90.0
FF-2 20.000 5 8.000 90.0
FF-3 18.479 oo 12.048 90.0
Buoyant jets in stratified stagnant ambient FF-4 36.000 212 o 45.0
FF-5 20.000 107 S 39.1
FF-6 13.000 113 oo 2.8
3.1 Experiments from COOEC Table 2. Fixed experimental parameters
To validate the accuracy of the oil spill model for simulating Specific parameters Value
slow leaks with simple ADM, the COOEC series experiments were
run by the authors at the Tianjin Research Institute for Water Oil density/kg - m™* 894.300
Transport Engineering, using a water tank 0.7 m long, 0.5 m wide Water density/kg - m~3 983.300
and 0.5 m deep. As shown in Fig. 2, an oil pipe was buried at the Oil viscosity/mPa - s 284.200
bottom of the test tank along the flow direction. A round hole, Oil temperature/°C 53.000
with a diameter of 4 mm, was opened on top of the pipe to mimic Water temperature/°C 24.000
the pipe leaks. A camera was positioned on one side of tank to re- Leakage rate/m - s~ ! 0.123
cord the oil spill process. According to the different current con- Leak diameter/m 0.004
ditions, a total of five density un-stratified experiments were se- Water depth/m 0.500
lected to calibrate the numerical model in this section. The fixed
experimental parameters are presented in Table 2, and Fig. 3
shows the unidirectionally non-uniform current profiles corres- 0 | ! !
ponding to FC-1 through FC-4. 1 I ! :
0.1 : : i
top of the tank ) I| ' ;
3 o, © . e *%7 jl : !
GQ*E A, water line }a | : ! i
> water flow Y T i 8 03- : : /
o 5, 03 ] ! —r | : ; _{I
crude ol ey ‘:D ' 0ad J,. , ; —— FC-1
) ) ; { == =FC2
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updgrwqtcr 05 ; ! _," ;'r ==+ FC-4
011 plpcllnc T T T T T T LI T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12

Current velocity/cm's™!

Fig. 3. Current velocity profiles of COOEC series tests.

age time and the maximum lateral migration distance is presen-
ted in Table 3. The numerical results agree well with the experi-
mental results, except for a marginal underestimation of the leak-
age time observed in simulations.

3.2 Experiments from Fan (1967)

Two types of experiments by Fan (1967) were selected to fur-
ther validate the accuracy of the model for simulating buoyant
jets/plumes with combinations of PDM and ADM, and were
identified as FF-1, FF-2, and FF-3 and FF-4, FF-5 and FF-6. The
experiments were conducted in a laboratory tank, filled with
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Table 3. Experimental and numerical results for selected cases

No. Experimental lateral migration ~Numerical lateral migration  Relative Experimental leakage Numerical leakage Relative
distance/m distance/m error/% time/s time/s error/%
FC-0 0.005 0.005 11.1 5.04 5.03 -0.2
FC-1 0.136 0.142 4.4 5.08 5.01 -14
FC-2 0.233 0.240 3.0 5.56 5.26 -5.4
FC-3 0.366 0.354 -3.3 5.44 4.90 -9.9
FC-4 0.443 0.441 -0.5 5.00 4.89 -2.2

density un-stratified flowing fluid (FF-1, FF-2 and FF-3), and lin-
early density stratified stagnant fluid (FF-4, FF-5, and FF-6)
modeled by filling, layer by layer, with salt solutions of different
densities. The current for FF-1, FF-2 and FF-3 was unidirection-
ally uniform. The diameters of the orifices were 0.76 cm (FF-1,
FF-2 and FF-3), and 0.46 cm (FF-4, FF-5 and FF-6). The dis-
charge and ambient characteristics corresponding to the simu-
lated cases were input based on the experimental data, that was
detailed in the laboratory report prepared by Fan (1967). Figures 5
and 6 show the comparison between the computed trajectories
and the experimental data. Figure 5 shows the density un-strati-
fied flowing fluid, and Fig. 6 shows the linearly density-stratified
stagnant fluid. The overall simulation is in satisfactorily good
agreement with the experimental data.
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Fig. 5. Comparison of the trajectories for buoyant jets dis-
charged vertically to un-stratified flowing ambient (FF-1, FF-2
and FF-3) between experimental results (ER) and simulation res-
ults (SR).
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Fig. 6. Comparison of the trajectories for buoyant jets dis-

charged to stratified stagnant ambient (FF-4, FF-5 and FF-6)
between experimental results (ER) and simulation results (SR).

4 Parametric study

In the parametric study, 13 hypothetical cases are developed
to mimic probable underwater releases in a stratified environ-
ment, with a water depth H of 16 m. The ambient temperature
and salinity are set as 10°C and 34 at the seabed, and 12°C and 30
at the surface, in order to consider the stratification. The oil tem-
perature, oil viscosity, and ambient density, p,, at the orifice are
set as 30°C, 284.2 mPa - s, and 1 027.6 kg/m3, respectively. The
unidirectional current velocities are assumed to have logar-
ithmic profiles: V, = k,x log (1+z) [m/s], where the current velo-
city at the surface, V. is k,x log (1+16). The value of k, falls in
the range 0.081-0.203.

As shown in Table 4, the oil density, current velocity at the
surface, leak rate, and leak diameter are varied from case to case.
As the leak rate and leak diameter are interrelated, the minimum
volume flux in Case 8 (leak rate 0.5 m/s, and leak diameter 0.06 m)
has been set as a comparison standard for others cases, as pre-
sented in Table 4. Therefore, a certain range of volume flux of
leaking oil has been considered in this section.

The simulation results of the underwater oil spread process
are shown in Figs 7-10. Spilled oil first rises as a jet/plume, losing
momentum and buoyancy gradually because of the entrainment
of the stratified ambient fluid, i.e., the plume-dynamic stage. Bey-
ond the terminal level of plume dynamics, the plume cloud is
broken up into individual droplets affected by advection and dif-
fusion, i.e., advection-diffusion stage. Under the action of shear
current, oil droplets become more dispersed with increasing
height. To facilitate the analysis of the oil spill process, the
plume-dynamic and advection-diffusion stages are depicted by
red and blue, respectively. We adopt Case 2 (as shown in Table 4)
as the standard case.

4.1 Effect of oil density

To study the effect of oil density, simulations are conducted
by changing the oil density while keeping other parameters the
same as those in the standard case. Figure 7 shows the process of
oil spills from pipelines to the sea surface for four different oil
densities. It is observed that the leakage time, the lateral migra-
tion distance, and the surface diffusion range increase with in-
creasing oil density. The leakage time, and lateral migration dis-
tance, of heavy oil (po = 930 kg/m3 ) are approximately 1.36
times and 1.55 times greater than those at a density of 780 kg/m53,
respectively. Moreover, the diffusion range of heavy oil is 16.7 m,
approximately 2.13 times greater than the 7.83 m with an oil
density of 780 kg/m3. The primary cause of this is that high dens-
ity oil droplets rise slower, because of the effect of gravity, lead-
ing to both a longer underwater action time and longer plume-
dynamic stage. Based on the strong active diffusion of a buoyant
plume relative to the advection-diffusion stage, a longer plume-
dynamic stage results in a greater surface diffusion range. The
lateral migration distance also increases with increasing flow ac-
tion time.
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Table 4. Simulation cases

Case Oil density Current velocity at surface Leakrate  Leak diameter Volume flux ofleaking Flux multiple (compared
(py)/kg/m™3 (Vya)/m - 871 (Vp)/m-s71 (D)/m oil/m?® - s7! with Case 8)
1 780 0.15 1.0 0.06 0.002 827 2.0
2 830 0.15 1.0 0.06 0.002 827 2.0
3 880 0.15 1.0 0.06 0.002 827 2.0
4 930 0.15 1.0 0.06 0.002 827 2.0
5 830 0.10 1.0 0.06 0.002 827 2.0
6 830 0.20 1.0 0.06 0.002 827 2.0
7 830 0.25 1.0 0.06 0.002 827 2.0
8 830 0.15 0.5 0.06 0.001 414 1.0
9 830 0.15 1.5 0.06 0.004 241 3.0
10 830 0.15 2.0 0.06 0.005 655 4.0
11 830 0.15 1.0 0.05 0.001 963 1.4
12 830 0.15 1.0 0.07 0.003 848 2.7
13 830 0.15 1.0 0.08 0.005 027 3.6
25 120
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Fig. 7. Leakage time (7), lateral migration distance (Lf), surface diffusion range (Lr), and underwater spread of spilled oil at different
oil densities: pp = 780 kg/m? (a); po = 830 kg/m3 (b); pp = 880 kg/m?3 (c); and po = 930 kg/m3 (d).

4.2 Effect of current velocity

The process of oil spilling from a pipeline at four different
current velocities is shown in Fig. 8. It can be seen that the great-
er the current velocity, the greater the horizontal trajectory of the
spilled oil. Current as a carrier plays a critical role in the entrain-

ment (jet/plume) and lateral action of spilled oil. The process of
the ambient water entering the plume is accelerated by the en-
trainment of rapid current, that could reduce the rising mo-
mentum of the plume cloud, and increase the lateral movement.
Therefore, the leakage time, the lateral migration distance, and



112

YANG Zhenglong et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 104-115

30 100
B - i
il 93 e 293,5986
35T 88.6 i 4 30
20
E 4 60
8 @
(5}
ghr E
2 =
a 4 40
10 k 8.49
7.61
4 20
5 -
0 L L L L 0
0.05 0.10 0.15 0.20 0.25 0.30
Vima/ 8™

Height/m

Case 5

0 10 20 30

Distance/m

Height/m

0 10 20 30

Distance/m

15 F g
g 10 F 4
=
.eo
[}
T

5 . -

b
Case 2
0
0 10 20 30
Distance/m

15 r
£ 10
=
.eo
[}
jus)

5+

0

0 10 20 30
Distance/m

Fig. 8. Leakage time (7), lateral migration distance (Lf), surface diffusion range (Lr), and underwater spread of spilled oil at different
current velocities: a. Vamax = 0.1 m/s; b. Vamax = 0.15 m/s; €. Vamax = 0.2 m/s; d. Vamax = 0.25 m/s.

the surface diffusion range all increase with increasing current
velocity. As the current velocity increases from 0.1 m/s to 0.25
m/s, the leakage time, the lateral migration distance, and the dif-
fusion range increase by 8.13%, 182.2% and 63.5%, respectively.
In particular, the effect of current on the lateral migration dis-
tance is clearly evident.

4.3 Effect of leaking flux

The volume flux of spilled oil is primarily determined by the
leak size, and the leak rate. Figure 9 shows the underwater
spreading process of spilled oil for four different leak rates, with a
leak diameter of 0.06 m. It can be seen that the arrival time, and
the lateral migration distance, decrease with increasing leak
rates, while the surface diffusion range exhibits the opposite
trend. Because of the high buoyant kinetic energy of the plume,
the oil spilled at a greater leak rate rises and spreads faster, res-
ulting in both a greater leakage time and lateral migration dis-
tance. Therefore, as the leak rate increases from 0.5 m/s to 2 m/s,

the leakage time decreases by 26.8%, and the diffusion range in-
creases by 136%. With a leak rate from 0.5-1 m/s, the diffusion
range increases marginally, but increases rapidly when the leak
rate changes from 1-2 m/s. Primarily because of the long current
action, the lateral migration distance for V, = 0.5 m/s is 14.63 m,
approximately 1.15 times greater than that for V;;=2 m/s.

In addition to the leak rate, the leak diameter is also con-
sidered in this study. Figure 10 shows the underwater spread pro-
cess of spilled oil from four different leak diameters, at the same
leak rate V= 1 m/s. It can be seen that greater leak diameters
result in shorter arrival times, smaller lateral migration distances,
and greater surface diffusion ranges. The mechanism of the
spread process is similar to the cases with different leak rates. As
the leak diameter increases from 0.05-0.08 m, the leakage time
and the lateral migration distance decrease by 24.2% and 30.5%,
respectively. Moreover, the diffusion range for D=0.05mis 7.1 m,
that is approximately 56% of that for D = 0.08 m.
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5 Conclusions

In this study, a numerical model was developed to simulate
underwater oil spills. The numerical model comprised two sub-
models: the PDM was based on the Lagrangian integral method,
while the ADM was based on the Lagrangian particle method.
The model can take into account not only the unsteady nature of
currents, and the diffusion and dissolution of oil, but also the
density stratification of the ambient water. The particalization of
the control volume is conducted so that comprehensive, and suc-
cessive, simulations on oil spill fate can be performed. The oil
spill process can be simulated from the seabed to the sea surface,
predicting when and where the oil will reach the sea surface. The
model is capable of a fast, real-time and accurate prediction of
oil spills, spreads that originate as jets/plumes, and slow leaks.
Therefore, the model is a useful tool for early emergency re-
sponse to unexpected oil spills.

For verifying the applicability, the model was tested against a
selection of actual experimental data from COOEC and Fan
(1967), that includes different discharge and ambient conditions.
In all cases, the comparisons have been reasonably good. The

trajectory of spilled oil, the leakage time, and the maximum later-
al migration distance when oil reaches the sea surface of the
model, were in good agreement with the experimental data.
Compared to the COOEC slow leak experimental data, the nu-
merical model predicted a shorter arrival time at the free surface.
In certain circumstances, this could be attributed to the bound-
ary limitations in the scaled experiment. Therefore, the verified
model can provide a satisfactory technical reference for oil spill
response.

Finally, the effects of oil density, current velocity, leak rate,
and leak diameter were examined by the validated CFD model. It
was observed that the greater the density of the oil, the faster the
current and the slower the oil leak, or the smaller the leak dia-
meter, the greater both the leakage time and lateral migration
distance. The surface diffusion range increased with increasing
oil density, current velocity, leak rate and leak diameter. In par-
ticular, the effect of current on the lateral migration distance and
that of the leak rate on surface diffusion range were more evid-
ent. Although the results were obtained under specific condi-
tions, they can provide practical predictions and useful guidance
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for emergency rescues during an accidental spill.

With significant oil exploration and production activity tak-
ing place in significantly deeper waters, as well as the absence of
experimental evidence as to when the plume dynamics cease to
exist in a plume cloud, future studies should concentrate on the
understanding and modeling of the physical-chemical processes
of deepwater oil spills in high-pressure and low-temperature en-
vironments, as well as experimental studies on the TLPD.
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