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Abstract 
Leakages in oil pipelines can cause financial losses and several environmental 
damages, where large-scale offshore oil and gas exploration results in large 
releases of oil and gas into ocean waters. In the event of oil leakage, an imme-
diate and adequate response is required to reduce environmental damage, 
such as containment barriers, for example, which depends on the agglomera-
tion of oil particles, velocity and tendency to propagation. Thus, the under-
standing of the fluid flow behavior around of subsea pipeline at different 
depths is crucial. On the other hand, the knowledge of interfacial phenomena 
of immiscible liquids allows the process of adjective migration in submarine 
pipelines. Consequently, this science enables the prediction of the behavior 
and the geometric shape of the water-oil interface and provides a phenome-
nological foundation concerning the theories of perturbation, the stability 
criteria and mathematical modeling, as well as the flow patterns in the 
neighborhoods and submerged pipelines. From this perspective, this work 
aims to study the oil dispersion in sea water caused by leakage in a submerged 
pipeline. Here, a two-dimensional mathematical model based on the mass 
and linear momentum conservation equations and the standard k-ε turbu-
lence model, was developed. The dynamic behavior of the oil and water 
phases is evaluated by pressure fields, surface velocity, volumetric fraction 
and velocity vectors. Simulation results show the presence of oil flux from the 
pipe to the marine stream and vice-versa. Further, the increase in oil velocity 
at the pipe inlet leads to an increase in pressure drop. 
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1. Introduction 

Research centers and Brazilian oil industry have reported costs of the order of 
U$90.000,00 per cubic meter of oil as a result of leakage [1]. Thus, in Brazil, the 
environmental crime law, one of the most stringents in the world, has like objec-
tive to assess environmental disasters and applying strict fines and possible ar-
rest orders as necessary. With such requirements, the petroleum industry must 
achieve high safety standards in its operations. For this reason, it is crucial com-
pliance with technical standards related to facilities and other legal requirements 
required in order to improve the performance of production units.  

In present day, oil transportation has occurred by pipelines. Submerged pipes 
are many kilometers long and are intended for the transport of oil and gas. 
Then, submerged ducts and floating platforms generally tend to interact with 
waves and water stream resulting in the pressure differences around the outer 
surface that can cause vibrations in the pipeline [2] [3]. Pressure distribution 
around of the pipe is subjected to variations which may cause alteration in the 
force components at the pipe surface, that is, it changes the drag force parallel to 
flow direction. For this reason, these forces can produce vortex induced vibra-
tion in the tube, which is an important variable for oil flow and risks studies in 
marine environmental [4].  

In oil transportation by pipelines, there are pressure variations that cause dif-
ferent fluid flow velocities and abrupt variations in area, which can cause pipe-
line ruptures and leaks [5] [6]. 

In the event of an accidental rupture, a quick and adequate actions is neces-
sary, in order to reduce the environmental consequences. As an example, with 
the use of containment barriers, is possible to control the spread of oil in the sea. 
For this reason, it is of fundamental importance to understand the fluid flow 
behavior in the marine environment and the dispersion of the oil plume, with 
the aim to predict the leakage location [7] [8] [9]. 

According to ANP (National Agency of Petroleum, Natural gas and Biofuel) 
which is the Brazilian institution responsible to regulate the activities related to 
the oil natural gas and biofuels industries in Brazil, 482 pipelines are authorized 
to transportation of hydrocarbons from refineries to consumption centers, and 
in general they are subject to leaks resulting from rupture caused by different 
mechanisms such as, fatigue or corrosion [10]. 

Leakage is considered extremely dangerous mainly in view of the environ-
mental implications, especially in subsea pipelines and in remote areas [11]. 

When leaking in submerged pipes, oil tends to flow through the orifice to-
wards the sea surface as a result of the difference in fluid densities. Thus, the 
water that is located in the external surface of the pipe tends to penetrate inside 
the pipe, occupying all the space left by the leaked oil. This process of exiting oil 
and entering water in the pipe is called advective migration [13].  

For accurate leakage detection and identification, it is necessary to know the 
behavior of the fluids inside the pipeline, which allows determining the pressure 
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drop along the pipeline [1] [9] [12] [14], and the total amount of fluid (oil, gas 
or even contaminated water) released, and allows to stop the pumps and the 
control valves avoiding or minimizing environmental damage.  

The establishment of flow patterns is common in multiphase flow and it is re-
lated to the configuration of the phases present in the system. This physical situ-
ation allows that a force balance on each phase interfaces be established. This 
force balance depends on the parameters related to pipe geometry, for example 
the angle of inclination, diameter and roughness of the duct wall fluid flow (for 
example speed of each of the phases involved in the system) and the fluid (den-
sity, viscosity and surface tension) [7].  

The understanding of interfacial phenomena of immiscible liquids is of great 
importance for the study of the advective migration process in submarine pipe-
lines [15]. 

This information allows the prediction of flow behavior, the geometric shape 
of the water-oil interface and provides a great phenomenological foundation 
with respect to the theories of perturbation and stability criteria, and mathemat-
ical modeling.  

Activities related to drilling and oil production on the high seas, oil transpor-
tation in load ships, and pipelines submerged, increase the potential for oil lea-
kage. In this sense, several researches have focused on the study of flow behavior 
in the pipe with leakage. Those papers, investigate and quantifying the move-
ments of oil leakage on the water surface. Activities related to drilling and oil 
production on the high seas, oil transportation in load ships, and pipelines sub-
merged, increase the potential for oil leakage. Those papers, investigate and 
quantifying the movements of oil leakage on the water surface. That said, oil 
leakage models and numerical simulation systems were developed to predict the 
process behavior [16] [17] [18]. 

However, few works are addressed to the spread of oil in water. Therefore, 
various factors affecting the spread and drift of oil leaks in the sea, such as: 
physical characteristics (density and viscosity), physical environment of the sea 
(wave, wind, current) and leakage hole parameters (leakage diameter, pressure 
and speed) [19] [20] [21] [22]. In complement, this study uses computational 
fluid dynamics to understand important details about the oil leak in a pipeline, 
as the flow patterns (in the vicinity of the leakage), pressure fields, velocity, vo-
lumetric fraction of the involved phases and to evaluate the effects of the velocity 
of entry into the tube and into the sea and the outlet pressure in the tube on the 
behavior of fluids in the region of the leakage. Hence, this work aims to study 
numerically the oil dispersion in the seawater, originated from a subsea pipeline 
leakage. 

2. Methodology  
2.1. Physical Domain and Geometry 

The physical domain consists of a submerged pipe in the sea (two-dimensional 
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domain with 20 m length and 10 m high) as illustrated in Figure 1. In this sys-
tem, oil flows inside the pipe and water flows in the region above the pipe, which 
is considered the external medium. The pipe have the following dimension: 0.2 
m diameter, 0.02 m wall thickness and a hole of 0.02 m diameter located 10 m 
from the pipe input section.  

2.2. Computational Domain  

The representative computational mesh of the physical domain was builded by 
using the ICEM-CFD software. Figure 2 shows the generated numerical mesh,  
 

 
Figure 1. Physical domain analyzed. 

 

 
Figure 2. Numerical mesh of the studie physical domain: (a) whole domain, (b) Central 
region and (c) Leakage region. 
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with 139,488 hexahedral elements and 93,666 nodal points, highlighting the 
piping and leakage regions. 

2.3. Mathematical Modeling  
2.3.1. Governing Equations  
The free surface model was adopted in this study in order to analyze the wa-
ter-oil two phase-flow, according to the following considerations: 

1) Incompressible, transient and isothermal flow;  
2) Fully developed laminar fluid flow inside the pipe;  
3) Turbulent fluid flow at the sea domain; 
4) Two-dimensional domain; 
5) No mass transfer between the phases; 
6) No mass generation;  
7) Physico-chemical properties of fluids are constant; 
8) Gravitational and drag forces were considered;  
9) Smooth pipe (null roughness). 

• Mass conservation equation  
The following mass conservation equation has been used:  

( ) ( )
1

PN

MSf f U S
t α α α α α α αβ

β
ρ ρ

=

∂
+∇ = + Γ

∂ ∑


                 (1) 

where, ρ, f and U


 are, respectively; the specific mass, volumetric fraction and 
the velocity vector of the α phase. MSS α  represents the mass source term, and 

αβΓ  the term of mass flow rate per unit volume of the α phase to β phase. The 
sub-indices α and β correspond to the phases involved in the multiphase flow. 

Disregarding the mass source term MSS α  and the mass flowrate term per unit 
volume of the phase β for phase α, αβΓ , the mass conservation equation for the 
fluid mixture is given as follows: 

( ) ( ) 0f f U
t α α α α αρ ρ∂
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                    (2) 

• Linear momentum conservation equation  
Regarding the conservation of linear momentum, the following equation has 

been used: 
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(3) 

where µ is dynamic viscosity, P is the pressure, MS α  is the term that represents 
the external forces per volume unit; ( )U Uβ ααβ αβ

+ +Γ −Γ
 

 is the term that represents 
the momentum transfer induced by the mass transfer, and Mαβ



 is the term that 
describes the total interfacial force per volume unit of the α phase due to the in-
teraction with the β phase at the interface (drag and gravitational forces).  

By using the adopted assumptions Equation (3) can be rewritten as follows:  
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( ) ( ) ( ){ }T
f U f U U f p f U U M

t α α α α α α α α α α α α α αβρ ρ µ∂   +∇ ⋅ ⊗ = − ∇ +∇ ⋅ ∇ + ∇ +    ∂

     

(4) 

The closure equations applied to the conservation equations are used at dif-
ferent manners. For the continuity equation, the sum of the volumetric fractions 
of the involved phases is equal to 1. Concerning to the equation of momentum 
transfer, the closing is done by the force acting between the phases, expressed by 
the drag coefficient [15]. 

The interfacial drag force is given by: 

( )3
4

DCM f U U U U
dpα β α β α β αρ= − −

    

               (5) 

where DC  = 0.44 represents the drag coefficient and pd  = 0.001 m is the fluid 
(oil) particle diameter.  
• Turbulence equation  

Among the different turbulence models used for the treatment of turbulent 
flows, what stands out most is the k-ε model. The k-ε turbulence model is a 
model where the Reynolds tensors are proportional to the mean velocity gra-
dients. The proportionality constant being identified by a turbulent viscosity 
[23]. This model is defined by the transport equations applied to turbulent ki-
netic energy and the dissipation rate of the turbulent kinetic energy, which are 
solved for are turbulent length and time scale [24] [25].  

For the turbulent kinetic energy, k, and the turbulent dissipation rate, ε, we 
can write: 

( ) ( )t

k

f k
f U k k f G

t
α α α α

α α α α α α α α α

ρ µ
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  (7) 

where Gα is the kinetic energy generation within the α phase; C1, C2, σk and σε 
are constants equal to 1.44, 1.92, 1.0, and 1.3, respectively. 

The term εα corresponds to the dissipation rate of turbulent kinetic energy, 
and kα corresponds to the turbulent energy, which are defined as follows:  

3c q
l
µ α

α
α

ε =                               (8) 

2

2
q

k α
α =                                (9) 

where lα is the spatial scale length, qα is the velocity scale, and cµ , is calculated 
using the following expression:  

24c cµ α=                               (10) 

where Cα is an empirical constant, and μ is the dynamic viscosity of the α phase.  
The turbulent viscosity is defined as follows: 

2

t
k

c α
α µ α

α

µ ρ
ε

=                            (11) 
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In this work, the constant Cμ was considered to be equal to 0.09. 

2.3.2. Initial and Boundary Conditions  
For this propose the fully developed laminar single-phase flow of oil into the 
pipeline was considered. The initial and boundary conditions used in the simu-
lations are shown in Figure 3.  

At the pipe inlet the oil velocity profile is given as follows:  
2

max 1 rU U
R

  = −  
   

                       (12) 

For the external domain (sea water), to it was considered water velocity ac-
cording to Equation (13):  

max
, 3e m

U
U =                           (13) 

where Ue,m is the input velocity at the domain, Umax is the maximum velocity of 
oil in the pipe. 

Further, it was considered a reference pressure equal to 1 atm.  

2.3.3. Fluid Properties and Studies Cases  
Table 1 shows the thermo-physical properties of the fluids considered in this 
research. Table 2 illustrates all inlet parameters used in the simulations.  

2.3.4. Numerical Solution Procedure  
In the numerical solution of the governing equations was used the software An-
sys CFX. Table 3 sumarize all numerical treatment used in each simulation.  

3. Results and Discussions  
3.1. Inlet Oil Velocity Effect  

As reported by the relevant literature, larger pressure gradients occur proximity  
 

 
Figure 3. Initial and boundary conditions adopted for pipeline and sea.  
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Table 1. Physical-chemical properties of fluids used in numerical simulation. 

Properties Water Oil 

Density (kg/m3) 997(*) 925.5(**) 

Dynamic viscosity (Pa.s) 0.000889(*) 0.1(***) 

Surface tension (N/m) 0.07(*) 

Source: *[26] **[27], ***[15] [28]. 

 
Table 2. Analized cases in this work.  

 
Case 

Inlet oil 
Umax (m/s) 

Pipe output pressure at Ps,t 
(atm) 

Inletwater velocity 
Ue,m (m/s) 

1 0.54 1.1 0.000 

2 1.08 1.1 0.000 

3 1.62 1.1 0.000 

4 2.16 1.1 0.000 

5 1.08 1.2 0.000 

6 1.08 1.3 0.000 

7 1.08 1.4 0.000 

8 1.08 1.4 0.000 

9 1.08 1.4 0.003 

10 1.08 1.4 0.006 

11 1.08 1.4 0.036 

12 1.08 1.4 0.410 

13 1.08 1.4 1.080 

 
Table 3. Considerations used in the simulations. 

Flow Biphasic (water/oil) 

Interfacial transfer model Free surface 

Pressure interpolation scheme Trilinear 

Interpolation scheme for velocity Trilinear 

Wall condition for the fluids No-slip 

Fluid interface condition Slip 

Advection scheme High resolution 

Convergence criterion for mass 10−6 (RMS) 

Total simulation time 10 s 

Time step 0.01 s 

 
to the leakage, that is, low variations in the pressure values are observed before 
and after the leakage occurs. 

Figure 4 shows the behavior of the total pressure drop as a function of time in 
two transversal planes, located 1 m before the leakage, for the cases 1, 2, 3 and 4.  
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(a) 

 
(b) 

Figure 4. (a) Total pressure variation as process time and (b) parameter measurement 
position P11 (Cases 1 - 4, Position P11 and P13). 
 
From the analysis of this figure, it can be seen that the total pressure increases as 
the oil velocity increases. Afterward, there is a greater loss of mechanical energy 
due to viscous friction with the pipe walls. In the initial seconds, there is a strong 
decline in pressure drop, being more intense increasing the inlet oil velocity in 
the pipe.  

In agreement with the literature [9] [24], the time required for the pressure 
behavior to reach stability after leakage depends on the diameter of the fluid es-
cape orifice in the pipe. 

Figure 5 represents the pressure drop as a function of the position along the 
pipe in Y = 0.1 m with the presence of a leakage in the pipe. By analyzing this 
figure, in 5 s time, the total pressure drop shows a linear decreasing behavior  
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(a) 

 
(b) 

Figure 5. Total pressure drop as a function of axial position in the pipe (t = 5 s) and (b) 
measurement position indication (Cases 1 - 4, position P2.) 
 
with a axial position before and after the leakage, according to the increase in the 
oil velocity at the inlet of the pipe. Higher inlet velocity the higher the pressure 
drop in the region of the leakage.  

Figure 6 shows the behavior of the total pressure drop along the pipeline po-
sition P2, for the physical situation with and without leakage. By analyzing this 
figure we can see that there is a decreasing linear behavior of this parameter for 
the situation without leakage and a pressure discontinuous behavior for the si-
mulation with leakage. In the six meters before the leak, a pressure drop of ap-
proximately 700 Pa is observed, clearly indicating the presence of leak due to the 
loss of fluid mass. After the leak, there is equilibrium state in the flow leading to 
a linear decrease in pressure until the pipeline outlet.  

Figure 7 illustrates the surface water velocity distribution across the domain 
(tube and sea water), with detail of the region of the leakage, for the case 4, 
whore the inlet oil velocity is 2.16 m/s. By analyzing this figure we can see that, 
when the oil enters the marine domain, in the form of a jet resulting from the  
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(a) 

 
(b) 

Figure 6. (a) Total pressure drop along the pipe and (b) measurement position indication 
(Case 4, position P2).   
 

 
Figure 7. Surface water velocity field at the domain (pipe and seawater) and detail of the 
oil jet in the sea region: (a) velocity field, (b) velocity vector field (Case 4). 
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pressure difference between the oil at the leakage and sea domain, its surface ve-
locity reaches a value of 0.299 m/s. The vectors indicated in the figure do not 
represent greatness, but only the flow direction of the phases [9].  

An experimental behavior similar to the result discussed earlier was observed 
in Li et al. [29] with different leakage rate velocities. The authors aimed to ob-
serve the process of oil droplet formation from experiments that were carried 
out according to the increase in the oil jet speed, so, they kept other parameters 
constant to increase the number of Reynolds between the phases. 

The experimental images show the oil released into the water at different jet 
speeds from a 1.95 mm nozzle using a high resolution camera (Figure 8). In the 
8a image, a stable laminar jet can be seen, once it reaches a certain height, it dis-
solves into individual drops. In the 8b and 8c images, it is observed that the jet 
has a totally turbulent behavior, being intensely presented in a large number of 
smaller droplets that shows a dispersed behavior. 

Zhu et al. [16] proposed to better examine the underwater spread of the oil 
leak in an experimental apparatus and to assess the effects of shear flow and 
pressure on leakage local. A constant shear flow was generated with the average 
speed ranging from 8.6 cm/s to 22.0 cm/s. The schemes of the experimental con-
figuration consist of a channel 1.5 m long and 0.1 m wide by 0.3 m high. The 
water depth is defined as a variable combined with the shear flow velocity. A 
drop of oil is initially deformed and elongated due to turbulence of the running 
torn in parts by the cutting force of the water flow, this is, therefore, the first way 
to break the jet. 

Figure 9 shows the profile of the oil volume fraction, at different times (x = 10 
m, case 4). After an analysis of this figure it is observed for the time equal to zero,  
 

 
Figure 8. Images of oil discharged into water from a 1.95 mm nozzle. Source. Li et al. 
[29]. 

https://doi.org/10.4236/ojfd.2020.102007


G. Moreira et al. 
 

 

DOI: 10.4236/ojfd.2020.102007 107 Open Journal of Fluid Dynamics 
 

 
(a) 

 
(b) 

Figure 9. Distribution of the oil volumetric fraction in the leakage for different times (Uo 
= 2.16 m/s) and (b) parameter measurement positions P8 (Case 4).    
 
that the oil volume fraction in the orifice is equal to 1, due to the initial boun-
dary condition adopted. With the course of time, changes in the behavior of the 
oil volumetric fraction is observed along the leakage orifice. 

Furthermore, it is verified that this parameter presents null value in some po-
sition, that suggest the presence of water in this location.  

Figure 10 represents the profile of the oil volumetric fraction in the tube, at 
the position P14 (y = 0.198 m), located 2 mm from the leakage orifice, and, the 
volumetric fraction of water in the sea stream, at the position P15 (y = 0.207 m),  
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(a) 

 
(b) 
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(c) 

Figure 10. (a) Profile of the oil volumetric fraction in the tube at the position P14, (b) 
Axial profile of the water volumetric fraction at the sea at the position P15 and (c) mea-
surement positions indication (position P14 and P15, t = 10 s, Case 4).    
 
located 2 mm from the leakage orifice, for a time of 10 s, in the presence of lea-
kage (case 4).  

It can be seen in Figure 10(a) that, for higher inlet oil velocity in the tube 
(2.16 m/s), there is a reduction in the oil volumetric fraction from 1 to 0.8008, 
(20%), implying that the high losses of oil fraction in the pipeline occurs in the 
regions closest to the leakage.  

Figure 10(b) shows that, for standing water (0 m/s), the volumetric fraction 
declines slightly from 1 to 0.99997575 (0.01%).  

Figure 11 shows the behavior of the oil volume fraction of oil in the sea 
stream, 1 m before, in the center and 1 m after the leakage in a time of 10 s (case 
4). By analyzing this figure, it can be observed that, for the position in which the 
leakage is, a peak of oil volume fraction, indicating the presence of oil in the 
seawater. For the positions before and after the leak, the fraction of oil is equal to 
zero, which indicates that there is no oil flow in the sea stream for these posi-
tions and this instant of time. This behavior occurred by there physical condi-
tions: 1) the water velocity is zero, 2) the oil phase is less dense thar the water, 
and 3) pressure gradient in the vertical direction.  

3.2. Pipe Output Pressure Effect  

Figure 12 exhibits, graphically, the volumetric fraction profile of the oil, in the 
pipeline, at the position P12, located at the center of the leakage orifice, for dif-
ferent pressures at the pipe outlet, in t = 10 s (cases 2, 5, 6 and 7).  

At this time, it can be observed a volume of oil equal to 1 at this region of the 
leakage, and posteriorly suffers an abrupt reduction in from 1 to 0.82 approx-
imately, according to the conditions imposed in the duct outlet. The use of the 
prescribed pressure condition provides more consistent results compared to 
those available in the literature, as stated in [9]. This behavior was verified in all 
outlet pressure of the pipe. Small variations can be observed sea the leakage.  

Figure 13 shows the oil superficial velocity along the pipeline, for an oil velocity  
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(a) 

 
(b) 

Figure 11. Transverse profile of the oil volumetric fraction of in three positions, at the sea 
domain and (b) measurement positions indication (position P7, P8 and P9, case 4, t = 10 
s).  
 
at the pipe inlet of 1.08 m/s (case 6) and time equal to 5 s, at the positions P1, P2 
and P3, in pipe.  

The results indicate that the oil velocity at the center of the pipe reaches the 
maximum velocity position P2, with a value equal to 1.08 m/s. 
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(a) 

 
(b) 

Figure 12. (a) Transverse profile of the oil volumetric fraction the leakage region, for dif-
ferent prescribed out let pressures (t = 10 s) and (b) measurement indication (Position 
P12, Cases 2, 5, 6 and 7).  
 

At the positions P1 and P3, in the vicinity of the pipe walls, the oil reaches a 
velocity of 0.65 m/s, which can be explained due to the zero-velocity condition 
adopted in the pipe walls, that is, the closer to the pipe wall the lower the oil su-
perficial velocity. It can be seen that the oil has higher velocities at the center of 
the pipe.  

Figure 14 represents the behavior of the oil superfical velocity as a function of 
the position along the pipe for different outlet pressures of the pipe (Pst), at the 
time of 5 s, and position P2, in the presence of leakage. 

From these results, it can be observed, in general, that the prescribed pressure 
boundary conditions at the outlet have no significant influence on the behavior 
of the oil flowing inside the pipe. 
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(a) 

 
(b) 

Figure 13. (a) Oil superficial oil velocity along the pipe at different positions and (b) 
measurement positions indication (Position P1, P2 and P3). 
 

It should be noted that, after the first 2.5 m of the pipe inlet, the oil superfici-
cal velocity is reduced from approximately 1.08 to 0.93, which can be explained 
by the inlet effects in then it remains practically constant, indicating a tendency 
stabilization. 

Figure 15 represents a 7 meter stretch of the oil volume fraction field located 
9 m from the inlet section, 4 m from the outlet and 3.5 m high from the analyzed 
physical domain, for different prescribed pressures at the pipe outlet, oil inlet 
velocity equal to 1.08 m/s and standing water for the seawater stream, at 10 
seconds of process and in the presence of a leakage (case 2, 5, 6 and 7). From the 
analysis of this figure, in can be observed that the volumetric fraction of oil prac-
tically prevents the same behavior for the different pressures adopted at the out-
let of the pipeline.  
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(a) 

 
(b) 

Figure 14. Oil superficial velocity along the pipe: (a) for different pressures at the pipe 
outlet (t = 5 s) and (b) measurement position indication (Position P2, cases 2, 5, 6 and 7). 
 

According to Tavares [9] who evaluated the formation and dispersion of an 
oil plume in underwater from a leakage originated of in a small diameter orifice 
in a catenary riser, there is tendency of the oil plume to slightly incline to the 
right side, as observed Figure 14. This behavior can be explained by dragging 
the oil plume through the water stream and the difference in density between the 
phases (water and oil). 

It was also possible to observe that the oil plume, in the established conditions 
is able to reach the water surface, showing spreading (upstream and down-
stream) in the flow direction of sea water. 

Figure 16 shows the transverse profile of the volumetric fraction of the oil in-
side the pipeline in three axial positions (1 m before and after the orifice, and at 
the center of the leakage orifice in the pipeline) in the instant 5 s (case 6), in the 
presence of the leakage.  
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Figure 15. Distribution of the oil volumetric fraction for different pressures at the outlet 
of the pipe (t = 10 s, Case 2, 5, 6 and 7). 
 

 
(a) 
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(b) 

Figure 16. Transverse profile radial distribution of the oil volumetric fraction in three 
positions in the pipe (t = 5 s) and (b) measurement position indication (Position P11, P12 
and P13).  
 

By analyzing this figure, it is possible to verify that, in the region before the 
leak, located 9 m from the inlet section of the pipeline, the volumetric fraction of 
the oil phase remains constant and equal to 1. Thus, indicating that, for this sit-
uation, the disturbance of the leakage does not influence the behavior of the oil 
flowing inside the pipe, possibly due to the viscous resistance effect.  

For the position located 10 m from the inlet of the pipe (center of the leakage 
orifice), the fraction decreases, indicating the entry of water into the pipe, con-
sequently generation oil-water mixture zone. At the location 11 m from the pipe 
entrance, a value for this parameter of approximately 0.775 is noted, are to the 
difference in density between water and oil. 

3.3. Inlet Seawater Velocity Effect  

Figure 17 shows the profile of the water and oil superficial velocity in the sea 
stream for different inlet velocity of water in the sea, at the position 4, in a time 
instant of 10 s in the presence of leakage. In Figure 11(a), it can be seen that, in 
the region of leakage (x = 10 m) there is an increase in the water superficical ve-
locity for each value of inlet water velocity.  

For higher velocity (1.08 m/s), the superficical velocity reaches a value of ap-
proximately 4 m/s.  

According to Zhu et al. [12], the higher the velocity of the water stream, the 
oil reachs the maximum horizontal distance from the leakage orificie when it 
reaches the water surface. In Figure 11(b), it is possible to observe that the oil 
presents low superficical velocities in the sea stream. Thus, we can states that 
there results are due to the buoyancy effect. 

Figure 18 represents the behavior of the total pressure drop of the water in 
the sea stream (positions P4, P5, and P6), in the time instant of 10 s, for standing 
water (case 8) in the presence of a leakage. From the figure, it is observed that, 
for the position P4 (y = 1 m) a greater total pressure drop due to the high depth 
and the small distance to the leakage orificie. This is explained by the gravity ef-
fect which influences the pressure exerted by the water and the along oil volume 
fraction this line, close the leakage orificie.  
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(a) 

 
(b) 
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(c) 

Figure 17. Superficial velocity profile along the seawater for different inlet water veloci-
ties (a) water and (b) oil, (t = 10 s) and (c) measurement position indication (Position P4, 
Case 13). 
 

 
(a) 

 
(b) 

Figure 18. Total pressure drop along the sea stream different axial positions (t = 10 s), 
and (b) measurement positions indication (Position P4, P5, and P6, Case 8). 
 

Figure 19 shows the profile of the water volumetric fraction at different posi-
tions in the sea stream, for a time instant of 5 s in the presence of a leakage (case 
8). From the analysis of this figure, it is observed that, for positions P7 and P9,  
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(a) 

 
(b) 

Figure 19. Transverse profile of the water volumetric fraction at different positions in the 
sea stream (t = 5 s), and (b) measurement position indication (Positions P7, P8, and P9, 
Case 8). 
 
located 1 m before and after the leak, the water volumetric fraction in the sea 
remains constant and equal to 1, indicating that, for these positions, there is no 
oil flowing within the sea stream. For position P8, located in the pipeline center, 
the water volumetric fraction decreases, indicating the presence of oil into the 
sea, leading to water contamination with oil, and, consequently, financial and 
environmental damage. 
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4. Conclusions  

In this study, it was possible to evaluate the transient and isothermal flow beha-
vior of oil in a horizontal pipe, submerged in a sea stream, with and without lea-
kage. From this research, it can be concluded that:  

1) The proposed model showed results of pressure field, volumetric fraction 
and superficial velocity of the phases that represent the physics of the problem;  

2) The leakage has a great influence on the total pressure drop; 
3) Increasing the oil velocity in the pipeline causes a decrease in pressure 

drop, where the higher the oil velocity at the inlet of the pipe, the greater the dif-
ference in total pressure along the pipe; 

4) The oil has a higher velocity in the center of the pipe and lower velocity in 
the regions close to the walls of the pipe, presenting smaller velocity differences 
according to the process time; 

5) For the position of the leakage orifice, the volume fraction of oil increases 
of according with time; in other words, at the experimental level, what explains 
this phenomenon is the pressure difference inside and outside the leakage which 
is including influenced by a number of forces such as gravity, buoyancy, viscous 
force and surface tension. 

6) The pressure boundary conditions at the pipeline outlet have no significant 
influence on the behavior of the oil flowing inside the pipe; 

7) Have occurred in the regions around to the leakage orifice. The largest var-
iation in the volume fraction of the phases occurs. 
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