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Abstract 

In order to gain advanced understanding of the mechanism of the submerged oil leakage from 

damaged tankers subjected to wave-excited motions, a three-dimensional (3D) full scale numerical 

model is developed in this paper. The model is based on the three-phase Navier-Stokes equation 

and the continuity equation, which are solved by using the finite volume method (FVM). The 

volume of fluid (VOF) method is implemented to identify the interfaces between different phases 

and the k-ε turbulence model is employed to approximate the turbulence effects. The prototype of 

the oil tanker is taken as the side tank of VLCC, which is subjected to a periodically forced 

motions yielding a liquid sloshing inside the tank. After being validated by comparing its 

prediction with experimental data, the present model is utilized to a systematic investigation with 

wide range of applications including different motion amplitudes and periods. The dynamic 

characteristics of both the macroscopic parameters, e.g. the volume of the oil/water, and the 

microscopic parameters, e.g. the velocity distributions, are analyzed. The results fill the gap in the 

existing numerical and experimental work, in which the tank is assumed to be stationary, and 

produce a more reliable prediction on the dynamic process of the oil leakage and the stability of 

the damaged oil tankers subjected to wave actions.  

Keywords: Liquid sloshing；Submerged oil leakage；Numerical simulation; damaged oil 

tanker; VOF 

 

1. Introduction 

The submerged crude oil leakage from 

damaged tanker in is considered as a major 

potential hazard to the ocean environment. A 

great effort has been devoted to both 

experimental and numerical investigations.  

In terms of experimental studies, 

Yamaguchi (1992) has applied 1/50 side tank 

of the VLCC to explore the behavior of crude 

oil leakage in grounding condition (bottom 

rupture) and confirmed the importance of 

geometry and dynamic similarity; Debra et al. 

(2001) investigated the effect of oil density on 

the characteristics of oil leakage . Tavakoli et 

al. (2008, 2009, 2010, 2011, 2012) have 

carried out a systematical experiment with 

wide range of considerations including the 

draft factor, characteristics of oil leakage and 

capability of ballast tank for single hull 

tankers (SHT); Lu et al. (2014, 2015 and 2016) 

have carried out similar experiments but using 

double hull tankers (DHT), in which different 

positions of the rupture holes, initial water 

layers in the ballast tank (to reflect the time 

difference between the damage on the external 

hull and that on the internal hull) These 

experimental studies have explored the 

dynamic characterizes of the oil leakage for 

ideal conditions, i.e. fixed oil tankers 



originally placed in still water. 

On the other hand, the analytical and 

empirical models for predicting the oil leakage 

were mainly established based on the theory 

of orifice flow subjected to hydrostatic 

conditions in the earlier stage(e.g. Dodge and 

Bowles, 1982; Fthenakis and Rohatgi, 1999; 

Fay, 2003). Such researches brought benefits 

on estimating the ultimate volume of spilled 

oil in an ideal condition. In order to reveal the 

hydrodynamic feature of the oil leakage 

process, which has been confirmed in the 

above-mentioned experimental studies, the 

computational fluid dynamics (CFD) has also 

been attempted (e.g. Chang III and Lin, 1994; 

Cheng and Gomes, 2010; Tavakoli et al., 2011, 

2012; Yang et al., 2014, 2016, 2017). Similar to 

the experimental studies, the majority of the 

numerical work did not take into account of the 

effects of the tank motion on the oil leakage. 

In fact, during the oil leakage process, the 

tanker is often subjected to the action of water 

wave, current and wind, yielding translational 

and/or rotational motion, which influences the 

oil leakage process. On the other hand, the oil 

leakage poses loading on the oil tanker and 

may significantly affect the motion of the 

damaged tankers. Consequently, the motion of 

the tanker, the oil leakage and the ocean 

environment need to be modelled 

simultaneously as an integrated system in both 

the numerical and experimental studies. 

However, in most of the existing researches, 

the tankers are assumed to be stationary and, 

therefore, the effects of the tanker motion on 

the oil leakage, as well as the external 

environmental fluid conditions, are ignored. 

Theoretically, the CFD models established for 

modelling oil leakages from fixed oil tankers 

can be extended to simulate the scenario 

where the oil tankers are subjected to a motion, 

its complexity emerges when 

comprehensively considering the integrated 

system combining the external environment 

(tide, current and wave), the ship response 

(damaged ship motion and sloshing) and the 

oil leakage (Zhang and Suzuki, 2006). To the 

best of our knowledge, only Yang et al. (2016) 

have preliminarily attempted to numerical 

simulate the oil leakage from a 

two-dimensional (2D) SHT subjected to 

pre-specified periodic motions without 

considering the action of wave and current. 

They have demonstrated that the tank motion 

does not only cause a periodic oscillation of 

the oil/water flow through the broken hole, but 

also results in a second long-duration stage of 

spilling after a quasi-hydrostatic-equilibrium 

condition occurs, leading to more significant 

amount of spilled oil. Nevertheless, their work 

was restricted by 2D assumption and is 

difficult to be applied to the reality. 

In this paper, a three-dimensional 

numerical model is established and couples 

the oil leakage and the motion of the DHT to 

investigate the effect of tanker motion on both 

the oil leakage and the liquid sloshing inside 

the tank. Only the grounding scenario, in 

which the oil spills from the bottom of the 

tank, is considered. Dynamic characteristic of 

the oil leakage, the free surface deformation 

and the flow field inside the tank are obtained 

to analyze the mechanism of oil leakage from 

a grounded tank in motion. Similar to Yang et 

al. (2016), only pre-specified periodic tank 

motion with different amplitudes and periods 

of motion, are taken into account. Although it 

is understood that the oil leakage and external 

fluid motion in turn influence the motion of 

the tank, one may agree that the present 

research leads to a better understanding on the 



hydrodynamics associated with the oil 

leakage. 

 

2. Mathematical formulation and 

Numerical approach 

2.1 Governing equations 

The submerged oil leakage from a 

damaged tanker is considered as a viscous 

multiphase transient flow. In general practices, 

the crude oil in cargo tank needs to be heated 

and insulated. During the oil spilling process, 

the oil may be mixed with water. Under such a 

condition, the crude oil, air, water and their 

mixtures are assumed as an incompressible 

Newtonian fluid. The surface tension is not 

taken into account. These assumptions have 

been proven to be acceptable in our previous 

numerical practices (Yang et al., 2017). Based 

on these assumptions, three-dimensional mass 

and momentum conservation equations can be 

described as follow, respectively. 
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Where, v  is the velocity vector,   is the 

density and P is the pressure, #I is the unit 

tensor; F is the external rotational inertia 

force induced by sloshing motion of tank, g is 

the gravitational body force,  represents the 

molecular viscosity.  

 

2.2 Interface tracking and transport 

As indicated, three phase of fluids, i.e. 

water, air and oil, need to be taken into 

account in the model, the volume of fluid 

(VOF) technique is applied to track their 

interface. The VOF method identifies and 

tracks the interface by the volume fraction of 

each phase. By solving the corresponding 

transportation equation of 
thq phase,  

0
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One can obtain the temporal-spatial 

distribution of the volume fractions, i.e. air , 

water and oil for air, water and oil 

respectively, which satisfies, 

  1air water oil           (4) 

Once the volume fractions are obtained, the 

density and viscosity are approximated by the 

following form: 

air air water water oil oil         (5) 

air air water water oil oil          (6) 

Where the subscripts, air, water and oil, refer 

to the air phase, water phase and oil phase, 

respectively. It is important to express that 

such assumption may not be acceptable for 

emulsive oil, which may be observed in the 

oil/water mixture. In this study, the 

emulsification is ignored. The previous 

numerical works (e.g. Yang et al., 2017) have 

confirmed that such assumption is acceptable 

in the numerical practices. 

 



2.3 Turbulence model 

Yang et al (2017) has discussed the role 

of the turbulence when modeling oil leakage 

from damaged oil tanker. Nevertheless, their 

discussions are based on the simulation in 

which a scaled model, instead of full-scale 

prototype, is applied. It is well-known that 

smaller-scale model may over-estimate the 

turbulence effects.  In this paper, the full 

scale simulation is carried out and the standard 

k-ε turbulence model for multiphase flow is 

applied, 
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In which, t represents the turbulent 

viscosity, S is the modulus of mean rate of 

strain tensor, 2 /t C k   , 2 i j i jS S S ; 
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2.4 Model of tank sloshing motion 

 

Although, the tank motion is rarely 

considered in the studies of oil leakages. A 

massive research has been carried out for the 

liquid motion within a cargo tank without 

liquid leakage. The tank filling rate, the 

interaction of the liquid and the tank wall, the 

effect of excitation on liquid sloshing have 

been focused (Akyildız et al., 2006)..  

Different numerical methods have been 

applied in engineering practices and 

researches, including the potential theory, 

which assumes the fluid is inviscid, 

incompressible and irrotational (e.g. Kolaei et 

al.,2015; Vaziri et al., 2015) and the general 

viscous flow theory as what is applied in this 

paper. Limited examples of the latter are given 

here for completeness. 

To explore the interaction between the 

liquid and tank wall, Hu et al .(2010) and Lee 

et al.(2011) adopted the CIP (Constrained 

Interpolation Profile) method to simulate the 

violent sloshing flow and estimate the impact 

pressure on the tank wall; The SPH (smoothed 

particle hydrodynamics) method was 

employed to analyze the effect of excitation 

frequency and baffle on the impact pressure 

and the liquid sloshing in swaying and surging 

tank (Zhang et al., 2014); the MPS ( Zhao et 

al., 2014) and the material point method 

(MPM, Lin et al., 2015) have been employed 

to model the breakups of the free surface and 

estimate the pressure field. With regard to the 

effect of excitation on the liquid sloshing, the 

VOF has been developed  to investigate the 

liquid sloshing in container with pre-specified 

linear rotational accelerations (Elahi et 

al.,2015); To consider the coupling effect of 

the ship motion and the liquid sloshing flow, 

two coupled programs were adopted to solve 

the flow equation of liquid sloshing in a 

container and the motion equation of container, 

respectively(Kim et al., 2007); the coupled 

model of linear ship motion and nonlinear 

sloshing flows has been applied to estimate 

the dynamic behavior of liquid tank motion 

with regular wave(Li et al., 2014).  

From the researches, it is commonly 

agreed that (1) the liquid sloshing is 

dominated by the motion amplitude and 



frequency of the tank. Typically, for a specific 

motion frequency, larger motion amplitude 

leads to more significant nonlinearity 

(Panigrahy et al., 2009); the sloshing is more 

violent when the motion frequency is closer to 

the natural frequency of the tank; (2) the 

filling rate influence the natural frequency of 

the tank and, consequently, that motion 

responses of liquid is related to filling depth in 

the moving tank and the forces and torque 

induced by liquid sloshing are not linear with 

motion amplitude (Liu and Lin, 2008). 

However, once the tank is damaged and the 

liquid leakages from the tank. It results in 

continuously loss of liquid inside the tank. 

Therefore, the filling rate of the tank is 

decreasing and consequently the natural 

frequency of the tank changes. This has been 

confirmed by Yang et al. (2016). This means 

that the hydrodynamics associated with 

damaged tank may be considerably different 

from that observed in the cases with sealed 

tank without liquid leakage.  

Typically, the rolling motion of a 

damaged tanker is more likely. Especially, 

when subjected to a high sea state, rolling is 

significantly nonlinear due to the fact that the 

damping and the restoring torque change 

nonlinearly. To simplify the problem, the 

motion of oil tanker is described by a 

harmonic motion, 

0sin( )m wt        (9) 

In which,   is the angular frequency of the 

tank motion,   is the instantaneous roll 

angle, m is the motion amplitude and 0  is 

the initial position. In this study, 0 0   is 

taken. The rotational center is located at 

gravity center of the filling tank. 

Due to the motion of the tank, an 

Eulerian mesh, which are used in our previous 

numerical practices for modelling oil leakage 

from fixed tank, is not suitable unless the 

immersed boundary method, in which the 

solid tank wall is also considered as an 

additional phase, is applied. The problem is 

overcome by utilizing the dynamic mesh 

technique, which moves the computational 

grid covering the fluid domain only to 

conform to the motion of the tank. This 

technique includes the spring analogy 

smoothing method and the local remeshing 

methods. The details can be found in Lin et al. 

(2014). 

3. Model configuration and verification 

3.1 The model of submerged oil from 

moving tank 

The full scale L-shape side tank of a 

VLCC (sketched in Fig. 1) is applied to 

investigate the mechanism and dynamic 

characteristics of crude oil leakage from a tank 

subjected to pre-specified harmonic motion. 

The length, width and height of the prototype 

are 20m, 22m, 30m, respectively. The height 

of the ballast tank is 2.4m. The oil leaks from 

the rupture hole placed on the bottom of the 

tank and the diameter of the rupture hole is 

0.8m. The initial height of crude oil in cargo 

tank is 16.8m and the draft of the tank is 

10.8m.  

The typical properties of numerical crude 

oil are selected as real crude oil. The density 

and dynamic viscosity of the crude oil are 

915kg/m3 and 8.09×10-2Pa·s, respectively; the 

density and dynamic viscosity of the water are 

998.5kg/m3 and 1.01×10-3Pa·s, respectively; 

the density and the viscosity of air are 



1.225kg/m3 and 17.9×10-6Pa·s respectively.  

In the numerical simulation, the cargo 

tank is initially placed in a still water basin, as 

illustrated in Fig. 2. An unstructured mesh is 

generated and demonstrated in Fig. 3. The size 

of computational domain is 48m*21.2m*48m, 

the minimun mesh size, which is applied near 

the rupture hole, is 0.0027m3, the maximun 

aspect ratio of the grid is 4:1, and equisize 

skew of 98%, mesh is 0~0.6. To maintain a 

good quality of the computational mesh, the 

cell in a cylinderical region near the cargo 

tank (circuled in Fig. 2(a)) are allowed to be 

rotated following the rotaiton of the cargo 

tank. 

 

 

a) Model of crude oil leakage 

 

b) The cross-sectional diagram 

Fig.1 Sketch of the L-shape tank Fig.2 Model of crude oil leakage from moving damaged tank 

 

 
 

Fig.3Mesh arrangement and boundary conditions 

The others are remain stationarity using the 

sliding mesh technique. It shall be noted that 

the motion of the tank result in a radiation 

wave near the cargo tank, such wave will be 

reflected by the side wall of the water basin 

and consequently influence the behaviour of 

the spilled oil outside the cargo basin. A 

damping zone may be applied to minimise 

such effects (Yang et al., 2016). In this study, 

the pressure outlet applied on the side wall 

Air 

Crude oil 

Water 



and sufficient long (i.e. 80m) of the water 

basin can minimise the impact of the reflected 

waves from the basin wall in the duration of 

the simulation 

3.2Verification of numerical methods 

 

The validation of the numerical method 

were carried out by model tank sloshing and 

oil leakage from model tank at prior. 

Considering the fact that the experimental data 

for oil leakages from damaged tank in motion 

is not available. We consider the liquid 

sloshing in the un-damaged tank and the oil 

leakage from fixed damaged tank seperately.  

The physical model of liquid sloshing without 

liquid leakge is taken from the exeperiments 

done by Akyildız et al.(2006) . The present 

numerical model is applied to estimate the 

pressure on tank wall. In this case, the 

geometry of the cargo tank is presented in 

Fig.4, the filling rate is 75%, different motion 

amplitudes ranges from 4° to 8° are used, 

whilest the motion period is 3.14s. the 

pressure sensor is located on the side wall and 

is 0.31m below the mean water surface. 

 

Fig.4 The geometry of the cargo tank applied 

to validate sloshing method. 

Fig.5 compares the present numerical 

results and the experimental data. This shows 

a satisfactory agreement on predicting the 

pressure caused by liquid sloshing in the cargo 

tank. 

 

a. T=3.14s, A=4 
 

b. T=3.14s, A=8 

Fig.5 Comparison of impact pressure with the experimental results of Akyildız 

 



 

Fig.6 Comparison of crude oil leakage from cargo tank between experimental and 

numerical results 

We have carried out the model test for 

the oil leakage from fixed damaged DHT (Lu 

et al.,2014,2015,2016). The corrsponding 

results are used here for validation purpose. 

Some results are shown in Fig.6. In this case, 

the gemetry of the tanker is the same as that 

used in this study but 1/40 scale is used in the 

experiment. The initial oil height in the cargo 

tank is 0.42m and the draft of the tank is 

0.27m. As observed that the volume of the oil 

remaining in the cargo tank predicted by the 

present model agree with the experimental 

data. The relative error of is 4.1% which is 

regared to be acceptable in engineering. 

From the comparion between the 

numerical predictions and the corresponding 

experimental results, one may agree that the 

present model is acceptable for numerically 

investigating the oil leakage from damaged 

tank subjected to harmonic motions. 

 

3.3 Conditions of damaged tank motion 

In the ocean environment, the most 

commonly seen wave period ranges from 4s to 

9s. The period of tanker motion is mainly 

determined by sea waves and tanker’s 

structure. In accordance with requirements of 

tanker design, the natural period of ship 

should keep off effective period of wave to 

avoid violent resonance oscillation. According 

to safe requirements of tanker operation, the 

requirements of transverse stability of sloshing 

ship have to be achieved to tolerate the 

transverse torques caused by waves and winds. 

The stability of ship can be divided into initial 

stability (less than 10~15) and the larger 

angle stability (larger than 15).Considering 

the engineering practices, the amplitudes and 

the periods of the tank motions used in the 

experiments are listed in Tab.1.  

Tab.1 Conditions of damaged tank motion 

Case amplitude() period(s) 

1 2 10 

2 5 10 

3 10 10 

4 15 10 

5 20 10 

6 10 4 

7 10 6 

8 10 8 

The natural frequency of the tank without 

considering the oil leakage is less 4s. Since the 



main purpose of this study is to explore the 

mechanical feature of the oil leakage, the 

motion frequency selected in this study is 

away from the natural frequency, avoiding 

violent sloshing occurrence inside the cargo 

tank. The effect of the violent sloshing and 

wave breakup will be discussed in the future 

study.  

 

4. Results and discussions 

Based on the oil leakage for stationary 

damaged tanks, relevant experimental and 

numerical investigations have been carried out 

to explore the mechanism of the oil leakage. 

In this study, the full-scale numerical results 

of the crude oil leakage from tank in motion 

are compared with the corresponding results 

in the cases with fixed tank to quantify the 

effects of the tank motions on the oil leakage. 

Fig.7 compares the time histories of the 

volume of the spilled oil into the external 

environment in the cases with different motion 

amplitudes where the motion period is 10s. As 

observed, in the early stage of the leakage 

(t<100s), the macroscopic volume of the 

spilled oil into the external are close regarding 

the motion amplitude. However, in the later 

stage (t>100s), the effect of the tank motion 

on the spilled oil volume become significant, 

the larger motion amplitude, the more volume 

of oil leakage.  

 

 

Fig.7 comparison between numerical results 

of moving tank and static tank (Period 10s) 

 

4.1 Dominated forces analysis of crude oil 

leakage  

The crude oil leakage from moving tank 

is complex and different from the cases with 

stationary tank. During the process of crude 

oil leakage, the dominate forces driving the 

crude oil motion and the characteristics of 

oil-water flow near the broken hole are 

significantly different at different stages of the 

leakage. Following the analysis on the oil 

leakage from stationary tank in our previous 

work (e.g. Yang et al, 2014), it is convenient 

to split the entire process into three stages by 

considering the total heads at (1) the oil 

surface in the cargo tank; (2) the oil/water 

mixture surface in the ballast tank and (3) the 

free surface of the external environment. 

Without tank motions (Yang et al, 2014), the 

total head at (1) and (3) are dominated by the 

potential head. With tank motions, which do 

not only lead to the liquid sloshing in the 

cargo tank and ballast tank, but also excite 

radiation wave in the sea environments, 

amplify the velocity head at three positions.  

In the initial stage, the oil in the cargo 

tank leakages into the ballast tank through the 

internal hole by the head difference between 

(1) and (2); the water flows into the ballast 



tank due to the head difference between (2) 

and (3). The oil jet out of the cargo tank and 

the water jet towards the cargo tank interacts 

with each other. Consequently, not all of the 

crude oil from the cargo tank flows into the 

sea, some remains in the ballast tank. The 

oil-water mixture sloshes in the ballast tank 

initiated by the tank motion, leading to a 

fluctuating discharge of the crude oil leakage 

into the sea. This stage is referred to as the 

gravity flow stage, which is featured by a 

convective crude oil and water flows near the 

broken hole, as shown in Fig.8. During this 

stage, the potential head difference is more 

significant than the velocity head difference. 

Thus, the dominate factor is the potential head 

difference. The liquid sloshing plays 

insignificant role as demonstrated by the time 

histories before t 𝑡 ≈ 100𝑠 in Fig. 7.  

As more fluids (both oil and water) are 

accumulated in the ballast tank, especially 

after the bottom space of the ballast tank is 

fully filled and the liquid level in the ballast 

tank increases more rapid in the vertical 

section of the ballast space, the potential head 

difference between (1) and (2), which drives 

the oil moving into the ballast tank, and that 

between (2) and (3), which drives the water 

moves from the sea into the ballast tank, 

become less significant and the velocity head 

difference caused mainly by the tank motions 

play more important role. This stage is 

referred to as the transition stage, which is 

featured by a unidirectional water/oil mixture 

flows into the sea through the external hole, as 

shown in Fig.8. It is expected that more 

significant sloshing motion (e.g. larger motion 

amplitude or motion frequency closer to the 

natural frequency) leads to more significant 

velocity head difference and thus drive more 

oil leakage. This is confirmed by the 

numerical results shown in Fig. 7.  

This stage finishes when a quasi-static 

pressure equilibrium is established, in which 

the potential head difference at positions (1), 

(2) and (3) approaches zero. In the case with 

stationary tank, no further oil leakage, 

however, in the cases with tank motions, the 

velocity head difference, especially at (1) and 

(3), exists. This leads to a fluctuation of the 

total head (mainly the velocity head caused by 

the liquid sloshing inside the tank or the 

radiation waves outside the tank) at (1) and (3). 

If the total head at (1) is higher than at (3), the 

crude oil and water in ballast tank are driven 

into the sea. Otherwise, the external water/oil 

mixture near the hole is ejected into ballast 

tank. Therefore, the flow direction at the 

external hole is bi-directional (moves in or 

out), as illustrated in Fig. 10. Overall, the oil 

in the cargo tank continues leakage into the 

sea. As expected, more significant tank motion 

leads to higher velocity head difference at (1) 

and (3), leading to more volume of oil leakage 

as shown in Fig.7.  

 



   

a) before internal hole is submerged b) after internal hole is submerged Fig.9 Characteristics of crude oil and 

water in transition flow stage 
Fig.8 Characteristics of crude oil and water in gravity flow stage 

 

4.2Mechanism of crude oil leakage from 

tanks in motion 

 

Based on the analysis in the previous 

Section, theoretical models are established 

here in order to predict the oil leakage from 

the damaged oil tank in motions. Following 

the discussion in the previous section, 

Bernoulli’s equation is applied when establish 

the theoretical model. It is worth noting that 

the streamline in the cargo tank, near the 

broken hole inside the ballast tank and in the 

region outside of the oil tanker are not 

continuous in reality, in particular near the 

interface between the oil and water, due to the 

involvement of the fluid phase changes in 

space from crude oil in the cargo tank to the 

oil/water mixture in the ballast tank and 

external environment. This invalid the 

application of the Bernoulli’s equation. 

However, considering small density ratio 

between the oil and the water, one may 

assume that the effect of the phase changing 

can be ignored and the streamline is 

continuous. It is also assumed that the effect 

due to the acceleration of the fluid in the 

Bernoulli’s equation may be ignored within a 

short duration, and therefore, the oil leakage 

process is regarded as a quasi-steady 

procedure. This means a steady Bernoulli’s 

equation is only applied to each time step. 

Similar assumptions have also been used by 

Tavakoli et al. (2008) and been justified by 

our previous correlation analysis (Yang et al, 

2014) in the cases with fixed oil tanker.  

 

 

Fig.11 The schematic diagram of crude oil and 

water flow subjected to damaged tanks in 

  

a) water flow into ballast tank b）water flow into cargo tank 

Fig.10 Characteristics of crude oil and water in sloshing flow stage 



motion 

 

By using this assumptions, it is not 

difficult to apply the steady Bernoulli's 

equation at the oil surface in the cargo tank 

(marked as 1 in Fig. 11) and the external hole 

on the external hull surface (marked as 2), 

leading to   

2 2

1 2

l lg 2g g 2g

s d
oil w f

oi oi

v vp p
H d h h

 
      

 (10) 

Similarly, one can also establish  

2 0w wp gH P             （11） 

By considering the energy equilibrium 

between position 2 and the free surface of the 

external environment. In Eq. (10) and (11), 

Hoil is the height of the crude oil in cargo tank; 

d is the vertical distance between the inner 

hull and the outer hull; sv  is the fluctuating 

velocity of the oil surface in the cargo tank; 

 is a correction coefficient of additional 

kinetic energy caused by the tanker motion; P0, 

P1 and P2 
are the static pressure at three 

positions described above and P1=P2=0; oil

and w are the density of crude oil and the 

water, respectively; dv  is the velocity of 

crude oil passing through external hole at 

Position 2; wh  is the viscous head loss and 

2

2

d
w

v
h

g
  where  is the loss coefficient; 

fh  is the head loss caused by the 

collision/dilution of the crude oil and the 

water in the ballast tank,

2

2

d
f

v
h

g
  where  

is the loss coefficient. 

In this study, the motion of tanker is 

described by Eq. (9), so the rotational speed of 

the tanker can be obtained as followed: 

2 2
cos( )

d
A t

dt T T

  
 （12） 

Subjected to such motion, the oil surface in 

the cargo tank and the water surface in the 

external environment are temporally-spatially 

varying due to the liquid sloshing and/or 

radiation waves. This means that Hoil and Hw 

are unsteady and non-uniform. For the same 

reason, the velocity sv  fluctuates spatially 

due to the liquid sloshing in the cargo tank. It 

is difficult to quantity their spatial distribution 

when the tank is subjected to motions with 

different amplitudes and frequencies.  

However, the purpose of Eqs. (10-11) are to 

establish a macroscopic equilibrium of the 

energy at different positions. One may give 

the characteristic values of Hoil, Hw and sv , by 

callibrating the coefficient  , the total head 

at the oil surface in the cargo tank can be 

approximately with a minimising error. In this 

practice, Hoil and Hw are taken as the values 

corresponding to the mean oil surface and 

water surface, respectively. The characteristic 

value of sv  is defined as 

2
( ) ( ) (2 ) cos( )

2

h
s oil oil h

l d A
v t H H l t

dt T T

 
   

（13） 

Where, hl is the height of damaged tank. One 

may notice that the value of sv  defined in Eq. 

(13) is simplied the translational velocity of 

the tank motion at the centre of the mean oil 

surface in the cargo tank. Since the main focus 

of the present investigation is the effect of 

tanker motion on crude oil leakage, the 

maximum velocity (
maxsv ) may also be an 

alternative to the characteristic value, i.e.  



  
max

(2 )s oil h

A
v H l

T
             （14） 

Considering Eqs. (10-13), the velocity ( dv ) 

and volume ( dV ) of the crude oil leakage 

subjected to a tanker motion can be described 

as followed, 

2 2 21
2 ( ) (2 ) ( )

1

w
d oil w oil h

h

A
v g H d H H l

T




 
    

 

（15） 

d dV v dt      （16） 

Where coefficients  ,   and   can be 

calibrated using a systematic numerical 

investigation by the numerical model 

described above. Obviously, the first term 

w
oil w

h

H d H



   represents the potential head 

difference and the 2nd term
2(2 )oil hH l

2 2( )
A

T
  indicates the significance of the 

velocity head difference. As indicated in the 

previous section, the entire leakage procedure 

can be divided into three different phases by 

the relevant significance of the potential head 

and the velocity head.  

In the gravity flow stage, the effect of 

tanker sloshing, i.e. the 2nd term is 

significantly less than the first term and 

therefore 0  . The coefficient 0   

before the inner hole is submerged by the fluid 

in the ballast tank (i.e. the oil jet from the 

ballast tank impacts on the surface of the 

oil/water mixture in the ballast tank), whereas

0  afterwards. In the sloshing flow stage 

(the third stage), the first term

0w
oil w

h

H d H



   and 0  . In the 

transition flow stage, both terms need to be 

considered. Consequently, the equation 

describing the oil leakage velocities at 

different stages are summarized in Tab.2.  

 

 

 

Tab.2 The prediction model of crude oil leakage from moving damaged tank 

Leakage stage Dominate forces Velocity of crude oil leakage to sea 

Gravity flow 

Potential head 

difference (Liquid 

level; 

Density) 

1
2 ( )

1

w
d oil w

h

v g H d H


 
  

 
 

（after the inner hull is fully submerged,=0） 

Transition flow 

Liquid level; 

density; 

Fluctuation pressure 
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w
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A
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Sloshing flow 

Velocity head at the oil 

tank(Fluctuation 

pressure) 

(2 )
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d oil h

A
v H l
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a) T=10s b) A=10 

Fig.12 Time histories of volume of crude oil in the cargo tank 

4.3 Macroscopic characteristics of crude oil 

leakage 

Fig. 12 compares the time histories of the 

volume of the crude oil in the cargo tank in 

the cases with different motion conditions of 

the tank. As expected that in the early stage of 

the leakage, i.e. in the gravity flow stage 

(~100s), the motions of the tank do not 

influence the volume of the crude oil in the 

cargo tank. After a certain duration, the 

volume of the oil in the cargo tank approaches 

a steady value, expect the case with T = 4s and 

A = 10o. For a specific motion period (T=10s , 

Fig. 11(a)), larger motion amplitude leads to 

lower volume of crude oil in the tank and 

longer duration before the volume becomes 

steady; For a specific motion amplitude 

(A=10, Fig. 11(b)), a longer period results in 

a shorter duration before the volume becomes 

steady when T is longer than 4s. For T = 4s 

and A = 10o, the volume of crude oil does not 

reach a steady state before the simulation 

stops. In this case, a significant volume of 

water is observed to flow into the cargo tank 

to replace the oil, leading to the continuous 

loss of oil from the cargo tank, although the 

total volume of the fluid in the cargo tank does 

not seem to be considerably different from 

other cases with longer motion period.  

 

1） Dynamic characteristics of the gravity 

flow stage 

Similar to the case with fixed tank 

presented in Yang et al (2014, 2017), in the 

beginning of the oil leakage (referred to as the 

transient phase), an oil jet is formed at the 

internal hole and a water jet is formed at the 

external hole by corresponding potential head 

difference. They impact on each other, as 

illustrated later in Fig. 13 illustrates the oil-air 

interface (in dark blue), water-air interface (in 

green) and the water-oil interface (in red). 

During the gravity flow stage, where the 

interfaces are captured by using the VOF 

method with volume of fraction of 0.5 being 

the interface. In this case, T=6s and A=10. 

As the crude oil jet has a larger momentum 

(larger velocity and density) compared to the 



water jet. Consequently, the water jet is forced 

to keep out of the ballast tank and the crude 

oil jet primarily occupied the external hole. 

Snapshots of the velocity field near the broken 

hole and the interfaces between different 

phases are given in Fig. 14. 

 

    

a) t=0s b) t=0.2s c) t=0.4s d) t=0.6s 

Fig.13 Characteristics of free surface in transient stage of grounding accident  

 

  

a) t=0.2s 

  

b) t=0.4s 

Fig.14 The velocity vectors and phase interface in transient stage of grounding accident 
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e) t=1.6s f) t=3s g) t=4.6s h) t=6s 

    

i) t=24s j) t=42s k) t=54s l) t=78s 

Fig.15 Characteristics of free surface in gravity flow stage 

 

  

a) t=4.6s 

  

b) t=42.9989s 

  

c) t=45.9989s 

Fig.27 the velocity vectors and phase interface in gravity flow stage 

After the transient stage, the ballast tank starts 

being filled by the oil/water mixture. 

Snapshots corresponding to Fig. 13 and Fig. 

14 are shown in Fig. 15 and Fig. 16, 

respectively for other time steps. Since the 

horizontal cross-section of the ballast tank 

Oil 

Water 

Air 

Oil 

Air 

Water 



near the bottom is approximately the same as 

the cargo tank, but the liquid height in this 

stage is small than the thickness of the ballast 

tank, the liquid inside the cargo tank is 

subjected to a violent liquid sloshing as 

demonstrated in Fig. 15. Oil bubbles 

entrapped by water and mixtures of 

oil-air-water are captured in the ballast tank 

(Fig. 16). Due to the block of the water 

outside the external hole, the velocity and so 

the momentum of the oil jet significantly 

reduced near the external hole. Therefore, 

water outside the tank may also move into the 

ballast tank. As a result, near the external hole, 

a convective oil and water flow is expected. 

Such convective flow may be significantly 

influenced by the tank motion. Larger motion 

amplitudes may amplify the convection and 

yields a greater volume of the water flowing 

into the ballast tank.  

In the latter stage of gravity flow stage 

(t>24s), the bottom space of the ballast tank is 

full filled by the oil/water mixture, 

consequently, the liquid surface inside the 

ballast tank become significant smaller. The 

liquid sloshing in the ballast tank becomes 

insignificant. Simultaneously, the oil leakage 

from the cargo tank into the ballast tank no 

longer behaves as an oil jet but subjected to 

more significant viscous shearing force from 

the surrounding fluid. The energy carried by 

the spilled oil from the cargo tank quickly 

consumed by the viscous effects, reducing the 

amount of the oil leaked into the external sea. 

During this period, the velocity and pressure 

of the fluid near the external hole may suffer 

from fluctuating caused by the liquid sloshing 

in the cargo tank.  

During this stage, for a specific motion 

amplitude (A=10), a larger period typically 

leads to a smaller volume of water inflow and 

volume of the crude oil accumulated in ballast 

tank, as shown in Fig. 17 and Fig. 18. A larger 

motion period seems to produce a less 

momentum loss of the crude oil jet, which can 

prevent water outside the tank flowing into 

ballast tank at 1<t<40s. The crude oil in 

ballast tank almost increases linearly and 

water accumulates nonlinearly in ballast tank 

during this period. 

 

Fig.17 Time histories of volume of crude oil 

in ballast tank period (A=10) 

 

Fig.18 Time histories of volume of water in 

ballast tank (A=10) 

 

Fig.19 Time histories of volume of water in 

ballast tank (T=10s) 



 

Fig.20 Time histories of volume of crude oil in 

ballast tank (T=10s) 

For a specific motion period (T=10s), a 

larger motion amplitude leads to a greater 

volume of water inflow as shown in Fig. 19; 

however, the volume of the accumulated crude 

oil in ballast tank seems to be not sensitive to 

the motion amplitude as demonstrated by 

Fig.20. It is also interested to find that, when 

the motion amplitude is small, i.e. A<5, at 

1s<t<40s, the volume of water inflow into the 

ballast tank is almost constant partially due to 

the fact that the crude oil jet in such condition 

has more insignificant momentum loss, 

preventing water flowing into the ballast tank 

as shown in Fig.19. 

2） Dynamic characteristics of transition stage 

    

a) t=96s b) t=97.6s c) t=99s d) t=100.6s 

    

e) t=102s f) t=126s g) t=150s h) t=186s 

Fig.21 Characteristics of free surface in transition stage 

 

  

a) t=151.996s 

Oil 

Water 

Oil Oil 

Water 

Water Oil 

Water 

Water 

Air 

Oil 



  

b) t=153.395s 

Fig.22 The velocity vectors and phase interface in transient stage 

Fig. 21 and Fig. 22 illustrate the flow field and 

the phase distributions at different instants in 

the transition stage corresponding to Fig. 13 

and Fig. 14. In the transition stage, the height 

of crude oil in cargo tank is decreased 

considerably and the height of crude oil/water 

mixture in the ballast tank is increased 

dramatically. However, the head difference 

between the oil surface at the cargo tank ant 

that at the ballast tank at the hole continues 

driving the crude oil move into the ballast tank 

and leak into the sea. The total head of crude 

oil-water mixture in the ballast tank may be 

larger than that of the water outside the tank, 

and therefore, the mixture in the bottom space 

of the ballast tank is driven to flow into the 

sea by due to effects of liquid sloshing in the 

ballast space and the potential head difference. 

The overall effect causes the reduction of the 

water in the ballast tank. But, since the crude 

oil continues leaking from the cargo tank into 

the ballast tank, the volume of crude oil 

accumulated in the ballast tank may be greater 

than that lost from the ballast tank. Overall, 

the liquid height in ballast tank increased 

slowly. 

For a specific motion amplitude (A=10), 

a lower motion period does not only excite a 

larger sloshing energy, resulting in a greater 

fluctuating pressure, which make the crude 

oil/water mixture in the ballast tank flow into 

the sea quickly; it may also lead to a less 

duration time of the crude oil-water outflow 

and the less volume of the crude oil in the 

ballast tank at this stage as evidenced by 

Fig.23 and Fig.24, which compares the time 

histories of the volume of water and crude oil 

in the ballast tank during the transition period.  

 

 

Fig.23 Time histories of volume of water in 

ballast tank (A=10) 

 

Fig.24 Time histories of volume of crude 

oil in ballast tank（A=10） 



 

Fig.25 Time histories of volume of water in 

ballast tank (T=10s) 

 

Fig.26 Time histories of volume of crude oil 

in ballast tank (T=10s) 

 

For a specific motion period (T=10s), a 

lager motion amplitude leads to a larger 

sloshing energy and fluctuating pressure, 

yielding a greater rate of water outflow and a 

less rate of crude oil accumulated in the 

ballast tank as illustrated in Fig.25 and 26. 

Furthermore, the duration, in which the 

volume of the crude oil in the ballast tank 

become steady, is not sensitive to the motion 

amplitude. In the latter stage, the volume of 

crude oil in ballast tank increases slowly and 

tends to be constant gradually ( Fig.26), but 

the water continues being lost from the 

ballast tank (Fig. 26).  

3） Dynamic characteristics in sloshing flow 

stage 

During the sloshing flow stage (i.e. t>360s for 

the cases shown in Fig. 13 and Fig. 27, the 

corresponding snapshots have been illustrated 

in Fig. 27 and Fig. 28), the volume of crude 

oil in the ballast tank has been decreased 

dramatically and the height of crude oil/water 

mixture in the ballast tank has reached its 

quasi-steady value. The potential head 

difference nearly disappears.  

 

    

a) t=360s b) t=361.84s c) t=363.04s d) t=364.64s 

    

e) t=540.016s f) t=541.617s g) t=543.019s h) t=544.62s 
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i) t=702.17s j) t=798.06s k) t=900.167s l) t=1062.13s 

Fig.27 Characteristics of free surface in the sloshing flow stage. 
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However, the velocity head difference 

fluctuates by the liquid sloshing, yielding a 

periodic fluid exchange between the ballast 

tank and the cargo tank through the internal 

hole. When the internal hole is submerged by 

oil in the ballast tank, the fluid exchange at 

through the internal hole does not contribute 

to the loss of the crude oil in the cargo tank. 

Nevertheless, near the bottom space of the 

ballast tank, the tank motion and so the liquid 

sloshing in the ballast tank breaks the potential 

head equilibrium near the external hole. A 

larger fluctuating velocity head in the surface 

of the ballast tank (and the oil surface in the 

cargo tank) can drive the liquid in the ballast 

tank to flow into the sea. The effect becomes 

more significant when the liquid sloshing in 

the tank become more significant. 

Nevertheless, the gravity effect may make the 

majority of the water (higher density than the 

oil) distribute on the bottom of the ballast tank. 

Consequently, the external hole is occupied by 

the water and the internal hole is occupied by 

the crude oil. This implies that the volume of 

the crude oil in cargo tank and volume of 

crude oil-water in ballast tank achieve a 

quasi-steady value. These are demonstrated by 

Figs. 29-30.

  

a) A=10 b) T=10s 

Fig.29 Time histories of volume of water in ballast tank 

  

a) A=10 b) T=10s 

Fig.30 Time histories of volume of crude oil in ballast tank 

4.4 Effect of period and amplitude of tank 

motion on submerged oil leakage  

In engineering practices, the volume of the 

crude oil leakage is the most important factor 

d) t=811.681s 

Fig.28 The velocity vectors and phase interface in sloshing flow stage 



to be considered. These have been taken into 

account in the previous research with fixed oil 

tankers (Lu et al., 2014.2015, 2016). Herein, 

the effects of the tank motions on the ultimate 

volume of the oil leakage into the sea is 

investigated. This is taken as the ultimate 

volume of the oil leakage. The corresponding 

data are compared in Fig. 31.  

  

a) T=10s b) A=10 

Fig.31 Effect of tank sloshing factors on volume of crude oil leakage to sea 

  

Fig.32 The importance of tank sloshing in the process of crude oil leakage to sea 

For the convenience of exploring the 

importance of the tank motion in the oil 

leakage, the corresponding volumes of the oil 

leakages in three stages are also duplicated 

and plotted in Fig. 31. It is understood that the 

tank motion may be significantly affect the 

volume of the oil in the 2nd and 3rd stages 

where the effects of the velocity head in Eq. 

(10) brought by the tank motions are 

significant. As confirmed in Fig. 31 that the 

volumes of the oil leakage in the gravity flow 

stage are not sensitive to the motion of the 

tank. For specific motion period, (T=10s), the 

volumes of the oil leakage in the 2nd and 3rd 

stages, as well as the overall volume, increase 

as the motion amplitude increases, attributing 

to the fact that larger motion amplitude leads 

to more violent liquid sloshing in the tank 

(and so higher velocity head or energy in Eq. 

(10)). For a specific motion amplitude 

( A=10), the motion period seems to play less 

important role on the volume of the oil 

leakage during the transition and the gravity 

flow stages; however, the volume of the 

leaked oil in the sloshing stage decrease as the 

increase of the motion period. This may be 

due to the fact that as the natural period of the 

cargo tank is close to or shorter than 4s, as the 

motion period increases from 4s to 10s, the 

liquid sloshing in the tank become less 

violent.  

According to above analysis, one may 

agree that the ratio R of the volume of the oil 

leakage in sloshing stage against the total oil 

leakage can be used to reflect the effects of the 



tank motion on the oil leakage. The 

corresponding results are shown in Fig. 32. As 

confirmed that the more severe sloshing 

(larger amplitude or periods closer to the 

natural period of the tank) can amplify the oil 

leakage. 

5. Conclusions 

 

The 3D numerical model is established to 

numerically model the crude oil leakage from 

damaged tanks subjected to pre-described 

motion. The effect of tank motion on 

submerged crude oil leakage is numerically 

investigated. In this model, the VOF method, 

dynamic mesh technique and the k-ε 

turbulence model are applied. The present 

model can lead to satisfactory results based on 

the numerical validation by comparing its 

predictions with exiting experimental data. 

After being validated, the model is applied to 

investigate the oil leakage from moving tanks 

with different motion conditions. It is 

concluded that the ultimate volume of the oil 

leakage into the sea is dramatically influenced 

by the motion of the tank. Typically, a larger 

motion amplitude and a period closer to the 

natural period of the tank result in more 

significant oil leakage.  

By analyzing the numerical results 

obtained in this paper, a quasi-steady 

Bernoulli’s equation is developed and utilized 

to analyze the dominate factors driving the oil 

leakage into the sea. This is the first 

semi-analytical model to describe the oil 

leakage from an oil tanker subjected to a 

pre-described motion. Although the most 

important benefit of this semi-analytical 

model is to directly predict the oil leakage, it 

is only used to assist the analysis of the 

numerical results in this paper. A further work 

will be done soon to calibrate the coefficients 

in the model leading to a practical tool. By 

using this model, the entire leakage process is 

suggested to be divided into the gravity flow 

stage, the transition stage and the sloshing 

stage. The latter two stages only exist in the 

cases with moving tanks, whereas the gravity 

flow stage is dominated by the potential head 

differences at the oil surface in the cargo tank, 

the liquid surface in the ballast tank and the 

water surface outside of the tank. The 

characteristics of the flow, including 

macroscopic values, e.g. the volume of the 

fluids, and the microscopic parameters, e.g. 

the fluid velocity and phase distributions, are 

explored using the numerical results at 

different stages. These conform to the analysis 

by using the semi-analytical model. 
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