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Abstract

This study carried out numerical simulations of the coupled transient processes of the oil leakage or water flooding and
analyzed the stability of a damaged crude oil carrier. The numerical approach based on Moving Particle Semi-Implicit (MPS)
method was applied to assess the dynamics of a two dimensional reduced scaled model and the oil-water multiphase flow
with free surface. The results were compared with the stability analysis software SSTab, which provided the final list angle, and
showed good agreement. In addition to the oil leakage and water flooding dynamics, which provide important information such
as time from the breakdown to final list, the study’s results also show the limits of the quasi-static approach.
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Resumo

Este estudo realizou simulagoes numéricas dos processos transitorios e acoplados do derramamento de 6leo ou inundagao
de 4gua e analisou a estabilidade de um navio petroleiro avariado. A abordagem numérica baseada no método Moving Particle
Semi-Implicit (MPS) foi aplicada para determinar a dindmica de um modelo bidimensional em escala reduzida e o escoamento
multifasico de 6leo-agua com superficie livre. Os resultados foram comparados com o software de analise de estabilidade
SSTab, que forneceu o angulo de adernamento final, e mostrou boa concordancia. Além das dinamicas de vazamento de 6leo e
da inundacao de agua, que fornecem informacées importantes, tais como o tempo desde a danificacéo até a adernacao final,
os resultados do estudo mostram também os limites da abordagem quase-estatica.

palavras-chave: m andlise acoplada m vazamento de 6leo m método de particulas m estabilidade em avaria m fluxo multifasico m MPS
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Resumen

Este estudio llevd a cabo simulaciones numéricas de los procesos transitorios y acoplados del derrame de petréleo o inun-
dacion de agua y analiz6 la estabilidad de un buque petrolero danado. El enfoque numérico basado no método Moving Particle
Semi-Implicit (MPS) fue aplicado para determinar la dinamica de un modelo de dos dimensiones a escala y el flujo multifasico
de petréleo y agua con la superficie libre. Los resultados se compararon con el software de analisis de estabilidad SSTab, que
proporciono el angulo final de adornacién, y mostré un buen acuerdo. Ademas de la dindmica de derrame de petrdleo y la
inundacion de agua, que proporcionan informaciones importantes, como el tiempo desde los dafios hasta la inclinacion final,
los resultados del estudio también muestran los limites de la aproximacion casi-estatica.

palabras-clave: m andlisis acoplados m derrame de petréleo m método de particulas m estabilidad con averfa m flujo multifasico m MPS

Introduction

Vessel stability and oil leakage are of great concern when
a crude oil carrier is damaged due to the threat to safety
and environmental issues. Within this context, list angle
assessments, oil leakage volume and dynamic effects or
water flooding are pertinent topics in crude oil carrier design
and operation.

Nowadays, several methods and computational tools can
calculate the damaged stability; however, most are based on
a hydrostatic approach and/or quasi-static assumption. As
the restoring moment is affected by the free surface effect
of the liquid inside the tank, the oil leakage or water floo-
ding and their dynamic effects, the quasi-static approach is
unable to give a reliable assessment principally where wa-
ter flooding occurs. Even in cases of CFD based approaches,
due to the fluid-solid interaction with complex geometry and
multiphase flow, the detailed investigation of oil leakage in-
cluding the coupled transient motions of the fluids and ves-
sels is a challenge.

To this end, this study sought to carry out a coupled tran-
sient analysis of the oil leakage process and the damaged
stability. A numerical method based on Moving Particle Se-
mi-Implicit (MPS) method (Koshizuka and Oka, 1996) was
adopted to model both the vessel motion and the oil-water
multiphase flow with free surface.

For sake of simplicity, a two dimensional (2D) small sca-
led model is considered. The effects of ballast condition, the
hull damage height and the liquid cargo filling ratio were con-
sidered in the analysis. The results were compared with the
stability analysis software SSTab, which provided the final list
angle, related to the damage, and showed very good agre-
ement. The following sections give a brief numerical model
description, some validation analysis results, the study ca-
ses, results and discussions.

Numerical method

The governing equations of incompressible viscous flow
that express the problem to be solved are:

continuity equation
Dp _
Dp__w.iy=0 (1)
oy - PV

and the momentum equation

&:—lVP+VV2ﬁ+§+£ (2)
Dt p P

Where:

p = density;

u = velocity;

P = pressure;

v = kinematic viscosity;
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o = surface tension;
g = gravity.

The Moving Particle Semi-implicit (MPS) is a Lagrangian
meshless method, in which the space domain is discretized
in particles, and all the differential operators are obtained
from a particle interaction model based on the weight func-
tion given by:

r
W(r) = 76—1, (r<r) (3)
0, (r>r)

Where:

r = distance between two particles;

r. = the effective radius, which limits the region where
the interaction between particles occurs.

Considering a scalar function ¢, the gradient vector and
the Laplacian of the function at a particle / are determinated
taking into account the neighboring particles j within the ran-
ger,. They are given by equations 4 and 5, respectively:

), =L 3| L= Gy -

. 0 NN
pl’ld i#j ‘l"j—l".

l

)| (4)

)] (5)

2 2d o
<V ¢>,- = pndoﬂ;[(sﬁj —¢,~)w(’rj -7

Where:
d = number of spatial dimensions;
pnd = particle number density. A is calculated by:
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and the particle number density (ond) is proportional to
the fluid density and it is given by:

pnd =Yy w7~

i#j

) 7)

and pnd % is the initial value of pnd.

The MPS method adopts a semi-implicit algorithm. Except
the pressure gradient term, the right hand side of the Navier-
Stokes equation is calculated explicitly to estimate velocity and
position. After that, the Poisson's equation of pressure is sol-
ved implicitly at (t 4+ At ). The Poisson’s equation is given by:

+ f_ 0
<V2P>IV N —ﬁ pnd, d](?nd (8)
i t pn

Where:
pnd* = particle number density calculated using the esti-
mated position of the particles.

pnd* is kept as pnd® to ensure the condition of in-
compressibility. The left hand side term of equation 8 can be
discretized using the Laplacian model, leading to a system of
linear equations.

For the present two-dimensional analysis, r, was set to
2.11,, where /, is the initial distance between particles, to cal-
culate pressure gradient and the particle number density. r_
is set to be 4.0/, for cases involving the Laplacian operator.

When the particle number density is smaller than 3 -pnd,
it is considered to be on the free surface. The pressure of all
free surface particles is set to zero. According to Koshizuka
and Oka (1996), B may vary between 0.80 and 0.99.

To calculate the surface tension & in the free surface and
in the water-oil interface, the inter-particle potential force
model proposed by Kondo et al. (2007) is used.

In MPS, rows of different types of particles are used to
describe the rigid wall geometry. Pressure is calculated in the
first row in contact with fluids. The rows of particles that have
no contact with fluids are formed by dummy particles used to
guarantee the correct particle number density calculation, but
in which the calculation of pressure is not necessary.

In the studied case of the floating body with an inner tank,
the liquid pressure calculation on the outside of the hull must
not affect the calculation of the pressure inside the hull, and
vice-versa. Therefore, for r_equal to 2.1/, it is necessary put
at least two dummy particle rows between the pressure par-
ticle rows that define the hull and inner tank geometry, as
shown in figures 1 and 2.
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hull with internal tank. um casco com tanque un casco con un tanque

Figure 1 — Model of a Figura 1 — Modelo de Figura 1 — Modelo de
interno. interno.

Figure 2 — Section A — Rows of pressure
® Fluid and dummy particles that define a hull
® Pressure with internal liquid tank.

© Dummy
Figura 2 — Segéo A - Fileiras de particu-
las de pressao e ficticias que definem
um casco com tanque interno de liquido.

e o 0l0 o o o Figura 2 — Seccidn A - Filas de particulas
Section B de presién y ficticias que definen a un
casco con un tanque interno de liquido.

Force and moment acting on the hull are calculated by in-
tegrating the pressure on both external and internal sides of
the body. The wall elementary area is defined as the half dis-
tance between a hull particle and one of its neighbor parti-
cles. Each area has its normal orientated to the fluid side. Fi-
gure 3 shows an example of hull particles, their elementary
areas and normal vectors.

The force on the hull and the moment applied at the cen-
ter of gravity are as follows:

F= ZPz ’(Sil 'ﬁil +Si2 'ﬁiz)
: 9)
M :ZE (8 7y + 8y Ry )X (F = Teg)

Where:

S,and S, = dimension of the two elementary areas

of particle /;

P.= pressure of particle /;

n, and7i, = normal vectors of S, and S, respectively;

LT (5
. - . Figure 3 — Section B — Elementary

+—8,, area and normal vector.

| .

" S“S Figura 3 — Segao B - Area elemen-

. 2 Sa Sq tar e vetor normal.
2| M e Figura 3 — Seccién B - Area
elemental y vector normal.

I = position vector of particle /;
I, = position vector of center of gravity of the floating body.

With the force and the moment calculated by equation 9, the
dynamics of the floating body can be obtained by:
AT
dr’
-
It a-e _
dr’

(10
M

Where:
m and / = mass and inertia of rigid body respectively;
6 = roll angle.

To confirm the numerical approach effectiveness in the
fluid leakage problem, some simple case simulations were
carried out by the authors. Amount the validation studies, we
can mention Silva et al. (2008) that investigated the water
tank leakage and flooding, as well as the dynamics of a floa-
ting body in waves and the coupled motion of sloshing and a
vessel in waves. Further basic tests on fluid-solid interaction
such as a floating body free heave and roll motions with and
without elastic connection were also performed by the au-
thors (Tsukamoto et a/., 2009). All of them show good agree-
ment with the analytical and experimental results.

The damaged hull dynamics simulations after the break-
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down were carried out using a 2D numerical model whose
main characteristics are described in table 1. Two ballast con-
ditions were considered: without ballast and with a ballast of
15.0kg.

Without ballast ~ With ballast

(BO) (B15)
Beam (m) 0.415 0.415
Depth (m) 0.325 0.325
Mass (kg/m) 25.109 40.109
Inertia (Kgm?/m) 0.801 1.088
TCG (m) 0.0 0.0
VCG (m) 0.129 0.094

emsnL | tmpimrit | epir e

As shown is figure 4, the scaled model has two internal
tanks. The wall thickness is 0.02m except in center, where it
is 0.025m, and the bottom, where the thickness is 0.055m
to model the double bottom. There is a fixed 0.05m opening
for the oil leakage.

To minimize the wave reflection generated by the hull dyna-
mic motion, 0.8m beaches were modeled in both towing tank
extremities with approximately 30 degree slopes. Squares of
3x3 particles were fixed close to the beaches. In the numerical
simulations, a towing tank with total width of 2.7m and depth
of 0.40m was used, as shown in figure 5.

Case denomination

Filling ratio (%)

2

o
(=)
s
3

25m

0.20m

0.175m I
0.020m

0.175m
11

Figure 4 — Cross- Figura 4 — Secéo Figura 4 — Seccién

section of the model transversal do modelo transversal del modelo
showing the opening mostrando a abertura que muestra la apertura
height 0.20m above the com 0,20m de altura aci- con 0,20m de altura por
keel, and the internal ma da quilha, e o tanque encima de la quilla, y el
tank filling ratio is 75%. interno com a taxa de tanque interna con una
enchimento de 75%. tasa lleno de 75%.
0.40m
1.10m 0.80m ——

f——20.80m
J

b

Figure 5 — Cross-section
of the towing tank.

Figura 5 — Seccién
transversal del canal
hidrodindmico.

Figura 5 — Segéo trans-
versal do tanque de
provas.

The analyzed cases are shown in table 2. For both ballast
conditions, three different opening locations and three filling
levels inside the tanks were considered. The water and oil
properties are given in table 3.

Damage height above

Without ballast (B0) Wit ballast (B15) the keel (m)
B0 75% 020 B15_75% 020 75 0.20 I
BO 75% 014 B15 75% 014 75 0.14 7 0o oneos do oo
BO_75% 010 B15 75% 010 75 0.10 Tabla 2 — Los casas de estao
BO 45% 014 B15 45% 014 45 0.14
BO 45% 010 B15 45% 010 15 0.10
BO 25% 010 B15 25% 010 25 010
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Property Water oil
Density (kg/m®) 1000.0 900.0
Viscosity (m?/s) 1.0x10 5.0x10°
Surface Tension

Coefficient (N/m) 0072 0.026

Table 3 — The properties
of the water and oil.

Tabela 3 — As proprieda-
des da agua e do dleo.

Tabla 3 — Las propiedades
del agua y el petréleo.

The simulations were carried out by using distance be-
tween particles of 0.005 m. The time step was 0.0005 s and
simulation times up to 10.0 s were used. In a typical case
there are about 30000 particles.

Figure 6 shows the snapshots obtained from the MPS si-
mulation with 75% filling and an opening 0.10m above the
keel (BO_75% 010). The transient analysis in this simulation
shows that, beside the hull roll motion, a leakage induced

t=0.00s

t=0.60s

Figura 6 — Snapshots of
the case BO_75% 010
simulation.

Figure 6 — Sequéncia da
animagéo da simulagdo
do caso BO_75% _010.

Figura 6 — Instantaneas
de la simulacion del caso
B0O_75% _010.

drift motion occurs at the process start, when a relatively lar-
ge volume of oil is suddenly released. \When the opening is hi-
gher, as in the case BO_75% 020, the drift motion becomes
negligible because there are almost no dynamic effects indu-
ced by the relatively small oil leakage volume.

The snapshots of figure 6 show a nearly 30 degree list an-
gle is reached in about 2 seconds following the oil release.
This short time is expected considering the adopted model
characteristics: the reduced model dimensions with a relati-
vely large opening. Also, the 2D analysis means an unlimited
opening in longitudinal direction. This is a hypothetical condi-
tion that leads to a relatively large initial oil volume being rele-
ased at once, being very different from a real situation. Thus,
it must be emphasized all the presented results should be in-
terpreted bearing these differences in mind. A complete 3D
analysis should be done instead of simply extrapolating the
2D results to the actual situations.

The final equilibrium list angle confirmation was carried
out with SSTab (Coelho and Nascimento, 2003). SSTab is
the official stability analysis code adopted by Petrobras, and
uses the hydrostatic theory to calculate the stability of floa-
ting bodies with and without free-surface effects, and free
to pitch and heave. To model the 2D problem, a 3D model of
B/L=1/100 with constant cross section and without trim is
used in the SSTab calculations.

Although SSTab is able to provide an estimate the fi-
nal list angle through a quasi-static approach, it is unable
to take into account the dynamic effects due to oil leakage
or water flooding. Therefore, the final list angle provided by
SSTab is determined by using the volume obtained by MPS
simulation.

Figure 7 provides the roll motion time series obtained by
MPS simulation and the final list angle obtained by SSTab for
the case B0 75% 014. The transient motions calculated by
MPS show damped motion oscillations after a quick inclina-
tion from the initial position.

The motion damping shows the effectiveness of the be-
aches at both ends of the towing tank: when only one end
was beached, the wave reflection from the wall caused irre-
gular residual motions and affected the list angle accuracy.
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Figure 7 — Time history
of the list angle obtai-
ned by MPS transient
analysis and list angle
obtained by the SSTab
hydrostatic analysis
for internal tank

with 75% filling and
opening height 0.14m
(BO_75%_014).

Figura 7 — Série tempo-
ral do &ngulo de ader-
namento obtido pela
andlise transiente de
MPS e o dngulo de
adernamento obtido
pela anélise hidrostética
de SSTab para o tanque
interno com 75% de
enchimento e a altura
da abertura em 0,14m
(B0_75 _014%).

Figura 7 — Evolucion
temporal del angulo de
la inclinacién, obtenido
por anélisis transitorio
de MPS y el angulo

de la inclinacién
obtenido por el anélisis
hidrostético de SSTab
del tanque interno con
75% lleno y la altura de
la apertura en 0,14m
(BO_75 _014%).

In the figures, the computed time series converge to a
mean value, which is nearly 23.0°. This value agrees very
well with the final list angles of 23.4° obtained with SSTab.

A comparison of the list angle snapshot obtained by
MPS at 10.0s and the graphic output from SSTab in the
BO 45% 010 case is given in figure 8. The images show that
in this case both the list angle and the draught obtained by
MPS agree well with that obtained with SSTab.

e

The list angles obtained by MPS and SSTab are compa-
red in figure 9 for 45% and 75% filling and 0.10m, 0.14m
and 0.20m opening heights. In the case of 45% filling and
0.20m height no leakage occurred, and in the case of 25%
filling and 0.10m height water flooding occurred, so these
two cases were not considered. Here, as with the previous
SSTab results, the MPS simulation leaked volume is used in
the SSTab calculation. The comparison shows the relatively
small discrepancies between the final list angles obtained by
MPS and SSTab. The discrepancies are minimal in the cases
of 75% filling, and increase when the filling ratio decreases.
This behavior seems to be related to the discretization adop-
ted by the simulation: the discrepancies increase when the
‘oil particles” quantity released from the internal tank is dras-
tically reduced, and a higher resolution is required to model
the smaller change of leakage volume.

The oil leakage volume calculated by MPS is given in fi-
gure 10, together with the estimated leakage using SSTab
through the quasi-static approach. The figure 10 vertical axis
is the leaked oil volume in relation to the volume of one in-
ternal tank. The comparison between the results shows very
good agreement. Despite the dynamic effects such as roll
and drift motions, the discrepancies are smaller than 1.0% of
the internal tank volume, except in the BO_75% 020 case,
where the discrepancy is about 2.5%.

40

W MPSBO_75% Filling

A MPSBO_45% filling
30 F—1
"~ = = SSTAB BO_75% filling

\\ ------ SSTAB BO_45% filling

20

10

List without ballast (degrees)
’

0.05 0.10 0.15 0.20 0.25

Height of opening (m)

Figura 8 — Comparison
between the final

list angles obtained
by MPS (left) and

by SSTab (right) for
B0O_45%_010 (45%
filling and opening
height 0.10m).

Figure 8 — Compara-
¢éo entre os dngulos
finais de adernamento
obtidos por MPS
(esquerda) e por
SSTab (direita) para
B0 _45% _010 (45% de
enchimento e altura de
abertura de 0,10m)
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Figura 8 — Compara-
cién entre los angulos
finales de la inclinacion
obtenidos por MPS
(izquierda) y por

SSTab (derecha) para
B0 45% 010 (45%
lleno y la altura de la
apertura de 0,10m).

Figura 9 — Compari-
son of the list angle
obtained by MPS and
by SSTab for 45% and
75% filling and opening
height 0.10m, 0.14m
and 0.20m without
ballast.

Figure 9 — Comparagéo
do &ngulo de aderna-
mento obtido pelo MPS
e pelo SSTab por 45%
e 75% de enchimento e
a altura da abertura de
0,10m, 0,74m e 0,20m,
sem lastro.

Figura 9 — Compara-
cion del dngulo de la
inclinacién obtenido
por MPS y por SSTab
por 45% y 75% llenos y
la altura de la apertura
en 0,10m, 0,14m y
0,20m, sin lastre.
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Volume of oil leakage (%)
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Figure 10 — Ol leakage
obtained by MPS

and by quasi-static
calculation using
SSTab for 45% and
75% filling and opening
height 0.10m, 0.14m
and 0.20m.

Figura 10 — Derrama-

Figura 10— Derrame

mento de dleo obtido de petréleo obtenido
por MPS e pelo calculo por MPS y el calculo
quase-estatico usando cuasi-estatico utilizando
SSTab por 45% e 75% SSTab por 45% y 75%
de enchimento e altura llenos y la altura de

de abertura de 0,10m, la apertura en 0,10m,
0,74m e 0,20m. 0,14my 0,20m.

Also, for filling ratio of 25% (BO 25%) shown in figure
10, the quasi-static approach predicts an oil leakage when
the opening height is 0.10m. This occurs because one of the
quasi-static approach key assumptions is a very small ope-
ning. However, as illustrated in figure 11, the snapshots of
the BO_25% 010 simulation show that, instead of oil leaka-
ge, water flooding occurs. To clarify how this unexpected si-
tuation by quasi-static approach occurs, figure 11 shows
only the process beginning: when the oil and water surfa-
ces and the opening are almost at same level, besides a very
small oil leakage, an increasing volume of water floods into
the tank. After achieving a negative list angle at t=2.4s, wa-
ter quickly floods into the tank and the final list angle reaches
-45°,in a sequence similar, but slower, than shown in figure
12. The final flooded water volume calculated by MPS is as
large as 65.3% of one internal tank volume. This huge discre-
pancy shows the validity limit of the quasi-static approach.

According to the simulation results, instead of oil leaka-
ge, water flooding occurs in all of the cases with ballast. The
animation snapshots shown in figure 12 are from the simu-
lation with 25% filling and the opening 0.10m above the keel
(B15_25% 010). As the tank void space is relatively large in
this case, a huge amount of water floods into the tank cau-
sing fast heeling of the hull. The motion is so violent that a
wave can be observed in t=1.2s. Finally, the flooding water,

Figure 11 — Snapshots
of the case B0_25% 010
simulation showing the

Figura 11 — Sequéncia
da animagéo da simu-
lagdo do caso B0O_25%

Figura 11— Instantaneas
de la simulacion del
caso B0_25% 010

water flooding instead _070 mostrando a que muestra el agua
of oil leakage. 4gua inundando em inundando en vez del
vez de o dleo vazando. petrdleo saliendo.

whose density and surface tension are greater than oil, wa-
shes the tank bottom and inner side walls and pushes the oil
to the tank ceiling.

The flooded water volume obtained by MPS simulation is
provided in figure 13. The figure 13 vertical axis is the flooded
water volume in relation to the volume of one internal tank.
As the presence of air is neglected in this modeling, the floo-
ding volume depends on the void space inside the tank. As
illustrated in figure 13, when the filling ratio increases, the
void space is smaller and the flooded water volume reduces
as well as the final list angle. Therefore, if flooding occurs, lo-
wer filling conditions will be more dangerous. It is also inte-
resting to note that according to the numerical results, the
flooding volume and the final list angle are independent of
the opening height.

Finally, the mean error of the displaced water volu-
me is less than 3% in all the analyzed cases, except the
BO 45% 010 case, where the error is about 4.5%.
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t=2.40s

Figure 12 — Snapshots of
the case B15_25% 010
simulation.

Figura 12 — Sequéncia de
animagéo da simulagao
do caso B15_25% _010.

Figura 12 — Instantaneas
de la simulacion del caso
B15 25% 010.

This study investigated the dynamics of oil leakages and
the damaged stability of a crude oil carrier. Numerical simu-
lations based on the MPS (Moving Particle Semi-Implicit)
method were carried out taking into account the coupling
between the damaged hull and the multiphase flow.

The numerical simulations of the transient motion of those
cases without ballast show that the drift motion induced
by the leakage may occur at the process start when a
relatively large volume of ail is released. From the compari-
son between the final list angles with those obtained from
SSTab, which is a static stability code, it is clear the numeri-
cal approach is very effective to predict the dynamic behavior
of a damaged oil carrier. This was mapped from breakdown
to final list, and included damped roll motion and its respon-
se time, which may be important to safeguard environmental
issues. Concerning the numerical results accuracy, it increa-
ses in cases where the filling ratio is large and the height of
the damage is low down.

80

L] W MPS B15_75%

A MPS B15_45%
60 1

@® MPS B15_25%

40

20

Volme of water flooding (%)

0.05 0.10 0.15 0.20 0.25

Height of opening (m)

Figura 13 — Volume of
flooded water obtained
by MPS for 25%, 45%
and 75% filling and

Figure 13 — Volume de
4gua inundada obtido
por MPS para 25%, 45%
e 75% de preenchimento
opening height 0.10m, e a altura da abertura em
0.14m and 0.20m with 0,10m, 0,14m e 0,20m
ballast. com lastro.

Figura 13 — Volumen
del agua inundada
obtenido por MPS para
25%, 45% y 75% lleno y
la altura de la abertura
en 0,10m, 0,14m, y
0,20m con lastre.

Also, although the complete oil spillage simulation was not
realized because the thin oil film formation would demand a
very large number of particles beyond the study’s scope, the
volume of leakage was computed. The comparison between
computed oil volume with that obtained by quasi-static appro-
ach shows the validity limit of the latter.

For those cases with ballast, water flooding occurs, and
the simulation results show the flooded water volume is in-
versely proportional to the filling ratio. Also, the opening height
has no significant effect on the final list and flooded volume.

Finally, for the sake of simplicity, 2D modeling was carried
out to investigate the complex fluid-solid interaction phenome-
na. This is a hypothetical situation in which the dimension of the
damage is much larger than actual cases. Therefore, instead of
simply extrapolating the 2D results to the real situations, further
complete 3D analyses should be done. Furthermore, future stu-
dies on the effects of the air inside the tank are also required.

The authors would like to express their gratitude to Petro-
bras for their financial support for the research.
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