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Abstract 
This thesis studies the response of the ship and the floodwater motions in the transient stage 

of flooding. At the transient stage, i.e. immediately after the accident, when the water rushes 
into the ship, the ship may experience high roll angles or even capsize. The motions of the ship 
and the floodwater are coupled. A fast method for predicting the transient response of the 
motion of the ship in an abrupt flooding case was developed within this thesis. 
  

In the abrupt inflooding the initial flow through the opening on the side of the ship resembles 
dam-breaking type jet. The ship motion response, mainly roll, together with the inflooding jet 
excites the sloshing of the floodwater. Furthermore, the obstructions and openings inside the 
ship complicate the modeling of the flooding process. Previous studies on sloshing concentrate 
mainly on sloshing with a fixed amount of water around the equilibrium, i.e an even keel, 
position. In the flooding accident, the amount of water varies, water ingress can be violent and 
the motions can take place around a heel angle far from the even keel, zero angle. The 
simulation method for the flooding process needs to be capable of taking into account the 
variation in the amount of the floodwater, ingress jet and motions around an arbitrary angle. 
  

This thesis shows that the transient stage of the flooding can be modeled with a 
computationally efficient and simple method (lumped mass method with a moving free 
surface), provided the inflow momentum flux is taken into account. This is particularly 
important when a wide compartment free of obstructions is flooded. The traditional approach 
of a quasi-static or lumped mass method with a moving free surface without the inflow 
momentum flux can estimate the motion response of the ship to an abrupt flooding only for 
divided compartments where the openings in the dividing obstructions are small. When the 
opening size is increased, i.e. the obstructions are reduced, the results of the presented method 
and the traditional methods start to deviate from each other. The simulation method presented 
in this thesis can be applied to explore the impact of damage size, compartment layouts and the 
initial stability on the ship survivability. 

Keywords damaged ship stability, transient flooding, sloshing, floodwater motion, flooding  
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Tiivistelmä 
Tässä väitöskirjassa tutkitaan laivan liikevastetta ja vuotaneen veden liikkeitä vuodon 

transienttivaiheessa. Vuodon transienttivaiheessa, eli alkuvaiheessa veden syöksyessä 
osastoon, laivan keinuntaliikkeen vaste voi olla suuri tai laiva saattaa jopa kaatua. Laivan liike 
ja vuotaneen veden liikkeet eli loiskunta ovat kytkeytyneitä toisiinsa. Väitöskirjassa kehitettiin 
nopea laskentamenetelmä vuodon ja laivan liikevasteen simuloinnille äkillisessä 
vuototapauksessa. 

  
Äkillisessä vuototapauksessa veden sisäänvirtaus muistuttaa padonmurtumistapauksessa 

syntyvää suihkua. Laivan liikevaste, pääasiassa keinunta, yhdessä sisääntulevan virtauksen 
kanssa synnyttävät vuotaneen veden loiskuntaa. Tämän lisäksi osastossa olevat esteet ja aukot 
hankaloittavat merkittävästi vuodon mallintamista. Aikaisemmin loiskunnasta tehdyt 
tutkimukset ovat keskittyneet lähinnä loiskuntaan vakiovedenmäärällä osaston liikkuesssa 
pystyasennon ympärillä. Vuototapauksessa veden määrä osastossa muuttuu, veden sisääntulo 
saattaa olla erittäin nopeaa ja laivan keinuntaliikkeet voivat tapahtua suurenkin 
kallistuskulman ympärillä. Vuototapauksen laskennallisen menetelmän on pystyttävä 
mallintamaan muuttuva veden määrä, sisääntuleva virtaus ja keinuntaliikkeet kallistuskulman 
ympärillä. 

  
Tässä väitöskirjassa näytetään, että vuodon transienttivaihe voidaan mallintaa 

laskennallisesti tehokkaalla yksinkertaisella menetelmällä (keskitetyn massan menetelmä 
vapaalla tasonestepinnalla) kunhan sisääntuleva virtauksen tuoma liikemäärä otetaan 
huomioon. Tämä on erityisen tärkeää leveän ja avoimen osaston vuototapauksessa. Perinteiset 
kvasi-staattiset menetelmät tai keskitetyn massan menetelmät, joissa tasomainen vapaa 
nestepinta voi liikkua, mutta sisääntulevaa liikemäärää ei ole huomioitu, pystyvät ainoastaan 
mallintamaan vuototapauksen, jossa osastossa on huomattavia virtausta hidastavia esteitä tai 
osasto on jaettu useampiin ei-vesitiiviisiin tiloihin. Kun nämä esteet poistetaan tai osaston 
sisäiset aukot ovat suuria, tulokset perinteisten ja tässä tutkimuksessa esitellyn menetelmien 
välillä eroavat toisistaan. Tässä työssä esitellyllä simulointimenetelmällä voidaan tutkia 
vaurioaukon koon, osaston sisäisen jaon ja laivan alkuvakavuuden vaikutusta laivan 
selviytymiseen vauriotapauksesta. 
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Original features

The abrupt flooding of a damaged ship is a complex phenomenon as it con-

sists of the inflow jet, floodwater motion, and the water exchange through

the openings, which are all coupled with the motion of the ship. Estab-

lished simplified methods to predict the motion of the damaged ship have

concentrated on quasi-static progressive flooding or on the motion of the

damaged ship in waves with the flooding in a steady state. Attempts to

simulate abrupt flooding have been made with the aid of Computational

Fluid Dynamics (CFD) methods, where the flow behavior can be modeled

in detail. However, the computation and preparation times for CFD sim-

ulations are long.

This thesis proposes a fast simulation model for the transient flooding

response, where the flooding process and the motion of the floodwater

and the ship are fully coupled. The following features of this thesis are

believed to be original.

1. A fast numerical method to simulate the transient flooding response

was developed by extending the existing theory of the lumped mass

method with a moving free surface (PIV).

2. The inflooding jet was observed to play an important role in the roll

response of abrupt transient flooding (PIII,PIV). Taking the inflow

momentum into account, the lumped mass method was extended to

simulate fast abrupt flooding (PIV).

3. In PI it was shown, that the the hydraulic model is applicable to

estimate the water exchange between the compartments in forced

motion. In PII the lumped mass method with a moving free sur-

face with a hydraulic equation is shown to be capable of predicting

the water exchange between the compartments and to estimate the

sloshing forces acting on the compartment.
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Original features

4. A novel experimental method to estimate the flow rate through the

opening is provided. The surface tracking method is applied to cap-

ture the free surface and the flow is estimated from the integrated

volumes (PI, PIII). In addition, the position of the center of gravity

of the floodwater is estimated from the measurements in which the

method was applied (PI, PIII).

5. It has been shown in PIV that the first high roll angle in an abrupt

flooding case can be estimated with the lumped mass method with a

moving free surface taking the inflow momentum into account. PV

shows the dependency of the roll angle on the size of the damage

and internal compartment layout. For an undivided compartment

the first roll angle to the opposite side of the damage can only be

estimated when the inflow momentum is taken into account (PIV,

PV).
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Nomenclature and abbreviations

A area

BA damping matrix

C general centripetal mass matrix

Cd discharge coefficient

cog center of gravity of the ship

cogi center of gravity of the floodwater in room i

f force vector

g gravitational acceleration

h height

mi mass of the floodwater in room i

M general mass matrix

MA added mass matrix

MS ship mass and inertia matrix

p pressure

Q flow rate

ri position vector of the lumped mass

R position vector of the coordinate frame of the ship

S(·) cross product matrix, a × b = S(a) b

T coordinate transformation matrix

U velocity vector of the coordinate frame of the ship
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Nomenclature and abbreviations

v flow velocity

Vi floodwater volume in room i

XYZ inertial coordinate frame

xyz coordinate frame of the ship

Θ angular attitude of the coordinate frame of the ship in modified

Euler angles, Θ = {φ, θ, ψ}

ρ water density

τ moment vector

φi floodwater surface angle around x-axis, in room i

χ system state vector

Ω angular velocity vector of the coordinate frame of the ship

CFD Computational Fluid Dynamics

DOF Degree(s) of Freedom

ITTC International Towing Tank Conference

MPS Moving Particle Semi-implicit

SOLAS Safety Of Life At Sea

SPH Smoothed Particle Hydrodynamics

VOF Volume of Fluid
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1. Introduction

1.1 Background

Ship accidents, in which the integrity of the hull is lost may have catas-

trophic consequences. The safety of human life, the environment, and

valuable cargo might be at stake in the event of a ship flooding acci-

dent. Severe accidents caused by flooding have taken place, most com-

monly as a consequence of a collision or grounding (Montewka et al.,

2014). The Ro-Ro ferry European Gateway flooded and capsized in 1982

after being struck by another ship (Spouge, 1985), The Ro-Ro passen-

ger ferry Express Samina ran aground, capsized, and sank in 2000 (Pa-

panikolaou et al., 2003), The cruise ship Costa Concordia ran aground and

sank in 2012 (Italian Ministry of Infrastructures and Transports, 2013;

Dankowski et al., 2014). In addition to hull breaches caused by collision

or grounding, flooding accidents have occurred through an open or lost

bow visor, such as the capsizing of the Herald of Free Enterprise in 1987

(Dand, 1988) and the capsizing and sinking of the MS Estonia in 1994

(JAIC, 1997).

Historically, improvements in safety have made leaps forward after ma-

jor accidents. Society has required better preparedness after the accidents

that occurred. However, the nature of an accident is always aleatory. The

number of possible scenarios is enormous, when considering all the pos-

sible load conditions, the size and internal geometries of the ship that

collides or becomes grounded, the size and location of the breach, and the

sea state. Regardless of the undesired random nature, proactive measures

should be taken to avoid the occurrence of an accident, and, in the event

of an accident, to mitigate the consequences. The risk of losing a ship as a

result of a collision or grounding and the consequent flooding can be tack-
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Introduction

led on three different levels; marine traffic control (to avoid the collision

or grounding), structural enforcement (improvement of crashworthiness,

to avoid a breach of the hull in the event of a collision or grounding), and

damage stability requirements (to avoid the ship capsizing or foundering

because of flooding). The improvement of the overall safety of marine traf-

fic needs realistic and efficient tools on all of these levels, but especially

in the modeling of the flooding process (Goerlandt and Kujala, 2014).

New SOLAS 2009 probabilistic regulations covering the damage stabil-

ity intent to account for all the possible damage cases the ship may en-

counter. However, Papanikolaou et al. (2012) point out the fact that new

SOLAS 2009 rules do not satisfactorily cover the water-on-deck effects on

the survivability of ro-pax ship. The current rules leave possibility for

different interpretations of the estimation of the ship survivability during

the flooding process (Lemoine et al., 2013).

Traditionally, the ship damage stability is estimated as the residual sta-

bility for a given number of flooded compartments, depending on the ship

type. Before this final equilibrium stage is reached, the damaged ship may

undergo more severe intermediate stages of flooding (Ruponen, 2007). In

particular, the transient stage at the beginning of the flooding, when the

water starts entering the ship, may be hazardous (Spouge, 1985; Vassalos

et al., 2004). The intermediate stages of the flooding have traditionally

been taken into account by quasi-static simulations, which have assumed

a horizontal floodwater free surface and often disregarded the dynamic

motion of the ship.

In the transient stage, the flooding can be violent and the ingress flow

rate can be high, depending on the location and dimensions of the breach.

If the ship hull is damaged on the side, the inflooding can have a serious

immediate effect on the transversal stability of the ship. When the water

starts to enter the damaged compartment, a jet-like inflooding occurs and

the resultant position of the floodwater can vary greatly from the horizon-

tal surface. In general, cross-flooding is desired in the event of damage,

meaning that the floodwater would fill the flooded compartment evenly

without causing a heeling moment to either side. Often the compartments

contain obstructions such as engine blocks and other large equipment, for

instance. These obstructions can slow down the cross-flooding and cause

the ship to heel to the damaged side (Spouge, 1985). In the opposite case,

if the compartment is wide and free of obstructions, the inflooding jet can

transport floodwater to the opposite side of the ship causing the ship to
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Introduction

heel to this side. As a result of the heeling to the opposite side, the damage

opening may be lifted above sea level and the inflooding may stop (Ikeda

and Ma, 2000). The motion of the floodwater is affected by the inflooding

jet, by the obstructions in the compartment and by the motion response of

the ship, which in turn is affected by the motion of the floodwater. Flood-

ing is a complicated process where all the above mentioned phenomena

are coupled (Khaddaj-Mallat et al., 2011).

The coupled flooding process and response of the ship are greatly af-

fected by the damage and ship geometries and by the initial stability of

the ship. For this reason a time domain simulation is required to estimate

the response of the ship during the intermediate stages. In order to es-

timate the overall risk of the marine traffic in many different scenarios,

a reliable and efficient calculation tool is needed. It is important for the

method to be robust, with fast, real-time calculation capability and with a

straightforward preparation of the calculation case. Moreover, an efficient

simulation tool can be applied for exploring the damage stability of differ-

ent ship designs. Further potential uses are as an onboard and onshore

real-time decision support tool for assessing the residual stability of the

ship in the event of an accident.

1.2 State of the art

According to Ruponen (2007), the ship flooding process can be divided

into three stages: I) the transient stage, right after the accident, where

the water rushes into the ship. In this stage the ship may experience

high roll angles; II) the progressive flooding stage, where the floodwater

continues to propagate into other compartments. This stage may last for

hours; III) the steady stage, if the ship has not capsized or foundered and

it has reached its final equilibrium but is still subject to the environmental

loads.

The flooding simulation problem, in turn, is divided into the following

three categories by the ITTC (2008) Specialist Committee on Stability in

Waves: (i) dead ship condition under the excitation of waves; (ii) the be-

havior of the floodwater and its interaction with the ship, and (iii) the

flooding phenomenon and progressive flooding. In the transient stage, the

behavior of the floodwater, mainly sloshing and the interaction between

the ship and the floodwater together with the flooding phenomenon are

important. Below, the literature dealing with sloshing that is relevant to
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Introduction

this study is first covered and then the previous works concentrating on

the flooding process are outlined.

Sloshing has been studied in the context of transportation technology

since the 1950s. The early works of Graham and Rodriguez (1952), Abra-

hamson (1966) and Dodge (1966) concentrated on providing analytical so-

lutions and equivalent mechanical models to calculate the sloshing forces.

Hamlin et al. (1986) provided an analytical solution and modeled slosh-

ing in a ship tank by means of a so-called modal method. Comparison

with the experiments showed the method to be applicable for a rectan-

gular tank without internal structures. Later, Faltinsen and Timokha

(2011, 2013) provided analytical solution for sloshing in a tank divided by

a screen with different solidity ratios. They applied a hydraulic equation

to define the pressure loss and flow velocity at the screen. A shallow wa-

ter equation approach to solving sloshing was applied by Verhagen and

van Wijngaarden (1965), and by Petey (1986) for small fill heights. Arme-

nio and La Rocca (1996) compared the applicability of the shallow water

equation for an unbaffled and a baffled tank. The method proved to be

applicable for the unbaffled tank, for a water depth-to-tank breadth ratio

less than 0.15, while for the baffled tank the results were not as good.

Later, as the computation capabilities improved, numerical methods to

simulate sloshing began to be applied. Experimental studies for baffled

tanks and CFD simulations were conducted by Armenio and La Rocca

(1996) and Akyildiz and Ünal (2005, 2006). They showed, that the CFD

methods can also be applied for tanks with structures such as baffles.

van’t Veer and de Kat (2000) and de Kat and van’t Veer (2001) applied

the Volume of Fluid (VOF) method to sloshing in the engine room and a

U-shaped tank configuration.

Particle methods, such as the Smoothed Particle Hydrodynamics (SPH)

and Moving Particle Semi-implicit (MPS) methods, model the fluid by

small discrete particles. These methods do not require any calculation

mesh, only the definition of the bounding geometry. González et al. (2003)

performed simulations for a flooded compartment in forced motions with

the SPH method. Experiments and validation of the SPH method were

provided by Souto-Iglesias et al. (2006) and Pérez-Rojas et al. (2009). Fur-

ther experimental and numerical studies applying the SPH method have

concentrated on the motion energy dissipation of the system caused by

sloshing (Bouscasse et al., 2014a,b). The consistency of the MPS method

and its relation to the SPH were studied by Souto-Iglesias et al. (2013,
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2014).

Pilipchuk and Ibrahim (1997), Aliabadi et al. (2003), and Godderidge

et al. (2008, 2012) proved a pendulum model to be a rapid and reliable

method to assess sloshing. The fluid is modeled as a lumped mass con-

strained by a characteristic pendulum arm. The model requires prede-

fined parameters to be found by an analytical solution, model tests, or by

a numerical simulation. Sloshing in tanks with more complicated geome-

tries was studied experimentally by Vugts (1968) for different roll damp-

ing tanks. Ruponen et al. (2009) conducted measurements of sloshing

in the swimming pool of a cruise vessel. van’t Veer and de Kat (2000)

performed forced oscillation tests of a flooded engine room and accommo-

dation space.

The above-mentioned rapid models, such as equivalent mechanical, mul-

timodal, or pendulum models can be applied for a fixed volume and are

generally limited to small tank motions. To overcome these limitations

without increasing the computation requirements, the lumped mass method

with a moving free surface to model the sloshing is applied in PII.

Time domain simulation methods of the flooding process and ship mo-

tion response often combine the methods used in the sloshing literature

with the methods for the simulation of the motion of an intact ship. The

methods for the modeling of floodwater and ship dynamics can be divided

into the following four main groups in increasing complexity: (1) quasi-static;

(2) lumped mass method with a moving free surface; (3) shallow water

equation; and (4) computational fluid dynamics, mainly VOF and the par-

ticle methods SPH and MPS.

Several researchers have studied the motions of damaged ship in waves

by applying (1) quasi-static methods; de Kat (2000), Chan et al. (2002),

Fujiwara and Haraguchi (2005), and Lee et al. (2007) presented compar-

ison between the experiments and the simulation. Santos and Soares

(2009) and Schreuder et al. (2011) studied the survivability of a dam-

aged ship by quasi-static simulations. For the transient stage of flooding

Spouge (1985) and Sen and Konstantinidis (1987) used the option of keep-

ing the position of the lumped mass artificially out of the equilibrium dur-

ing some time steps. Otherwise, the transient stage of flooding has been

simulated by quasi-static simulation methods only in asymmetric flooding

cases, where internal obstructions slow down the cross-flooding signifi-

cantly and the ship rolls to the damaged side (Vredeveldt and Journée,

1991; Journée et al., 1997; de Kat et al., 2000; de Kat and van’t Veer,
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2001; Santos et al., 2002). Experiments and simulation of the asymmetric

flooding of a frigate by Palazzi and de Kat (2002, 2004) show how the air

trapped in the compartment can slow down the inflooding. The air com-

pression and air flow in flooding was further studied by Ruponen (2007)

and Ruponen et al. (2013). In particular, a quasi-static method to simulate

the air flows in progressive flooding is presented by Ruponen (2006). The

quasi-static method accounts for the effect of the free floodwater surfaces

on the static stability of the ship, but it neglects the floodwater dynamics.

An improvement, in terms of taking the floodwater dynamics into ac-

count, is made with (2) a lumped mass method with a moving free sur-

face, which models the dynamic behavior of the floodwater as a movement

of a point mass concentrated on the center of gravity of the floodwater

(Murashige et al., 1996; Zaraphonitis et al., 1997; Papanikolaou et al.,

2000; Jasionowski, 2001; Spanos and Papanikolaou, 2001; Fujiwara and

Haraguchi, 2005; Valanto, 2008). A pendulum version of the lumped mass

model presented for sloshing by Godderidge et al. (2012) is applied by

Ran et al. (2012) to simulate the motion of a flooded ship. Valanto (2008)

uses the lumped mass method for a water depth-to-tank breadth ratio

higher than 0.25, while for smaller water depths the shallow water equa-

tion model is used. The application of the lumped mass method with a

moving free surface for the transient stage of flooding is not reported in

the literature.

In order to model the motions of water on deck in more detail Dilling-

ham (1981) simulated the flooding over a bulwark with (3) a shallow wa-

ter equation model. Later, Dillingham and Falzarano (1986) applied the

method for a green water-water on deck simulation. Chang and Blume

(1998) and Chang (1999) combined the intact ship simulation model of

Kröger (1986) and the shallow water model of Petey (1986) to simulate

several different scenarios of damaged ro-ro ships in waves. Later, the

motions of a damaged ro-ro ship in waves were simulated by applying

the shallow water equation to model the sloshing by Santos and Guedes

Soares (2003, 2006) and Valanto (2008).

The CFD methods (4) can provide very detailed information on the flow

and in theory they are not limited to certain water depths in the compart-

ment. They have been proven applicable in sloshing simulations where

the fluid domain is limited to the container. However, the simulation of

the motions of a damaged ship requires a connection between the inter-

nal spaces of the ship and the external sea. The modeling of the required
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amount of the surrounding water increases the computational require-

ments considerably. For these reasons the CFD methods have been ap-

plied to very specific problems. The applicability of the SPH model to

simulating 2D floodwater behavior in forced ship motions was shown by

Naito and Sueyoshi (2001) and Skaar et al. (2006). The former applied

the method to sloshing on a car deck and the latter simulated the tran-

sient flooding with the motions of the ship imposed. Gao and Vassalos

(2012) performed a 3D simulation, with VOF, of the forced motions of a

compartment open to the sea. Shen and Vassalos (2009) applied the SPH

method to the flooding of a 2D box. Gao et al. (2011) simulated the pro-

gressive flooding of an ITTC benchmark barge simulated earlier by the

quasi-static method (Ruponen et al., 2007). Several flooding cases were

simulated by Sadat-Hosseini et al. (2012) with a single-phase level set ap-

proach. Surface details are well modeled, but the roll motion shows some

discrepancies.

Recently, CFD methods have been applied when simulating freely float-

ing damaged ship motions, where a strip of external sea around the open-

ing is modeled by CFD; otherwise, the flow around the ship hull is solved

with a potential flow model. This technique was applied by Gao et al.

(2013) using the VOF method for a damaged ship in waves, and by Hashimoto

et al. (2013) using the MPS method for an abrupt flooding of a ship. Other

applications of CFD include the simulation of the abrupt flooding of a sta-

tionary compartment with the SPH method by Touzé et al. (2010) and

with the VOF method by Gao et al. (2010). However, even in these more

simplified flooding cases, the modeling of the calculation domain for the

CFD methods is cumbersome and the calculation resources required are

high.

A number of studies cover the motions of damaged ships in waves. How-

ever, there is very little information on transient flooding. In the bench-

mark studies of the 23rd and 24th ITTC (2002, 2005) it was noted that the

detailed modeling of the coupled motions of ship and floodwater should be

studied more carefully. A benchmark study by the 24th ITTC (2005) com-

pared the performance of five different codes to predict the dynamic mo-

tion of damaged ship. The participating codes included; (1) quasi-static;

(2) lumped mass method with a moving free surface, and (3) shallow water

equation methods. The lumped mass methods with a moving free surface

were noted to have the best agreement with the experimental data.
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Figure 1.1. Structure of the thesis. Relation of the papers.

1.3 Scope of the work

This thesis concentrates on the transient response of a ship in abrupt

flooding, particularly, on the coupling of the motions of the ship and flood-

water together with the flow through the openings. The aim is to gather

the required knowledge in order to develop an efficient numerical model

to reliably simulate the response of a ship to transient flooding. In the

transient stage, the following phenomena can be observed: (a) floodwater

motion (sloshing); (b) flow through the internal openings; (c) an inflooding

jet (dam break type); (d) viscous effects; (e) water run-up; (f) air compres-

sion; (g) the impact resulting from the cause of the breach, and (h) wave

action. All of these are coupled with the motion of the ship.

The final measure to judge the appropriateness of the simulation, and

eventually validate it, is to compare the simulated roll response of the

ship to the measured one. Each phenomenon has its contribution to the

response of the ship; some increase the roll, while others reduce it. These

phenomena are usually modeled by different theoretical submodels in the

simulation of flooding. In order to distinguish the contribution of each
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phenomenon to the response of the ship and to validate the corresponding

submodels, each of them should be studied separately.

In this thesis, the experimental results of PI and PIII are used to val-

idate the theoretical models presented in PII and PIV. An application of

the simulation model is presented in PV. The thesis consists of two major

parts each combining experimental studies (PI, PIII) and numerical mod-

els (PII, PIV, PV); see Figure 1.1. The first part of the thesis (chapter 2)

concentrates on the coupled sloshing (a) and flow through the opening (b).

In the first part the sloshing (a) with varying amounts of floodwater is

studied separately from the motion of the ship (PI and PII). In this way,

the coupled sloshing (a) and flow through the openings (b) are studied

and the simulation model is validated without the uncertainty related to

the coupling to the motion of the ship. In the second part (chapter 3),

the coupled dynamic motions of the ship and floodwater (a) are studied

(PIII,PIV). First, the coupled motions are studied without the exchange

of the water between the flooded ship and the sea (c). The simulation

model, solving the ship and floodwater motions simultaneously, is vali-

dated. Then the actual abrupt flooding is studied (PIII,PIV,PV) and the

simulation model is validated including the inflooding jet (c).

In this way the contributions of the above-listed phenomena (a)-(c) are

studied in increasing complexity. The main focus was on (a)-(c). Since

it was not feasible to arrange an experimental setup where the viscous

effects (d) and water run-up (e) would not have been present, they are

included in the model of the motion of the floodwater. The increased com-

plexity and uncertainty in the scaling of the air flow (f) and compression

in the compartment is evaded by having the compartments fully venti-

lated in the experiments as in the simulations. More on the effect of the

trapped air can be found in Palazzi and de Kat (2002), Ruponen (2007),

and Ruponen et al. (2013). The impact of the collision (g) and the wave ac-

tion (h) are not within the scope of this thesis. The collision dynamics are

covered by Tabri (2010) and Schreuder et al. (2011) and the motion of a

damaged ship in waves by Spanos and Papanikolaou (2001), Jasionowski

and Vassalos (2001), ITTC (2002), Valanto (2008), and Santos and Soares

(2009).

In the PV the importance of accounting for the motion of the floodwater

induced by the inflooding jet is shown. An abrupt flooding of the engine

room of a passenger ship is studied with different internal compartment

layouts and different sizes of hull breach. It is shown that the floodwater
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dynamics and the inflow jet need to be taken into account in the simula-

tion of flooding for a compartment free of obstructions.

In this thesis a compartment means a watertight space in the ship which

can be breached by the damage caused to the compartment wall. All the

internal spaces of a ship are modeled as rooms. A compartment is modeled

as one or several rooms. A room is a space, where the volume and motion

of the floodwater are calculated. A room can be connected to other rooms

or to the sea through openings.

1.4 Limitations

As stated in the previous section 1.3, some assumptions are made in order

to concentrate on the dynamic effect on the transient stage of the flooding.

Because of these assumptions the present study does not cover the air

compression in the flooded compartments, the impact of the colliding ship,

or the wave action. However, the method can be extended to account for

them. Air compression and air flow mainly affect the flow rate through

the openings and these can be taken into account by the model presented

by Ruponen (2006). The impact of the colliding ship could be added as an

external force on the equation of motion of the ship by applying the model

presented by Tabri (2010). Similarly, the wave action can be accounted for

as an external excitation.

Some simplifications were made in the experimental setup of the slosh-

ing (PI) and transient flooding tests (PIII). The simplifications for the

experimental setup mainly included the geometrical ones (the internal

layout is a prismatic room with a simple rectangular opening, the ship

geometry is box-shaped). These simplifications ensure accurate modeling,

i.e., better precision for both the physical and numerical model. The com-

partments were fully ventilated. In this way the air compressibility, pres-

sure, and flow effects were omitted in the experiments. These effects were

studied by Palazzi and de Kat (2004) and Ruponen et al. (2013). The ex-

periments on the transient flooding (PIII) were carried out in calm water

conditions without any impact force of the colliding ship at the beginning

of the flooding.

The coupled model for the motion of the floodwater and the damaged

ship presented in PIV is based on the intact ship model. The hydrody-

namic coefficients, added mass, and damping are predefined for the intact

ship by applying a potential flow based strip method. The motion am-
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plitude for the damaged ship may be large and the mean position can be

far away from the even keel position. The flow field around the opening

may also affect the values of the hydrodynamic coefficients (Vassalos and

Jasionowski, 2002). The previous study, however, shows that the correct

estimation of these coefficients for a damaged ship hull is complicated and

not very accurate.

The model of floodwater motion presented in PII and PIV assumes a

planar but freely moving surface. This limits the detailed modeling of

the surface behavior of the floodwater. It is shown in PII that regardless

of this assumption, the location of the center of gravity of the floodwa-

ter is well modeled, which is sufficient for proper modeling of the forces

exerted by the floodwater on the compartment of a flooded ship. Further-

more, quasi-static flow is assumed in the modeling of the water exchange

through the opening. For this reason the model is not suitable for sim-

ulating vertical oscillations of water, for instance in a moonpool, without

an extension to the model of the water exchange. The volume of floodwa-

ter in the flooded room is increased on the surface, i.e., the surface angle

does not change as a function of mass variation. However, the inflow mo-

mentum is accounted for, allowing for the dynamic motion modeling of

the angular changes of the floodwater surface. In PII and PIV the water

exchange is shown to be reasonably modeled, regardless of these assump-

tions.

The dissipation of the energy in sloshing is modeled with an equiva-

lent friction model. The model is based on the dissipation of energy of a

standing wave in a rectangular container. This implies that the friction

coefficient for a ship compartment with a complicated geometrical form

should be greater. However defining the friction coefficient more accu-

rately would require more detailed modeling, which is often not feasible

in practice, even when applying the CFD methods.
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2. Sloshing and water exchange
through the opening

In this chapter the motion of the floodwater in the flooded compartment

and the exchange of water through the openings are dealt with. The

flooded compartment is isolated from the ship. The total amount of flood-

water is constant, i.e., there is no exchange of water between the com-

partment and the sea. However, the exchange of water between different

rooms of the compartment is allowed for. The compartment is subjected

to harmonic sway and roll motions at a wide range of frequencies. This

part allows the forces exerted by the floodwater on the ship, the exchange

of water between the rooms as a result of sloshing, and the effect of the

changing amount of floodwater on the sloshing to be studied. As stated in

the Introduction, sloshing with a varying amount of water has not been

studied previously.

For the simulation of the flooding of a damaged ship, the flow rate through

the opening and the forces exerted on the ship by the floodwater are of

major importance. These quantities are first studied experimentally in

section 2.1 and then the numerical model to simulate the coupled slosh-

ing and exchange of water between the compartments is presented in sec-

tion 2.2.

2.1 Experiments on the sloshing in forced motion

A systematic study of the sloshing and water exchange between the rooms

is performed in PI. The flow through the opening in the measurements is

estimated by applying the surface tracking method to capture the free

surface. The applicability of the hydraulic equation to estimate the water

exchange resulting from sloshing is studied.

A compartment consisting of two rooms, shown in Figure 2.1, was moved

in forced sway and roll motions for a range of frequencies. Two different
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Tracked surface at the back wall

Surface at the front wall (non-tracked)

Reference grid

Figure 2.1. Image capture from the test with opening #2. Tank in sway motion at
2.0 rad/s containing 5.0 kg of water. The red line marks the tracked surface
on the back wall of the tank. (PI)

opening locations were tested for different amounts of water. The opening

is relatively small, so that the sloshing can be observed on both sides of

the compartment, but sufficiently large for a significant amount of water

to be exchanged during a period from one side to the other.

Correct modeling of the flow through the openings is essential for the

flooding simulation. A hydraulic model based on Bernoulli’s equation is

commonly applied (van’t Veer and de Kat, 2000; Ruponen, 2007) to model

the flow in quasi-static flooding, where the water surface on both sides

of the openings is horizontal and the compartment can be considered

stationary. It has been proven to be suitable for the above cases, pro-

vided that the discharge coefficient is properly determined for the open-

ing. However, when the floodwater and/or the compartment are in motion

the question remains whether the hydraulic model, Equation 2.1, is ap-

plicable. This was studied by measuring the water height on both sides of

the opening and by estimating the flow through the opening. The water

height measurement was performed by a conventional wire pair probe.

The flow measurement through the small opening could not have been

performed by conventional means. A novel approach to the estimation of

the flow rate was applied in PI. To the best of the author’s knowledge,

experiments where the flow rate through the opening was estimated in a

similar setup have not been performed previously.

Video recording of the tests was performed. The video images were used

for tracking the free surface of the water at each video frame; the rate was

59.94 frames per second. The water surface was assumed to remain two-

dimensional. The volume of the water on each side of the compartment

was integrated from the water height. The motion of the compartment

was harmonic and five consecutive periods of motion were used for better

accuracy in the surface tracking and estimation of the water volume and
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flow rate.

The flow rate obtained by the surface tracking method was compared to

the flow rate calculated by applying the hydraulic model with the mea-

sured height of the water on each side of the opening, hA and hB. The flow

velocity v through the opening estimated from the water height measure-

ment is

v = sign(pA − pB)

√
2

ρ
|pA − pB| , (2.1)

where pA and pB are the hydrostatic pressures on both sides of the opening

connecting rooms A and B. The water density is ρ. In this case as the

opening height is small, point pressure at the opening is applied. The

pressure is estimated as

pA = ρ g max(hA − h0, 0), (2.2)

pB = ρ g max(hB − h0, 0), (2.3)

where g is the gravitational acceleration and h0 is the height of the open-

ing above the bottom of the compartment. The flow rate through the open-

ing is

Q = CdAv, (2.4)

where Cd is the discharge coefficient and A is the area of the opening.

It is shown in PI that the hydraulic model can be applied to estimate the

flow through the opening by applying the water column pressure at the

opening. The pressure was calculated from the measured water height.

This means that in order to estimate the flow rate correctly in the simu-

lations the water motion need to be modeled properly. Figure 2.2 shows

an example of the measured volume difference between each side of the

compartment compared with the estimation by the hydraulic model.

2.2 Numerical model of the sloshing in forced motion

In order to calculate the flow through the opening, the motion of the wa-

ter should be modeled as stated above in the previous section 2.1. The

volume of the floodwater in each room changes. In an actual flooding sim-

ulation the flooded rooms are empty at the beginning. Towards the end of

the simulation the final equilibrium position should be found, if the ship

has not capsized. The model of the motion of the floodwater should be ca-

pable of accounting for the volume change and possible high heel angles.
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Figure 2.3. 2D model for lumped mass motion, PII and PIV.

CFD methods, including VOF, and particle methods (SPH and MPS) fulfill

these requirements and can provide detailed information on the motion of

the floodwater. However, the computational requirements for perform-

ing such simulations are high. Modal methods (Faltinsen and Timokha,

2013) or equivalent mechanical models (Graham and Rodriguez, 1952;

Abrahamson, 1966), which are computationally efficient, can not account

for the changes in the volume and high heel angles.

The motion of the floodwater is modeled applying the lumped mass

method with a moving free surface presented by Papanikolaou et al. (2000),

Spanos and Papanikolaou (2001), Jasionowski (2001), Fujiwara and Haraguchi

(2005), and Valanto (2008) and described in detail in PII and PIV. The

floodwater surface in each flooded room is modeled as a plane, which is

free to incline. The motion of the floodwater is modeled as the motion

of the lumped mass which is located at the center of gravity of the fluid

in each flooded room. Starting from the conservation of momentum, the

equation of motion is written for a point mass, i.e., the floodwater in each
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flooded room is described as a lumped mass mi; see Figure 2.3. Since the

lumped mass is considered as a point mass, the translational equation of

motion for each flooded room is needed to describe its motion. The mass

variation ṁi is accounted for. The equation of motion (Equation 2.5) is

written in a moving coordinate frame xyz fixed to the compartment (or

the center of gravity of the ship cog). The motion of the mass is limited

to a path of the possible locations of the center of gravity of the flood-

water cogi. The position ri(φi, Vi) is defined by the room geometry, the

floodwater volume Vi = mi/ρ, and the surface angle φi with respect to the

compartment. In this way a system of two degrees of freedom, namely the

floodwater angle and mass, describes the motion of the floodwater. The

equation of motion for the lumped mass is

mi

[
U̇− S(ri)Ω̇+ φ̈iri,φi

+ φ̇i
2
ri,φiφi

+S(Ω)U− S(Ω)S(ri)Ω+ 2S(Ω)φ̇iri,φi

]

+ṁi

[
U− S(ri)Ω+ φ̇iri,φi

]
= fg,i + fi , (2.5)

where the linear and angular velocities of the compartment are U and

Ω, respectively. The gravitational force acting on the lumped mass is fg,i

and fi is the force exerted by the room on the lumped mass. The suffixes φi

and φiφi denote the first and second partial derivatives with respect to the

free surface angle. The dynamics of the angular motion of the free surface

are modeled including the mass variation term ṁi. The motion in the

direction of the free surface normal is imposed by the volume exchange.

The surface height is considered as a quasi-static quantity in this sense.

For this reason, the partial derivatives of the lumped mass position with

respect to mass, ri,mi and ri,mimi , are dropped out in the derivation of the

equation of motion. A detailed derivation of Equation 2.5 is presented in

PII and PIV. The cross product is performed by multiplication with the

matrix S(·), as a× b = S(a) b, where

S(a) =

⎡
⎢⎢⎣

0 −az ay

az 0 −ax

−ay ax 0

⎤
⎥⎥⎦ . (2.6)

The free surface angle is solved from the equation of motion, Equation 2.5,

and the volume is solved from the hydraulic equation, Equation 2.1. The

interacting force between the room and the lumped mass is divided into
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a support force acting in the normal direction of the free surface of the

floodwater and a friction force acting in the tangential direction of the

lumped mass path (PII, Equation 2). The viscous effects are modeled

with the friction force. Only the angular motion of the free surface is

modeled, so the support force is eliminated from the equation. The fric-

tion force is modeled as proportional to the lumped mass and its velocity.

Godderidge et al. (2012) apply linear friction factor according to the model

based on the dissipation of energy of the standing waves in rectangular

container presented by Keulegan (1959). They further propose non-linear

friction models where the parameters should be determined from the ex-

periments or CFD calculations. This however, is not feasible in practical

flooding simulations. In PII the effect of the value of friction factor on the

simulation was studied. Whereas in PIV the model based on the Keulegan

(1959) is applied. The friction factor is calculated for each room depending

on its dimensions and on the instantaneous floodwater volume.

The motions of the floodwater and water exchange between the rooms

were simulated for the compartment in forced motion. The simulation re-

sults were compared in PII to the experimental ones presented in PI. In

PII it is shown that the lumped mass method can predict the position of

the center of gravity of the floodwater with good accuracy; see Figure 2.4.

This is important for the simulation of the behavior of the damaged ship.

A lumped mass method with a moving free surface is shown to be ca-

pable of predicting the water exchange between the rooms. An example

of the difference between the measured and simulated water volumes is

given in Figure 2.5. Importantly, the forces exerted by the floodwater are

also estimated well. When the simulated results are compared to the ex-

perimental ones over a range of motion frequencies, the method that is

presented is shown to be capable of predicting the force exerted on the

compartment; see Figure 2.6. Only at the higher fill levels (average water

depth per compartment breadth), with 20 kg of floodwater, the forces pre-

dicted by the lumped mass method have deeper slope than the measured

ones. At higher fill levels, the natural frequency of the lumped mass mo-

tion is higher than the one calculated by the potential theory as shown

by Jasionowski (2001). Lumped mass models the movement of the entire

volume of the floodwater, while for the standing wave the fluid motion is

more limited at greater depths. The lumped mass model captures fluid

motion the best at low fill levels (Spanos and Papanikolaou, 2001). Com-

partment height per breadth ratios are normally low for a ship. Thus the
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(Test) (PI). Simulated plane surface and the position of the lumped mass
(LM). The surface of the simulation with OpenFoam VOF method (CFD). The
frequency of sway motion is 2.0 rad/s. (PII)

fill levels in damaged compartments are also very low. Moreover, the ship

motion frequencies are low compared to the natural sloshing frequencies.

For these reasons the floodwater and damaged ship motions are rarely in

resonance at higher fill levels. For these reasons the discrepancies at high

fill levels are not very important for simulation of flooded ship motion.
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3. Abrupt flooding

In this chapter the response of the motion of the ship to abrupt flooding is

dealt with both through the experimental tests and simulations with the

numerical model. The ship is initially on an even keel in calm water. A

damage opening is presented on the side of the hull. The water rushing

into the ship causes the ship to heel and the ship experiences consequent

transient roll motion. The inflooding rate is affected by the roll motion. In

section 3.1 the experimental study of the transient flooding is presented

and in section 3.2 the transient flooding is simulated.

The simulation model, presented in PIV, consists of a non-linear 6 DOF

motion simulation model for the intact ship coupled with the model for

the flooding process. The motion of the floodwater in the flooding pro-

cess is modeled by the lumped mass method with a moving free surface

presented in PII, where the flow through the opening is modeled with a

hydraulic model. The inflow transports momentum into the floodwater. In

PIV the inflow momentum is included in the simulation model. The con-

servation of the momentum is taken into account in the modeling of the

motion of the floodwater by applying a force to the lumped mass according

to the inflow velocity and mass flow rate.

3.1 Experiments on the abrupt flooding of a box shaped barge

The abrupt flooding of a ship and the transient response were studied

with an experimental model-scale setup in PIII. The measurements were

performed for a model of a box-shaped barge; see Figure 3.1. The main

dimensions of the model and the flooded compartment and the initial sta-

bility were similar to those of a typical ro-pax ship. In the experiments

a damage opening was introduced on the side shell of the model. The

length of the opening was 5 % of the length of the model, so that it was
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Figure 3.1. Box-shaped barge model, PIII.

sufficiently large to cause a high flow rate and a significant transient roll

angle. The floodwater volume, from which the flow rate can be calculated,

was estimated by applying the surface tracking method presented in PI.

In previous experimental studies on abrupt flooding (Ikeda and Ma,

2000; Ikeda and Kamo, 2001; Macfarlane et al., 2010; Khaddaj-Mallat

et al., 2012), only the response of the ship was measured or water heights

were measured by wave probes installed inside the flooded compartments.

When the flooding is quasi-static and the water surface remains horizon-

tal, the water volume in the compartment can be calculated from the wa-

ter height measurement. But when the floodwater surface is not hori-

zontal other means to measure the volume can be applied to improve the

accuracy of the volume estimation. The surface tracking method was ap-

plied in these transient flooding tests. As a result, the floodwater volume

as a function of time was obtained. Moreover, the data obtained by sur-

face tracking were used for estimating the location of the center of gravity

of the floodwater. These important data for validating the flooding simu-

lation models had not been available previously (Figures 3.2 and 3.3). In

the experiments the model was floating freely and the damage opening

was presented in such a way that it did not affect the motion of the ship.

In this way the measurement setup was well controlled and the coupled

motions of the ship and the floodwater were measured.

In PIII it was shown that the inflow jet plays an important role at the

beginning of the flooding of the undivided compartment. Figure 3.3 shows

the transversal position of the center of gravity (cogi) of the floodwater cal-

culated from the tracked surface and the roll angle. After the initiation of

the damage, the model first experienced a small roll angle to the damage

side, of approximately half a degree, but then the model experienced the

first high roll angle, of approx. four to five degrees, to the opposite side

from the damage, when the undivided compartment was flooded. The in-

flow jet pushed the water to the opposite side, causing a heel moment on
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Figure 3.2. Video capture and tracked water surface at back wall of the flooding test of
compartment R11 with GM0,1 (on left) and with GM0,2 (on right) at time
1.0,...,5.0 s. Blue × shows the estimated position of the cogi of the floodwater
projected to the back wall (PIII).
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Figure 3.3. Estimated y-coordinate of the cogi of the floodwater and measured roll angle
of the model (PIII).

that side; see Figure 3.2. For the smaller tested initial stability the roll

to the opposite side nearly stopped the inflooding by lifting the damage

opening almost above the external water surface.

3.2 Numerical model of the abrupt flooding

The lumped mass model with a moving free surface for the motion of the

floodwater is coupled to the model of the motion of the ship in PIV. Start-

ing from the conservation of translational and angular momentum, the

motion of the ship is modeled by writing a 6 DOF equation of motion

for a rigid ship body with given mass and inertia properties. The equa-
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tion is written in the coordinate system fixed to the ship, allowing for

easier calculation of the external forces. The fixed coordinate system of

the ship is fixed to the center of gravity of the intact ship and it is not

moved from its initial position when the water starts to flood into the

ship. The forces exerted by the floodwater on the ship are treated as ex-

ternal ones. The external forces acting on the intact ship are gravity, fg,

and hydrostatic and radiation forces. Hydrostatic forces are calculated

for the actual wetted surface of the intact hull. The radiation forces are

modeled as acceleration-dependent added mass and velocity-dependent

potential damping. The added mass MA and damping BA matrices are

pre-calculated for the intact hull on an even keel by applying a poten-

tial theory based linear strip method code. Hydrodynamic coefficients at

the natural motion frequency are applied. The accuracy of this method

depends on the sensitivity of the coefficients to the following; motion fre-

quency, draft, mean roll angle, and hull form (breach). Multiple motion

frequencies at the transient stage of the motion could be covered by treat-

ing the radiation forces through convolution integral, taking the memory

effect into account in this way. However all the other contributing factors

should be included into the convolution integral, thus making the simula-

tion algorithm computationally demanding. Furthermore, as pointed out

by Vassalos and Jasionowski (2002), the hydrodynamic coefficients for a

damaged hull at high heel angles may not be estimated accurately. Hence,

for the sake of simplicity the hydrodynamic coefficients are kept constant

in the present method. The equation of motion for the intact ship is, as

presented in PIV, (Equation 13)

M

⎧⎨
⎩U̇

Ω̇

⎫⎬
⎭+

[
C(U,Ω) +BA

]⎧⎨
⎩U

Ω

⎫⎬
⎭ =

⎧⎨
⎩ fg

03×1

⎫⎬
⎭+

⎧⎨
⎩fH(R,Θ)

τH(R,Θ)

⎫⎬
⎭ , (3.1)

where the general mass matrix M consists of the ship mass and inertia

matrix MS and added mass matrix MA. The general centripetal mass ma-

trix CA(U,Ω) consists of the centripetal mass matrix of the ship CS(U,Ω)

and centripetal added mass matrix CA(U,Ω). The hydrostatic force and

moment acting on the hull are fH(R,Θ) and τH(R,Θ). They are inte-

grated from the hydrostatic pressure over the actual wetted surface of the

hull at the current position of the ship. This position is expressed in the

inertial coordinate frame XYZ as translational R and angular attitude Θ.

The motions of both the ship and the floodwater are solved simultane-

42



Abrupt flooding

ously. In PIV the equations of motion for the ship, Equation 3.1, and for

the lumped mass, Equation 2.5, are coupled into one equation of motion

for the flooded ship. The ship exerts a force fi on the lumped mass. The

force that the lumped mass exerts on the ship is −fi. As a result of the

distance of the lumped mass from the center of gravity of the ship it also

causes a moment on the ship, −ri×fi. These force and moment vectors are

added to the right hand side of the equation of motion of the ship, Equa-

tion 3.1. In the equation of motion for the lumped mass, Equation 2.5, in

PII, the gravity fg,i and force exerted by the ship fi on the lumped mass

were included. In addition to these forces, the inflow momentum flux

transported by the inflow rate into the compartment, is included in PIV

(Equation 16) as an external force fṁ,i acting on the lumped mass. This

enables the inflow jet to be modeled. Equally, the momentum flux force

term models the flow out from the compartment. If there is an outflow

from the compartment, the force resulting from this propulsion-type jet

force is accounted for by the momentum flux force.

When the ship and floodwater equations of motion are coupled, the in-

teracting force fi is eliminated from the equations of motion of the ship

by summing the lumped mass equation of motion to them. Then the in-

teraction force is eliminated from the lumped mass equation of motion by

multiplying the equation by the tangent vector of the lumped mass path

(PII and PIV Sec 3.1). A coupled system equation of motion is obtained:

[
M+Mi

]
⎧⎪⎪⎨
⎪⎪⎩
U̇

Ω̇

φ̈i

⎫⎪⎪⎬
⎪⎪⎭+

[
C(U,Ω) +BA +Ci(Ω, φ̇i, ri) + Ṁṁi,i

]
⎧⎪⎪⎨
⎪⎪⎩
U

Ω

φ̇i

⎫⎪⎪⎬
⎪⎪⎭

= Fg(Θ) + FH(R,Θ) + Fg,i(Θ) + Fṁ,i + Fk,i , (3.2)

where the contribution of the floodwater is divided into the following terms;

lumped mass generalized mass matrix Mi; lumped mass centripetal mass

matrix Ci; lumped mass rate of mass change matrix Ṁṁi,i; lumped mass

gravitation force vector Fg,i, and lumped mass inflow/outflow momentum

flux force vector Fṁ,i; these are presented in detail in PIV (Equations 35-

40).

The hydraulic equation Equation 2.1, as in PI, is applied to calculate the

flow velocity through the opening. The openings were relatively high in

the flooding cases tested in PIII, thus the pressure varies along the height

of the opening. For this reason, in PIV, the pressure is assumed to vary

linearly from the surface of the floodwater to the bottom. The flow rate
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is integrated from the hydraulic equation along the height of the opening.

The momentum flux force resulting from the flow through each opening

ij is calculated from the flow rate and flow velocity through the opening.

Applying the hydraulic equation for the flow rate and velocity at each

height of the opening, the total momentum flux is also integrated over the

height of the opening sH

fṁ,ij =

∫
sH

dṁij(s) vij(s) nij , (3.3)

where dṁij = ρ dQij(s) = ρ vij(s) bij ds is the mass flow through an in-

finitesimally high slice of opening, and nij is a vector pointing from the

room j into the room i:

fṁ,ij =

∫
sH

ρ vij(s)
2 bij ds nij . (3.4)

The total momentum flux acting on the lumped mass i is summed up from

the forces caused by the flows through each opening connected to it.

A multi-body system consisting of the motions of the ship and floodwater

can be described by the system state vector χ =
{
U,Ω, φ̇i,mi,R,Θ, φi

}T

where the translational and rotational velocities of the ship, lumped mass

surface angle rate of the change, mass, translational position of the ship

in the inertial coordinate system and the angular attitude of the ship,

and lumped mass surface angle in each compartment are grouped. The

time domain simulation is implemented by integrating the derivative of

the system state with the fourth order Runge-Kutta integration scheme.

The derivative of the system state dχ/dt =
{
U̇, Ω̇, φ̈i, ṁi, Ṙ, Θ̇, φ̇i

}T
is

calculated by applying the coupled equations of motion for the ship and

the position of the floodwater (Equation 3.2). The time derivative of the

lumped mass change is calculated by applying the hydraulic equation

(Equation 2.1). The derivatives of the position of the ship, Ṙ = T(Θ)U

and Θ̇ = TΘ(Θ)Ω, in the system state matrix are calculated from the

kinematic conditions by applying the coordinate transformations (Matu-

siak, 2013), T(Θ) and TΘ(Θ), transforming the velocity of the coordinate

system of the ship to the inertial one and the angular velocity of the co-

ordinate system of the ship to the rate of change of the modified Euler

angles (PIV).

A comparison of the simulated (PIV) transient roll response and the

measured (PIII) roll response is shown in Figure 3.4. The response of the

ship to the transient flooding is well captured with the presented method.
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Figure 3.4. Measured and simulated transient roll response.

The first roll angle corresponds to the measured one. The simulated roll is

somewhat more damped than in the measurements and there is a phase

difference in the second roll angle of the undivided compartment flooding.

Viscous effects in the bore propagation, water run-up, and wave breaking

on the opposite side of the hull, which are not modeled by the lumped mass

model, can cause phase difference in the simulated floodwater motions in

comparison to the measurements. These effects may lead to the observed

differences in roll motions of Figure 3.4. However, as noted before, the

first roll motion is well reproduced by the simulation, which is important

for the survivability of the damaged ship.

3.3 Influence on response of the ship

The influence of the calculation model of the motion of the floodwater on

the response of the abrupt flooding of a passenger ship was studied in

PV; see Figure 3.5. An abrupt flooding of two engine rooms was simu-

lated, with the size of the breach and the internal compartment layout

being varied. The engine block was not included; instead, the obstructing

effect of the engine block was modeled by a non-watertight longitudinal

bulkhead in the middle of the compartment. The size of the opening in

the middle wall was varied. Both the breach in the external wall and the

opening in the middle wall had a height equal to the height of the com-

partment. The lengths of both the breach LB and mid-wall opening LO

were varied, in such a way that the biggest breach and opening lengths

were equal to the length of the compartment LR. The smallest breach and
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Figure 3.5. General arrangement and flooded engine rooms (above). Panel model of the
hull and 2D representation of the engine rooms (below). (PV)

opening lengths were equal to one eighth (LR/8) of the length of the com-

partment. The response of the ship was simulated with (sim) and without

(sim no fdm), taking the inflow momentum into account. For compari-

son, the cases with a breach length equal to a quarter of the length of

the compartment were also simulated with a totally quasi-static method

(NAPAsta) and with a quasi-static method where the dynamic roll motion

of the ship is modeled (NAPAdyn).

The comparison of the results shows that, when the opening in the di-

viding wall is small, the simulation results obtained with and without

the inflow momentum model are similar; see Figure 3.6. However, as the

size of the opening in the mid-wall increases the deviation between the

results of the simulation without and with the inflow momentum also in-

creases. This effect is more pronounced with a smaller breach size. The

quasi-static simulation gives quite similar maximum roll angles to the

simulation without the inflow momentum flux.
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Figure 3.6. Simulated first roll angle at four different breach lengths LB = LR, ... , LR/8
as a function of opening lenght-per-breach lenght LO/LB (PV).
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4. Conclusions

The transient stage of the flooding of the ship can be modeled with an

efficient and simple lumped mass model with a moving free surface (Pa-

panikolaou et al., 2000; Spanos and Papanikolaou, 2001; Jasionowski,

2001; Fujiwara and Haraguchi, 2005; Valanto, 2008), provided the inflow

momentum flux is taken into account (PIV, PV). The significance of the

inflow momentum flux is particularly important for the flooding of a wide

compartment free of obstructions. When a wide compartment stretching

from one side of the ship to the other is flooded, the transient roll re-

sponse of the ship to the opposite side of the damage is mainly attributed

to the inflow jet transporting the floodwater to the opposite side. This

observation, made in the experiments by Ikeda and Ma (2000), de Kat

and van’t Veer (2001), Ikeda and Kamo (2001), and Ikeda et al. (2003),

was confirmed in the experiments performed within this thesis (PIII). Im-

portantly, the jet propagation was measured by performing the surface

tracking on the videos and estimating the surface form during the in-

flooding. Important quantitative data on the inflooding for the validation

purposes of the numerical flooding methods were provided. In addition,

measurements of the flooding of a compartment containing obstructions

were performed. In these cases the observation of asymmetric flooding,

where the ship experiences high roll angles to the damaged side, was

made, as studied previously by Spouge (1985), Vredeveldt and Journée

(1991), and Santos et al. (2002).

The lumped mass method with a moving free surface accounting for the

inflow momentum flux was successfully validated against the model ex-

periments (PIV). Furthermore, the method was applied to an abrupt flood-

ing case of a passenger vessel and its performance was compared against

the quasi-static method and lumped mass method without inflow momen-

tum flux (PV). The traditional approach of a quasi-static and lumped mass
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method with a moving free surface (without the inflow momentum flux)

can estimate the response of the motion of the ship to the abrupt flooding

of divided compartments where the openings in the dividing obstructions

are small. When the obstructions in the compartment are reduced, the

results between the method presented here and the traditional methods

start to deviate from each other. The quasi-static method and the lumped

mass method without the inflow momentum cannot predict the roll to the

opposite side of the damage for a compartment free of obstructions.

The modeling of the motion of the floodwater by the lumped mass method

was validated against the model test for sloshing with a compartment

in forced motion. The hydraulic model, generally applied in quasi-static

flooding simulation methods (van’t Veer and de Kat, 2000; Ruponen et al.,

2007), was proved to be capable of estimating the flow through the open-

ings as a result of sloshing (PI). The lumped mass method with a moving

free surface coupled with the hydraulic equation was shown to be capable

of simulating the sloshing and consequent water exchange between the

compartments. The forces exerted by the motion of the floodwater were

also well modeled with the method presented here (PII).

The wave action was not covered in the present work. However, the

model fully couples the motion of the ship and floodwater, and thus the

wave forces can be implemented in the model as external forces acting on

the ship. The effect of the speed and turning of the ship could have an

effect on the flooding process in some cases; this was not studied and it

could be studied in future work by applying the model presented here as

a basis.

The correct simulation of the flow through the openings and the forces

exerted on the ship is important for the simulation of the flooding. The

advantages of the lumped mass method compared to the CFD simula-

tions are the straightforward preparation of the cases, low computational

requirements, and robustness of the computation. The method presented

here can be applied to explore the impact of the extent of the damage, com-

partment layouts, and the initial stability of the ship on the survivability

of the ship. The method is a step forward in the process of developing

tools for assessing the damage stability of ships, taking proper account of

the impact of the particular features of the internal layout of each ship on

the floodwater dynamics. It provides a robust and efficient tool, in terms

of preprocessing and calculation requirements, for assessing the conse-

quences of a flooding accident. The method can be applied as a submodel
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for the models of marine traffic safety to study several different accident

scenarios and their consequences. Thus, the developments for a holistic

assessment of the risks in marine traffic are believed to benefit from the

method.
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Errata

Publication V, Page 229, Figure 4.

Order of the subfigures should be reversed in Figure 4. according to the

caption text, time history of R11 should be above and R21 below.
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