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1 EXECUTIVE SUMMARY

A variety of numerical methods are available to predict progressive flooding; four of such
methods are available through partners the FLARE consortium.

In this report an overview is given of the varies methods used by the FLARE partners. The four
models are based on the similar principles, but they are not identical. All methods do account
for the non-linear hydrostatics due to the changing underwater geometry of the damaged
ship. Two models solve the 6-DOF motion equations using non-linear wave excitation, one
model solves a combine 2-DOF non-linear/4-DOF linear system, and one model is denoted as
a quasi-static model as it neglects the ship hydrodynamic properties.

The flood water progression in the ship is based on the steady Bernoulli equation in all four
models. One model solves in addition the shallow water equations to better accommodate
the flow progression on large open spaces.

All calculation methods have short calculation tfimes so that they can be efficiently used in the
evaluation of damage stability survivability in waves. Only one model is commercially
available, the other three models are used by the partners in their research and commercial
work. All methods are well validated for that purpose. The complexity of the numerical model
lies primarily in to which detail the damage geometry is defined. This affects the outcome of
the simulation, and the larger objective in WP4 is to generate further inside in this matter through
the model tests (WP4.2) and benchmarking (WP4.3) task.

In this report the current state-of-art of the four numerical models are presented. Next o this,
general aspects of ship hydrodynamics related fo damaged ships, and general and specific
aspects of flood water dynamics are discussed.

1.1 Problem definition

e The current state-of-art of the numerical simulations tools as available through
partners in the FLARE consortium is discussed.

1.2 Technical approach and work plan

e All partners have delivered a description of their numerical simulation tool; these
are included in annex. A short summary is included in the main body of the
present report.

e Aspects of ship hydrodynamics of a damaged ship are discussed.
e Aspects of floodwater dynamics are discussed.
e Aspects of leakage pressure and collapsing doors are discussed.

e Aspects of the hull breach are discussed.

1.3 Results

e A state-of-art review of numerical models used for damage ship time domain
simulations.
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1.4 Conclusions and recommendation

e The present numerical tools are well developed, verified and validated. Still some
knowledge gaps and uncertainties do exist with respect to basic ship
hydrodynamic properties as well as to the importance of flood water dynamics.
The significance of these uncertainties on the final outcome of ship survivability is
not yet fully understood.

e The present numerical tools are state-of-art for damage stability calculations but
all models rely on the user defined input values (such as discharge coefficients, roll
damping coefficients) that can affect the final outcome of the simulation.

e Itisrecommended that the model tests of WP4.2 provide sufficient data on the
above mentioned uncertainties for the benefit of the benchmarking task in WP4.3
and in view of the improvement of numerical models and/or the application
thereof for ship survivability assessments.
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2 [NTRODUCTION

2.1 Flooding of a damaged ship in waves

The flooding of a ship is for long known as a severe risk that could lead to capsizing or sinking
and the loss of life at sea. The most tragic sinking of the RMS Titanic on her maiden voyage in
April 1912 made her one of the most famous ships in maritime history and it was soon after
realized that safety of live at sea could be provided by using certain design and operating
standards. Two years after the Titanic disaster the first SOLAS Convention was adopted; and
updated many times after.

It is intferesting to note that the Titanic sank in about two hours and forty minutes after she struck
an iceberg, and that it was mainly due to the improper lifesaving equipment and
management that 1503 people out of the estimated 2224 people on board lost their life.
Nowadays, 100 hundred years after, the topic is rightfully on the research agenda as ship
designs evolve and loss of stability leading to limiting functionality of essential safety systems
should be prevented by appropriate actions.

The present report is not about historic accidents and related safety matters. Other WP's in
FLARE will address the latter. WP4.1, and hence this report, deals with the numerical models
and the scientific approach applied in these models.

The (four) time domain simulations tools developed and used by the FLARE partners are based
on similar principles but are all different in the details.

The approach in the MSRC/Brookes Bell and MARIN simulation tool is basically the same and
can be described as a 6-DOF non-linear large amplitude ship motion time domain solver in
combination with (quasi-steady) Bernoulli-based flood water progression through the ship.

The HSVA model solves the surge and non-linear roll ship motfions in time domain (2-DOF) by
considering the other 4-DOF ship motions through linear RAOs. Next to the Bernoulli based flow
assumption for nearly full compartments, the flooding model solves the shallow water equations
for flood water progression on e.g. large open decks. The HSVA Rolls flooding model is thereby
unique and can be considered as the most advanced flooding model, in particular for
application to the RoPAX case.

The NAPA simulation tool includes a (quasi-steady) 3-DOF ship motion solver in calm water
conditions while neglecting the ship hydrodynamics properties (wave loads). However, the
water pumping due to wave action is accounted for through the assessment of the relative
motions between the hull breach and the incident wave profile.

Based on past verification, validation, research and industry application, the consensus
between the users of the various numerical simulation tools is that the tools capture the relevant
physics to great extent and with sufficient accuracy to support the FLARE project deliverables
and objectives.

This report provides detailed information about the models; see chapter 3 and the annexes.

General and specific aspects of the numerical modelling of a damaged ship in waves and the
floodwater dynamics are discussed in chapter 4 (and annex).

Conclusions and recommendations can be found in chapter 5.
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3 NUMERICAL SIMULATION TOOLS

3.1 Introduction

The following four FLARE partners have developed the named numerical time domain flooding
simulation tools:

e MSRC-University of Strathclyde/Brookes Bell Group: PROTEUS3

e NAPA Group: NAPA

e HSVA:HSVAROolls

e MARIN: aNySim (MARIN’s generic TD-tool; previously FREDYN was applied)

In the following sections the numerical tools are shortly introduced. Further details can be found
in annexes B trough E, and Volume 2 (HSVA Rolls only).

It is not the purpose of this document to present a full-blown overview of the software packages
and their capabilities and functionalities.

The benchmark study of WP4.3 will report on the performance and capabilities of the different
numerical tools to capture the obtained flooding of a Cruise ship and RoPAX vessel in model
test experiments. This will further enhance the discussion on the different numerical approaches
in the various simulation tools.

3.2 Description of numerical tools

A description of the numerical tools of the four contributing partners is provide in the following
annexes:

e PROTEUS3: Annex B
e NAPA: Annex C
e  HSVAROLLS: Annex D and Volume 2.
e aNySIM: Annex E
The brief description/infroduction of each numerical tool is given in below sections.

Table 3-1 highlights the main essential properties of the four simulation tools.
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Table 3-1: Comparison of main essential properties of numerical tools

Functionality PROTEUS3 NAPA HSV A Rolls aNySIM
Seakeeping 6-DOF time 3-DOF time 2-DOF time 6-DOF time
motions domain solver domain solver domain solver domain solver
with non-linear (heave, roll, for surge and with non-linear
wave excitation | pitch) with non- | roll with non- wave excitation
and non-linear linear linear wave and non-linear
hydrostatics. hydrostatics. excitation and hydrostatics.
. . non-linear
Quasi-static .
S hydrostatics
solution in calm
water. +
No wave 4-DOF linear
hydrodynamic motions via
loads. RAQ’s (sway,
heave, pitch,
yaw).
Option to
account for
static trim.
Flood water Bernoulli flow Bernoulli flow Bernoulli flow Bernoulli flow

progression

type.

type.

type ,

+

Shallow water

type,

+

Cell-averaged

Air compression
in
compartments

equation for momentum

large open flow (under

decks. development).
yes yes no yes

Openings

Open or Closed

Collapsing
pressure

Leakage area

Open or Closed

Collapsing
pressure

Leakage area

Open or Closed

Collapsing
pressure

Leakage area

Open or Closed

Collapsing
pressure

Leakage area

ITTC Benchmark
participation:

D4.1 Numerical models

2000 (1) Yes No No Yes (FREDYN)
2004 (2nd) Yes No No Yes (FREDYN)
2006 (3r9) Yes Yes No Yes (FREDYN)
&
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3.2.1 PROTEUS3 (MSRC)

PROTEUS3 has been developed over the last 20 years through confinuous collaborative
research and development by MSRC-University Strathclyde/Brookes Bell Group.

The program solves the 6-DOF (non-linear) ship motions in regular or irregular waves, coupled
with empirical and semi-empirical models for flood water dynamics.

It is possible to include collapsing internal watertight doors based on a pressure head, to model
variable leak rate flows, or to active/close an opening at specific time in the simulation.

Infegrated Monte-Carlo sampling algorithm is available for random generation of collision and
grounding damages.

PROTEUS3 has been used extensively in the prediction of vessel motions and survival boundaries
for various ship types; from small fishing vessel, to cruise liners and large cargo vessels. It has
been used in several high-profile casualty investigations to aid in understanding the sequence
of events (e.g. MV Estonia, Costa CONCORDIA).

PROTEUS3 contributed to the various ITTC Benchmark studies.

Further details of PROTEUS3 numerical model, including references, can be found in Annex B.

3.2.2 NAPA (NAPA Group)

The NAPA Flooding Simulafion tool is part of the NAPA software package. It is an alternative
option for the calculation of a damage case and via Monte Carlo techniques the breach
extents can be modelled to assess the survivability level of that damage case.

The ship moftions are considered quasi static or alternatively a linear roll damping value can be
specified with corresponding roll natural period. The 3-DOF motion equations are solved for
heave, roll and pitch. The righting lever (GZ) arm is calculated for each time step based on the
actual position of the ship. The wave excitation on the ship is not accounted for, neither are
the other hydrodynamic loads such as wave radiation and wave diffraction effects. But the
wave height next to the damage breach can be incorporated to account for the wave-
pumping effect on the damage opening.

Each compartment is modelled as a single cell in which the free surface remains earth-fixed.
The water height difference over each opening determines the mass flow rafes through the
opening. Air compression can be taken intfo account since this can have a notable effect on
the flooding progression. Air pipes can be modelled. Discharge coefficients are user defined
to account for accurate flow calculations; the default value is 0.6. Collapsing doors and
varying leakage area over time can be included in the simulation, as well as open/close status
of openings.

The NAPA Flooding Simulation tool has been validated with dedicated model tests, using a
large scale model of a box-shaped barge and the results are extensively reported and
analysed by Ruponen (see annex C for references).

NAPA contributed to the last ITTC Benchmark study.

Further details of NAPA numerical model, including references, can be found in Annex C.

¥n
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3.2.3 HSVA ROLLS (HSVA)

The software/approach Rolls was originally developed by Séding in 1982 (see annex D for
references), for investigating the capsize of the contfainer vessel E.LLM.A. Tres. In 1988 the
program was extended by Petev (reference, see annex D) to deal with ships containing
damaged compartments, where sloshing and in- and outflow of water takes place. There are
several versions of Rolls as the program is used/maintained by different institutes in Germany.
The core method of Rolls has not changed over time but HSVA has adopted the program in
various modules. The version used by HSVA is called HSVA Rolls.

The roll and surge motions of the ship are determined with time-integration (2-DOF), all other
motions (4-DOF) are obtained from linear RAQO’s. Non-linear hydrostatics and Froude-Krylov
forces are taken into account in solving the roll motions.

The shallow water equations are solved for

For deeply submerged (smaller) tanks the water surface remains earth-fixed aligned with the
centre of mass located at pre-calculated location depending on the orientation of the ship
(tank-tables). At an opening between two compartments the difference in water height is used
to calculate the inflow and outflow (Bernoulli approach).

To account for more realistic water flow behaviour in large open spaces with partial filling, such
as a cargo deck, the shallow water equations are solved for those compartments. Glimms’
method (1965) is implement for this purpose (see annex D, Volume 2).

HSVA Rolls can deal with small changes of vessel frim that is an important feature for flooding
simulations as water accumulation in the ship can (and usually will) infroduce vessel frim which
will consequently change the progressive flooding nature.

The HSVA Rolls program has been used for several investigation on passenger ship safety for
IMO, for the investigation on the MV Estonia accident, as well as for other ship types such as an
accident investigation for a workboat. HSVA Rolls was not included in the ITTC Benchmark
studies.

Further details of HSVA Rolls numerical model, including references, can be found in Annex D.

A comprehensive description of the program is given in Volume 2 of D4.1 (this deliverable).

3.2.4 aNySIM (MARIN)

Around 1990, the development of a 6-DOF non-linear fime domain solver in which seakeeping
and manoeuvring equations were combined started in the so-called Co-operative Research
Navies (CRN); leaded by MARIN. The program was called FREDYN, as the navy frigate (fregat
in Dutch) was the main ship type of interest. A dedicated (and confidential frigate)
manoeuvring model was combined with a (standard) 6-DOF seakeeping solver based on 2D
strip-theory. The navies of several countries joined effort with the objective to use FREDYN for
goal-based stability regulation assessment and development. The theory manual of FREDYN
remains confidential and only limited description of FREDYN is reported in literature (see annex
E for references).
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Around 2000 a first flooding module was implemented in FREDYN based on the Bernoulli flow
between compartments. It utilized pre-calculated tank-tables to define the centre of mass
properties of floodwater in each compartment, assuming an earth-fixed water surface in each
compartment.

In later years, the damage stability research at MARIN was extended to other ship fypes such
as Cruise Ships in various EU funded research projects as well as for IMO developments within
SLF. Time-to-sink was studied and reported (see annex E for references). This research was done
using FREDYN (at zero speed when manoeuvring loads are not of interest).

Recently, all time-domain seakeeping tools developed at MARIN for various purposes are
migrated to a uniform development platform called XMF. One of the more generic large
amplitude time domain 6-DOF ship motion solver is aNySIM. aNySIM is restricted to zero forward
speed, and was originally developed for the offshore market. Its pre-processor is a 3D panel
code.

In advance of the FLARE project, motivated by limitations in the present flooding module of
FREDYN, a different flooding model was developed based on a 3D cell-averaged momentum
balance in combination with 1D flow between compartments. The model was denoted as UIF
model (Unified Internal Flow model) and it utilizes (STL/OBJ) geometry objects instead of tank-
table data. This allows for a much more robust and user friendly interface. For the FLARE project
the last upgrades of the UIF model are made.

This UIF flooding model can be executed in two different modes: a) the more traditional
Bernoulli type of flow progression and, b) a flooding model based on the 3D cell averaged
momentum balance. Using this last opfion, an oscillating moon-pool, motion in an U-type anti-
roll tank or even a dam-break flow were simulated. Results are not reported in literature yet. On
particular motivation for the further development of the cell-averaged momentum balance
method is to capture the shallow water progression in large open spaces. The first results of the
model are encouraging.

Air compression in compartments can be modelled. Discharge coefficients are user defined
per opening. Collapsing openings can be accounted for.

FREDYN conftributed to the various ITTC Benchmark studies. aNySIM has not been validated for
damage stability simulations yet, but the core hydrodynamics of FREDYN and aNySIM are
identical (as they are both using the XMF framework).

Further details of aNySIM/FREDYN numerical model, including references, can be found in
Annex E.
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4 TIME DOMAIN FLOODING SIMULATION ASPECTS

4.1 Introduction

In this chapter several aspects related to fime domain flooding simulations are discussed. The
objective is to discuss the aspects considered important for the scope of work in WP4.2 (model
tests) and WP4.3 (numerical benchmark study).

The following aspects will be discussed:
e Ship hydrodynamics; section 4.2
e Transient and progressive flooding; section 4.3
e Hull breaches; section 4.4, annex F
e Collapsing doors; section 4.5, annex G

The section 4.4 and 4.5 are written by HSVA and NAPA, respectively.

4.2 Ship hydrodynamics for a damaged ship

4.2.1 Hydrodynamics of a listed ship

The state-of-art (6-DOF) fime domain simulation tools are typically based on: non-linear wave
excitation (Froude-Krylov), non-linear hydrostatics, linear wave radiation loads via convolution
integral technique, and, linear wave diffraction through the use of RAO’s.

The above mentioned non-linear wave excitation and restoring is commonly implemented in
many seakeeping codes as the hull wetted geometry is easily obtained using e.g. a 3D panel
representation of the hull. Most numerical tools use the undisturbed wave profile as wet-dry
intersection, which is the most important change compared to calm water. The additional
effect of the wave diffraction and radiation on the wet-dry hull intersection is considered to be
a second order confribution.

For a damages ship the ship hydrodynamics will change over time as the accumulated water
leads to an increase of the ship displacement and a slowly varying mean list and trim in
combination with wave frequent moftions. All non-linear load components do account for the
changing properties of the ship, but all linear components don't. All linear load components
are typically established only once, in the pre-processing step for the time domain, either for
the intact ship or for an a-priori defined typical damage condition. Some alternative methods
have been investigated that describe the ship motions by the combination of slowly varying
mean orientafion in combination with wave frequent variations. It has not lead to a new
uniform advocated approach, most likely since there is a stronger effect from the combined
interaction between the flood water and the ship motions. A good starting point for further
reading is the summary paper by Papanikolaou (2007) and the various papers presented at
the International Ship Stability Workshops and Int. Conf. on Stability of Ships and Ocean
Vehicles.
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In-house research by MARIN (within the Cooperative Research Ships project SHIPSURV2) has
shown that the hydrodynamic coefficients do change with the heel/trim of the vessel, but not
always in a consistent manner over the range from intact to final equiliorium damage. The
vessel RAO's did change to lesser extent than the ship hydrodynamic coefficients. The research
was thereby inconclusive.

Most research seems to conclude that the changing ship hydrodynamics over time due to the
sinkage and list or trim from the damaged ship are of secondary importance compared to the
effect of flood water mass on the ship motion. The increased ship mass can significantly
increase the roll natural period so that roll motions of a damaged ship tend to decrease
compared to those of the intact ship; Gao and Vassalos (2015). This has consequence for the
ingress/egress of flood water over time in irregular waves in particular.

The roll damping aspects are discussed in section 4.2.4.

4,22 Dead ship condition drifting in beam seas

The typical “design” damage stability assessment is performed in beam seas condifion at zero
forward speed. For accident investigations this might be different, but even if an accident
occurs while sailing at speed, the ship’s speed will soon after decrease to zero. A ship without
propulsion will naturally turn towards beam seas condition.

To achieve and maintain a beam seas condition in numerical simulations it might be necessary
tfo apply a horizontal soff-mooring system, as it is usually done in model testing. When the spring
stiffness is selected well, they will not influence or supress any of the 6-DOF ship motions due to
waves. The springs, if connected to an earth fixed point, will prevent the ship from free drifting
with the waves. To which extend this changes the water ingress/egress is not known, but the
overall effect on the ship survivability is expected to be low, at least in a statistical sense. An
alternative test set-up is to use the springs only to control the mean yaw motions and to move
the towing tank carriage with the mean drift speed of the ship model. Both model test set-up
configurations were applied in the EU HARDER project, but no conclusive results could be
obtained of the effect of the drift velocity on the tfime derivative of the slowly varying ship
condition.

For the benchmark study it will be important to know the exact location of the vessel in the
wave field, and to know the undisturbed wave ftrain (regular/iregular waves) so that
deterministic validation is within reach.

4.2.3 Roll damping in waves

As defined in the description of the numerical tools used by the FLARE members, the roll
damping of the vessel due to bilge keels is taken into account by the empirical method of
lkeda, or roll damping coefficients are prescribed. It is expected that this uncertainty will
influence the outcome of the benchmark study (see conclusions from the ITTC benchmark
studies, section 4.6).

It is therefore essential to provide sufficient “roll damping knowledge” from the model tests to
reduce the uncertainty in the benchmark as much as possible.
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At zero forward speed the main roll damping will come from the bilge keels. The flow velocity
over liffing devices is absent and they will not produce any significant damping. If fins are
present in the design of the ship (usually the case for cruise ships) they should not be modelled
in model tests experiments (condition with retracted fins).

Typically, roll decay tests and forced roll motion tests in calm water provide a good basis from
which roll damping coefficients can be obtained. These tests should be executed for both the
intfact as well as damaged ship condition; ideally with a closed hull breach as to establish the
“listed” roll damping characteristics without any interference from the ingress/egress of water.
This might be a difficult constraint for the model tests since the mass properties of the vessel
should ideally be known.

When damaged, the ingress/egress of water near the damage opening will (strongly)
contribute to the damping. Using CFD for the flood water dynamic in combination with a ship
motion solver (PROTEUS3) lead to interesting results, although computational effort was
significant, see Figure 4-1 taken from Gao, Gao and Vassalos (2011) which shows the roll
response while damaged in irregular waves.

Results were presented on the roll decay simulations by Gao and Vassalos (2011) using the
same coupling between a CFD solver and ship motions. A strong coupling between roll and
sway was observed, as well as a strong effect from the initial heel towards or away from the
damage.

There is certainly a knowledge-gap on the roll damping characteristics of a damaged ship,
and in particular of a damaged ship in waves when water ingress/egress is more significant
than in calm water conditions. It is recommended to further investigate these aspects in the
FLARE project in the model test phase, as it will serve the benchmark task to great extent.

—a— CFD + PROTEUS3 (Hw=1.2m)
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Figure 4-1: Comparison of roll RAO of PRR1 in damaged condition. From Gao, Gao and Vassalos (2011)
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The effect of the drift velocity on the roll damping is demonstrated in Figure 4-2 which is taken
from a MARIN in-house research project on stability of container ships. Using a constant wind
force modelled by means of a constant tension winch, a mean drift velocity of 2.6 knots was
obtained in upright condition. The roll decay test executed under that drift velocity indicates
a significant increase of the roll damping at small motion amplitudes. The figure demonstrates
the need to further research the roll damping properties under realistic conditions. It will be
difficult, but perhaps not impossible, to execute roll damping tests for a damaged ship while
drifting.

Roll damping, LC13, v=0
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Figure 4-2: Equivalent damping of a Container ship for an intact condition. Forced roll motions are
executed and the derived damping is indicated by the friangles (two different analysis methods). The roll
damping while the ship is drifting in calm water at 2.6 knots is indicated by “Fit" and it is significantly higher
than without drift.(from MARIN research)

42.4 Wind loads

In numerical simulations on damaged ships, wind loads are often neglected or they are
modelled using empirical coefficients (crude approximation) or coefficients based on wind
tfunnel tests (considered for the ship at hand). Together with a specified wind velocity, or wind
spectrum, the wind loads can then be calculated.

Different databases exists in literature for various ship types and with different expected
accuracy. Some references can be found in the annexes, but they refer to ships in upright
condition.

The effect of heel on the wind loads if often taken into account by a cos() reduction. This is an
approximate method valid at small angles. At large heel angles wind tunnel test would be
required as the nature of the flow around the vessel can change significantly. For offshore
application with e.g. semi-submersibles this is daily practise.

On the other hand, for a damaged ship the wind loads are not considered very important. The
general consensus is that a damaged ship will heel towards the damage and hence towards
the wind force, so that inclusion of the wind load is expected to decrease the heel angle.
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Therefore it is considered conservative to exclude wind loads since this will slightly increase the
roll motions and vessel exposure to progressive flooding. Further discussion can be found in
Papanikolou (2007).

4.3 Flood water dynamics

4.3.1 Transient and Progressive flooding

A simplified description of the flooding of a ship is captured by what is called transient and
progressive flooding stage, see Figure 4-3.

Transient flooding is defined as the first phase after damage in which a large amount of water
floods intfo the ship. It can result in violent water flow with many dynamics involved. It can lead
to high pressure loads on construction details due to water impacts and subsequent damage
of these impacted structures. During transient flooding large heel angles can be obtained. The
wave dynamics are most likely of secondary order, that is, the heel is mainly the result of the
heeling lever of the flood water ingress and its dynamics. See e.g. Figure 4-4 from De Kat and
Van ‘'t Veer (2001). Note that this is just an example and might not be generally valid in all
conditions.

Progressive flooding is defined as the second phase after transient damage in which the water
ingress is slow and less violent. The main water ingress will be due to the wave pumping effect
near the damage opening. Still, due to a slow change of heel angle over time, progressive
flooding can take place as well in calm water condition.

An equilibrium mean floating condition can be reached, the steady state, in which ingress of
water does not accumulate anymore. In the worst case a capsize occurs.

transient progressive flooding steady state

time

heel
—

time-to-flood

Figure 4-3: Different stages of flooding, simplified to three stages. From Ruponen (2007).
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Figure 4-4: Comparison of roll response in calm water and irregular waves. Left: RoRo vessel from De Kat
and Van ‘t Veer (2001); Right: Cruise Ship from Van 't Veer and Serra (2003)

4.3.2 Steady flow assumption (Torricelli/Bernoulli)

The fast time domain simulation tools all apply a quasi-steady flow behaviour in which the free
surface in tanks remain earth-fixed over time; following the derivation of Torricelli (1643) or more
general Bernoulli (1738). This type of flow is a classic example in fluid dynamics and hydraulics.
The equations can be found in the program description in the annexes.

The coupling with a CFD tool for the flood water progression remains out of reach for practical
application given today’'s computational power (Gao et all (2011)).

To "match” the outcome of the simple (hydraulic) equations, that neglect the flow momentum
in the tank and viscous losses at the openings between floodable space, the so-called
discharge coefficients are infroduced. There are numerous references that list values for
different opening shapes and size of such orifices. A typical value is often taken as Cd = 0.6.
Only for Reynolds numbers Re < 104 there can be important scale effects on the flow through
orifices. Model tests at scale 1:50 of a 300 m vessel are feasible without oo much scale effects
using typical door-size openings.

It is recommended to provide discharge coefficients for the openings on model scale as is for
example reported in Ruponen (2007). Care should be taken how the discharge coefficient is
defined, but it is typically defined as the coefficient that reduces the flow rate Q through the
damage opening with area A and with water level different dH over the opening, given by:

dQ(t) = C4Av = C4A\/2g(dH) sign(dH)

The Torricelli flow velocity in the equation (above) is determined from the water height
difference between the left and right compartment over an opening. Vertical openings
(down/up-flooding through decks) require some special attention as well as the inclusion of air
in compartments that modify the maximum filling of the compartments.
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It should be noted that discharge coefficients are defined to account for frictional losses with
respect to a theoretical flow velocity prediction, that is the assumption that there is no flow
inertia in the tank; the Torricelli-law. To determine the discharge coefficient for a specific
geometry, alarge tank volume is used in combination with a relatively small orifice. Comparing
the theoretical time required to empty the tank between two fluid levels with the fime delta
measured in the experiment, the discharge coefficient is found. Such an experiment could be
executed in CFD nowadays as well. In the past many physical experiments were conducted,
and coefficients are published, see e.g. Idel’chik (1960) or Bos (1989).

Entrapped air in a certain compartment can have significant influence on the final outcome
of a flooding simulation. It will be complicated, even impossible, o model the real ship in
numerical simulations as the ventilation properties and behaviour are difficult to define
precisely. It is one of the largest uncertainties in damage stability assessments through
numerical simulations. However, proper validation of the numerical tools is feasible as in model
tests the ventilation properties (pipes/channels) are known precisely.

The use of CFD in the FLARE project will be limited or absent. External partners might use CFD
and conftribute via the benchmark study to the WP4.3 outcome, but that remains unknown at
the moment. CFD might be useful to generate simple validation cases so that fast and
approximate simulation tools could be benchmarked, and "“calibrated” if necessary. A simple
example is presented in Figure 4-5 and Figure 4-6. A three compartment model is used
conisisting of two cabins (C1 and C2) and a corridor (alley) connecting them. In the COMFLOW-
CFD simulation (done at MARIN) a violent flow behaviour is observed, although this is less
observed for the emptying compartments. The violent flow behaviour in the first 18 seconds of
the simulation can never be captured by the steady Bernoulli flow models. But after the 18
seconds (full scale configuration of a cabin layout, filing was 2.5 m at the start), the flow
behaviour is much more “steady”.

As can be observed in Figure 4-6, there is an almost excellent agreement between the simple
steady calculations based on Torricelli law and the unsteady COMFLOW simulation; in this case
the Cd = 0.6 was used on both openings. The differences occur in the filing of compartment
C2 that starts later in COMFLOW due fo the flow inertia effects in the corridor (alley). The
averaged fluid level in the alley is as well somewhat different, but that could be expected
having seen the violent motions in the CFD simulation.
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Figure 4-5: COMFLOW (CFD) simulation of a three compartment flooding (C1 is full at t=0, C2 and Alley
are empty at t=0s). Snapshots at time = 0.0, 0.90, 2.90, 6.0, 9.0 and 18.0 s after ‘door damage’'. The dam-
break type of flow is seen, collapsing on the opposing wall in the corridor, leading to violent flow
behaviour, especially in the corridor. Compartment C1 gradually empties, C2 fills up in a rather complex
manner with strong local variations. MARIN research (not published yet).
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Figure 4-6: The time trace comparison of the mean filling level in each compartment from COMFLOW and
from a hydraulic model (MARIN-UIF)using the Torricellilaw. The default discharge coefficient of 0.6 is used.
The flow reduction in C1 is very well predicted. the filling rate of C2 is somewhat different, but the overall
performance of the simple flooding model is fully satisfactory for this practical case.

4.3.3 Compartment modelling / Air entrapment

In the section above air entrapment is already mentions as an important factor to consider in
numerical modelling, as well as in model tests. It is recommended that the model tests are
specific on air entrapment, or use fully ventilated spaces for the purpose of proper
benchmarking. Most numerical tools have the capability to include air compression / pressure
build up.

It is clear for all users of numerical tools that the “real” ship compartmentation is far more
complex then could be modelled in a simulation tool or in model tests. To which extend the
compartmentation has to represent the real ship to obtain valid comparable results, remains
unknown, it remains to the user to define this at the moment.

The FLARE project is the best common research group to establish and propose a common
sense modelling, and fto prove the findings through benchmarking via numerical simulations
and model testing. This can establish a proper level of accuracy in the assessment of ship
survivability.
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4.4 Hull breaches

During WP4 meetings it was discussed what the opening speed of a hull breach should be or
could be, and if it matters. Information from full scale damages due to striking are absent
(luckily). It is clear that when the striking and stroke ship are not detached from each other
immediately after the damage occurred, that they will mutual influence each other. It can be
expected that a large heel towards the damage does not occur at such instance, but only
occurs once the two vessels detach. Hence, the consensus is that an instantaneous damage
is the most conservative approach in simulations.

Further discussion and some useful derivations on this matter are presented in annex F. The
annex is prepared by HSVA.

4.5 Leakage and collapse of non-watertight structures
(Author: Dr. Pekka Ruponen, NAPA)

The watertight compartments of passenger ships are usually further subdivided info smaller
rooms with non-watertight decks and bulkheads. Some typical examples are illustrated in
Figure 4-7 below. These structures can have a notable effect on the flooding progression, and
subsequently also on the stability of the damaged ship. The real flooding sequence can only
be calculated with time-domain simulation, where the leakage and collapse of the non-
watertight structures is reasonably accounted for.
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Figure 4-7 Watertight subdivision of a passenger ship with three examples of non-watertight subdivision in
some WT compartments, adopted from Jalonen et al. (2017)
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Leakage and collapse of non-watertight doors, and their effects on the flooding progression in
fime-domain, were first discussed by van 't Veer et al. (2004). However, since neither
experimental data nor numerical studies were available, educated guesses were used for
leakage and collapse parameters of different door types, as presented in SLF47/INF.6. These
early studies were motivation for the EU FP7 project FLOODSTAND, where research focused on
both full-scale experiments and numerical analyses on leakage and collapse characteristics of
various typical non-watertight structures in passenger ship, see Figure 4-8 as adopted from
Jakubowski and Bieniek (2010).

A brief summary of the observed leakage and collapse mechanisms for typical non-watertight
structures in passenger ships, based on the FLOODSTAND results, is given in annex G.

Moreover, latest research on non-watertight doors in buildings is referenced.

Figure 4-8 B-class fire rated structures in FLOODSTAND tests, damage to wall around a closed door (left)
and significant leaking of a wall (right), photos adopted from Jakubowski and Bieniek (2010)

4.6 Validation, ITTC Benchmark

All users have verified and validated their numerical simulation fool through various in-house
comparisons, through EU Projects and/or through the participation to the ITTC benchmark
studies (2000-2006).

Some validation results are included in the description of the numerical tools in the annexes.
Task WP4.3 report will present the validation against the model tests data from WP4.2.

With reference to Papanikolaou (2007), a brief re-cap is given of the conclusions of the ITTC
Benchmark studies. The last benchmark was performed in 2006, almost 15 years ago, so the
conclusions might not be fully valid for the status of today’s software. Sfill, the conclusions
provide insight in the important aspects that need to be addressed in the simulation tools.
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The FLARE benchmark task of WP4.3, open to external FLARE partners as well, will be of great
importance and will present a new milestone in the validation of damage stability software.

The ITTC benchmark study results are summarized below:

ITTC Benchmark 1, 2000-2001, main conclusions:

e Af present state of knowledge, model tests remain indispensable for assessing the
survivability of damaged ships in waves.

e Theoretical-numerical prediction methods can greatly contribute to a pre-
assessment of the survivability of intfact and damaged ships in waves.

ITTC Benchmark 2, 2004, main conclusions:

e The results from all numerical methods seem to be highly dependent on the
viscous roll damping data or the lack thereof.

e The assumed empirical discharge coefficients can have significant outcome on
the flooding results, and for tankers in particular, the dynamic flow behaviour of
flood water cannot be neglected.

ITTC Benchmark 3, 2006, main conclusions:

e Astudy of time-to-flood was conducted, showing good correlation between
model tests (Ruponen et al 2006) and numerical simulations in