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Nomenclature 

A  area (of an opening) 

collA  effective area of a collapsed door  

effA  effective area of a potential opening 

leakA  effective area of a leaking door 

ratioA  ratio between leak and collapse areas 

totA  total area of an opening 

b  width of an opening 

dC  discharge coefficient, additional indices tell whether the opening is 
submerged on 1 or 2 sides 

D  effective diameter of a pipe 

F  body force vector 

g  acceleration due to gravity 

h  height from the reference level 

collH  critical pressure head for collapsing 

leakH  critical pressure head for leaking 

oH  height of an opening from the reference level 

wH  water height from the reference level  

effHΔ  effective pressure head 

oHΔ  vertical distance between the lowest and highest point of an opening 

K ′  dimensional pressure loss coefficient 

Lk  pressure loss coefficient (non-dimensional) 

l  length 

L  length of a pipe 

oL  length of an opening line 

ppL  length of the ship (between perpendiculars) 

M  moment 
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m&  mass flow  

m&Δ  mass balance  

shipm  mass of the intact ship 

n  normal vector 

P  total pressure (sum of hydrostatic pressure and air pressure) 

p  air pressure 

0p  atmospheric air pressure 

pΔ  air pressure difference 

Q  volumetric flow through an opening or pipe 

S  surface, bounding a control volume 

fsS  area of the free surface (permeability taken into account) 

geomS  geometrical area of the free surface (permeability excluded) 

T  draught of the ship 

t  time 

U  velocity vector 

u  flow velocity 

tΔ  time step 

aV  volume of air 

netV  net volume (permeability taken into account) 

wV  volume of floodwater 

α  under-relaxation factor 

β  inclination angle of an opening line 

Hδ  convergence criterion for water heights 

pδ  convergence criterion for air pressures 

ε  surface roughness (particular size of grains) 

φ  heeling angle of the ship 

λ  surface roughness coefficient 

μ  permeability 
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0ρ  density of air at the atmospheric pressure 

aρ  density of air 

wρ  density of water 

θ  trim angle of the ship 

Ω  control volume 

∇  volume of the buoyancy 

 nabla operator { }zyx ∂∂∂∂∂∂ ,,  

 

Abbreviations 

BL baseline 

CGSTAB conjugate gradient stabilized  

DOF degree of freedom 

GA general arrangement 

GT gross tonnage 

HARDER Harmonization of rules and design rationale 

IMO International Maritime Organization 

ITTC International Towing Tank Conference 

MARIN Maritime Research Institute Netherlands 

RANSE Reynolds averaged Navier-Stokes equations 

SLF Sub-Committee on Stability and Load Lines and on Fishing Vessels Safety 
(IMO) 

SOLAS Safety of Life at Sea 

SPH smoothed particle hydrodynamics 

SVD singular value decomposition 

TKK Helsinki University of Technology (Teknillinen korkeakoulu) 
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TTF time-to-flood 

VOF volume of fluid 

WT watertight 
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1 Introduction 

1.1 Objectives 

The main objective of this thesis was to develop a fast and accurate simulation method 
for progressive flooding of a damaged passenger ship. The size of passenger ships has 
been growing for decades, and nowadays many ships can accommodate several 
thousand people. Therefore, the safety of these ships is of the uttermost importance, 
both in the design phase and onboard in the event of accident.  

When a ship is damaged, for example due to a collision or grounding, water starts to 
flood in. The internal openings and non-watertight subdivision in the watertight (WT) 
compartments can have a significant effect on the motions of the ship during the 
flooding process. Between the intact position and the final damaged condition, if 
equilibrium can be found, the flooding ship can pass through intermediate stages that 
can be more hazardous than the final condition. Therefore, it is important to be able to 
evaluate these intermediate stages. Practically, the only feasible and accurate way to do 
this is time-domain simulation of the flooding process and the motions of the damaged 
ship. Moreover, the simulation will give an estimation of the available time for orderly 
evacuation and abandonment, where there is a risk that the ship will capsize or sink. 
Within this thesis, the time period between the start of the flooding and the equilibrium 
condition is referred to as time-to-flood (TTF). However, if the ship capsizes or sinks, a 
corresponding term time-to-capsize or time-to-sink is considered to be more 
appropriate. 

Flooding simulations could also be performed for the actual damage case onboard the 
damaged ship or ashore, on the basis of the measurements by water level sensors. 
However, in this case the results must be available in a short time in order to provide 
help for the decision support system. Therefore, the simulation method has to be fast 
and capable of calculating progressive flooding time-accurately in complex systems of 
compartments and openings.  

This study concentrates on simulation of progressive flooding, i.e. a process, where the 
floodwater can proceed to undamaged compartments of the ship through the internal 
openings and connections, such as, doors, staircases, pipes and ducts. The internal 
layout of a passenger ship is typically very complex and there can be dense non-
watertight subdivisions within the watertight compartments. Consequently, the 
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progressive flooding in such compartments can involve dozens of rooms that are 
connected to each other through various openings and pipes.  

In addition to studying progressive flooding cases, time domain simulation is a very 
efficient tool for analyzing and improving various cross-flooding arrangements, Peters 
et al (2003). In these cases, the effects of air pipes can also be significant due to the 
compression of air that delays the equalizing flooding to the undamaged side, 
Vredeveldt and Journée (1991) and Vartiainen (2006). Therefore, it is necessary that the 
simulation tool can also deal with airflows.  

Normally the calculation of the damaged stability of ships is based on the assumption 
that all damaged compartments are flooded immediately. However, according to the 
draft Explanatory Notes for the revised SOLAS (Safety of Life at Sea) chapter II-1, 
(IMO MSC.1/Circ.1226, 2007), calculations for intermediate stages of flooding are not 
needed whenever the equalization is considered to be instantaneous, i.e. when the 
equalization is of a duration less than 60 s. This raises a question on how to calculate the 
required time for the equalization. The IMO Resolution A.266 (VIII) provides a simple 
formula for estimation of the equalization time in typical cross-flooding arrangements, 
but it cannot be applied to more complex systems. Time-accurate flooding simulation 
provides the most realistic approach for the calculation of the intermediate stages 
throughout the whole flooding process and for assessing the time-to-flood. 

Since the early 1990s, several time-domain simulation methods for the motions of a 
damaged ship have been developed in various institutes. These are briefly reviewed in 
the next section. However, in most of these studies the main emphasis has been on the 
modelling of the motions of a ro-ro vessel with a flooded vehicle deck in a severe sea 
state. Furthermore, most of these methods originate from time-domain simulation 
models for intact ships in waves and the handling of floodwater is simply added to an 
existing computer code. Effective simulation of progressive flooding for dozens of 
compartments has rarely been considered to be of interest, and the flooding of large 
passenger ships without a vehicle deck is considered only in a few studies as the main 
emphasis has been on the calculation of the motions and their coupling with the flooded 
water. 

1.2 Review of Flooding Simulation Methods 

The time-domain simulation methods for damage stability and progressive flooding 
have been developed for about two decades. The capsizing of the car passenger ferry 
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“Herald of Free Enterprise” in 1987 and the sinking of the ferry “Estonia” in 1994 have 
had a major influence on this work. Therefore, it is easy to understand why so much 
effort has been put to the problem of water on the vehicle deck. However, recently also 
the performance based damage stability of large passenger ships has been studied with 
simulations. This has become feasible since the calculation capacity of the computers 
has improved a lot. The most significant approaches on the flooding simulation are 
briefly reviewed in the following paragraphs. 

The first flooding simulation methods were developed for the estimation of the 
intermediate phases during the flooding by using a simple hydraulic model for the 
calculation of the flooding rates. Spouge (1986) has presented simulations of the 
capsizing of the ro-ro passenger vessel “European Gateway”. The asymmetric 
distribution of the floodwater was taken into account by using a semi-empirical offset 
for the center of gravity of the floodwater. Sen and Konstantinidis (1987) have 
described a similar method, where all water levels are considered to be horizontal. The 
motions of the ship were considered to be quasi-stationary in both studies.  

Later the hydraulic flow model was combined with the solution of the simplified 
dynamic roll motion of the damaged ship, while the other degrees-of-freedom were 
considered to be quasi-stationary, Vredeveldt and Journée (1991). This method was also 
validated with model tests for the cross-flooding in a box-shaped ship. A similar 
approach was later used in Xia et al. (1999). In both cases, also the compression of air 
was taken into account and the sea was assumed to be calm. Xia et al. (1999) also 
applied artificial damping in the hydraulic model in order to improve the numerical 
stability of the method. 

Turan and Vassalos (1994) have presented a similar simulation method with a coupled 
system of sway, heave and roll motions together with instantaneous trim. Also the 
excitation forces due to irregular seas were taken into account. However, approximated 
constant flooding rates were used instead of time dependent solutions. This method has 
been used for a ro-ro vessel with a flooded vehicle deck. An improved version with 
application of Bernoulli’s equation for the volumetric flows was soon presented in 
Vassalos and Turan (1994). Further simulations for ro-ro vessels with comparisons to 
experimental data have been presented in Vassalos et al. (1998b). 

Santos and Guedes Soares (2000) and Santos et al. (2002) have applied a 6 degree-of-
freedom (DOF) time-domain simulation tool for the transient flooding of a ro-ro ship in 
calm water. The large flow obstacles in the flooded compartments were modelled so 
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that the transient asymmetric flooding could be taken into account, yet all water levels 
were considered to be horizontal.  

Vermeer et al. (1994) have enhanced the method from Vredeveldt and Journée (1991) 
by including the coupling of dynamic roll, sway and yaw motions with the memory 
effect taken into account, and Journée et al. (1997) have further improved it to full 6 
DOF approach. They have also presented some validation results, showing that the 
predicted results are satisfactory when the sloshing effect is minimal. In the cases where 
sloshing was significant, the calculation method predicted much larger roll angles. In 
both papers, flooding was considered to take place in calm sea. Vassalos et al. (1998a) 
and Vassalos (2000) presented a non-linear coupled 6 DOF method with the memory 
effect taken into account for the flooding of a damaged ro-ro ship in irregular waves. 

Zaraphonitis et al. (1997) presented a 6 DOF method for the motions of a damaged ship 
in waves with the memory effect in the radiation forces. The mass of the floodwater was 
assumed to be concentrated at its center of gravity and sloshing was neglected. Further 
developments and applications have been presented in Papanikolaou et al. (2000a), 
Papanikolaou et al. (2000b), Spanos and Papanikolaou (2001), Spanos et al. (2002) and 
Papanikolaou and Spanos (2002). This simulation method has also been used for the 
analysis of the capsizing and sinking of the ro-ro ferry “Express Samina”, Papanikolaou 
et al. (2003). 

In the simple approach the surface of the floodwater is considered to remain horizontal, 
independent of the motions of the ship. Papanikolaou et al. (2000a) applied the so 
called “lump mass” concept to model the free surface. The mass of the flooded water is 
considered to be concentrated on its center of gravity, moving over a predefined surface 
domain. The floodwater keeps its surface as a plane, that is movable. Validation of this 
approach is presented in Papanikolaou and Spanos (2002) along with comparisons to 
calculations with a Reynolds averaged Navier-Stokes equations (RANSE) solver. This 
simple approach to sloshing has been further developed and validated in Jasionowski 
and Vassalos (2001).  

Chang and Blume (1998) and Chang (1999) have presented a simulation method for 
damaged ro-ro ships, where the heave, pitch, sway and yaw motions are calculated 
using response amplitude operators, determined with a strip theory, whereas the roll and 
surge motions of the ship are simulated using non-linear equations of motion. 
Furthermore, two different methods are used for the motion of the water in the flooded 
compartments, depending on the height of the water level. Shallow water equations are 
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used if the water depth is small when compared to the width of the compartment; 
otherwise the fluid motion is approximated by that of a point mass, concentrated in the 
center of gravity of the fluid mass. A more detailed description of the method is given in 
Valanto (2002) and Valanto (2006), along with the results of various simulations. This 
method is obviously mainly intended for ro-ro vessels with a flooded vehicle deck and 
the modelling of progressive flooding is not discussed. 

Recently, also Lee et al. (2007) have performed 6 DOF time domain simulations for a 
damaged passenger ferry in waves. However, the validation with model tests shows that 
the roll motion is highly over-estimated. 

The previously described studies concentrated on the flooding of ferries. Only very 
recently, flooding simulations have been performed for progressive flooding of large 
passenger ships. In the study by MARIN, reported in van’t Veer et al. (2002), van’t 
Veer and Serra (2003) and IMO SLF46/INF.3 (2003), the motions of a damaged large 
passenger ship were calculated with a 6 DOF nonlinear method using memory 
functions. The water flows were calculated with the quasi-stationary hydraulic flow 
model. Some results from the validation of the applied code with a more simple case of 
a damaged frigate have been presented in de Kat and Peters (2002). The internal layout 
of the damaged compartments of a passenger ship was modelled in detail and also the 
collapsing of non-watertight doors due to the pressure of the floodwater was taken into 
account. Simulations were performed both in calm seas and in various sea states. Water 
levels inside the ship were considered to be horizontal and all rooms were assumed to 
be fully vented. The final results of this extensive study are presented in van’t Veer et 
al. (2004) and van’t Veer (2004). Recently, also Ikeda et al. (2004) and Vassalos et al. 
(2005) have simulated the flooding of a large passenger ship and compared the 
numerical results with experimental data.  

In the 1990s the effect of air compression on the flooding process was taken into 
account in many studies, e.g. Vredeveldt and Journée (1991), Vermeer et al. (1994), 
Journée et al. (1997) and Xia et al. (1999). However, recently only Palazzi and de Kat 
(2002) have studied the flooding of a damaged frigate with airflow taken into account, 
both experimentally and numerically. They have concluded that the effect of air should 
be taken into account since it can have significant effects, especially in the transient 
flooding phase. Also the interviews with ship designers, reported by Vartiainen (2006), 
indicate that the effect of air during the flooding is considered to be an important issue, 
especially in the design of cross-flooding arrangements. However, van’t Veer et al. 
(2004) point out that the modelling of all air ducts in a passenger ship is very difficult.  
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Some of the above mentioned simulation methods have been tested in the ITTC 
(International Towing Tank Conference) benchmark studies on numerical prediction of 
damage stability, ITTC (2002) and ITTC (2005). The studies have mainly concentrated 
on the modelling of floodwater dynamics and the roll motion of damaged ro-ro vessels. 
In the second benchmark study, ITTC (2005), a case involving progressive flooding was 
also tested. In this case, the deviation of the results with different numerical methods 
was significant. Unfortunately, the measurement data was inadequate for a proper 
validation analysis. 

It is a widely used assumption that the flooding rates can be calculated as quasi-
stationary from Bernoulli’s equation on the basis of the pressures on both sides of the 
opening. van’t Veer and de Kat (2000) have presented validation results for this 
flooding model for engine room and accommodation compartments. It was further 
assumed that all water levels were horizontal. In general, the measured and calculated 
values for heeling moments and water heights seem to have a good correspondence. 

In addition to the simplified approaches, also RANSE computations have been used for 
simulation of flooding. van’t Veer and de Kat (2000) have studied the applicability of 
volume of fluid method (VOF) for the simulation of progressive flooding in an engine 
room. The results were validated with model tests. The correlation between the 
calculated and measured water heights was good. So the results were very promising but 
it was concluded that, for the time being, both the modelling (grid generation) and the 
calculation were much too slow for efficient flooding simulation, even though the 
applied cell size (0.33 m in all directions) was rather large. Also Cho et al. (2005) have 
used VOF for flooding of an engine room, excluding the motions of the ship. The 
results are compared to experimental data. The grid contained about a million cells and 
the computation time was up to 200 hours. Woodburn et al. (2002) have used VOF 
method, coupled with a 6 DOF method, for the motions of the ship for the flooding of a 
damaged ro-ro vessel.  

As an alternative to the grid based methods, like VOF, particle based methods have also 
been tested. González et al. (2003) have used the smoothed particle hydrodynamics 
(SPH) method for calculation of the dynamic behavior of a damaged ro-ro ship with a 
flooded vehicle deck and forced sinusoidal roll motion. Souto-Iglesias et al. (2004) have 
applied SPH method for sloshing in rectangular tanks with baffles. In principle, this 
case corresponds to a progressive flooding through large open rooms. The 
correspondence between the numerical and experimental results is good. The SPH 
method seems to be suitable for capturing the free surface when sloshing is significant. 
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Skaar et al. (2006) have applied the SPH method for progressive flooding of a ro-ro 
vessel under forced roll and heave motions. The required number of particles is large 
and the modelling of the solid walls and boundaries of the computational domain in the 
case of waves is still considered to be problematic, Skaar et al. (2006). Furthermore, 
both González et al (2003) and Souto-Iglesias et al. (2004) state that the calculation 
process is very slow. Therefore, it can be concluded that for the time being, the SPH is 
not feasible for practical needs, even through it has some benefits. Consequently, at the 
moment a simplified modelling of the floodwater surfaces is needed if fast computation 
times are required. 

In all the reviewed simplified methods, the flow through the openings was calculated 
with a simple hydraulic model, i.e. by applying Bernoulli’s equation. Basically, the 
alternative method is RANSE, with a computational grid that is much denser than the 
structural subdivision of the ship, or the SPH method. At the moment, RANSE solvers 
are not fast enough for the practical analysis of the flooding process, Papanikolaou and 
Spanos (2002), but they can be used for estimation of the pressure losses in various 
structures. Pittaluga and Giannini (2006) have used a commercial RANSE solver for 
the evaluation of the pressure losses in a cross-flooding tunnel. This kind of RANSE 
solutions for limited studies can provide valuable data for simulations with the more 
simplified approach of the hydraulic model.  

It can be concluded, that several sophisticated methods have been developed over the 
last decade, but mainly for the simulation of transient flooding of damaged ro-ro vessels 
with a flooded vehicle deck.  

1.3 Scope of the Work 

The main emphasis in the time-domain simulation of damaged ships has mainly 
concentrated on the modelling of the dynamic motions of the ship in a seaway and the 
ship-floodwater interaction. This work is intended to provide a better and more accurate 
approach on the modelling of progressive flooding with a large and complex system of 
potentially flooded compartments in a modern passenger ship. 

The pressure-correction technique, which is well-established in the area of 
computational fluid dynamics (CFD), is applied for the time-accurate simulation of 
progressive flooding inside a damaged passenger ship. The widely used hydraulic model 
is used for the calculation of the flow velocities by applying Bernoulli’s equation as the 
momentum equation. This kind of method has previously been applied to pipe systems, 
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where the tanks are filled up with fluid (Patankar, 1980 and Siikonen, 2001). However, 
in the case of progressive flooding, there can be free surfaces. Therefore, the existing 
methods have been appropriately modified. Furthermore, air compression due to 
flooding is modelled with the assumption of perfect gas, and Bernoulli’s equation for 
compressible fluid is used for the calculation of airflows in the openings and pipes. This 
computational approach and its application are believed to be original.  

The first ideas of this new approach on flooding simulation were published by the 
author in Ruponen (2006a). In this thesis, the theory is further developed and applied to 
real ship geometries. Among the new features, the pressure-correction method is further 
developed for easier handling of openings with high vertical extent. If there is a weir 
flow instead of flow through an orifice a slightly modified version of the pressure-
correction equation is needed. 

The research concentrated on the calculation of progressive flooding and internal 
airflows inside a damaged passenger ship, especially after the short phase of transient 
flooding. Therefore, some simplifications were done in the calculation of the motions of 
the damaged ship. All motions of the ship are assumed to be slow, and hence a quasi-
stationary approach is considered to be reasonable. However, it is believed that this 
method for progressive flooding can be enhanced to include the calculation of the 
dynamic motions of the ship in waves. 

The simulation method is extensively validated by comparing simulation results with 
experimental data from dedicated model tests (Ruponen, 2006b). Furthermore, the 
applicability for realistic ship geometries is tested with a case study, involving a detailed 
model of a 40 000 GT (gross tonnage) passenger ship. Two flooding cases are 
calculated. Firstly, a cross-flooding in a U-shaped void with the counter air pressure 
taken into account, and secondly an extensive progressive flooding in a large and 
complex system of rooms and openings. The latter case also involves structures that 
start to leak and eventually collapse under the pressure of the floodwater. 
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2 Physical Background 

2.1 Flooding Mechanisms 

2.1.1 General 

The flooding of a damaged ship is a complex process that can involve various 
phenomena, such as collapsing of non-watertight structures and compression of air. In 
this section some important topics on the physics of the flooding are presented and their 
importance and modelling possibilities are discussed.  

In general, the flooding process that follows the creation of the damage opening can be 
divided into three main phases (IMO SLF46/INF.3, 2003). Right after the creation of the 
damage, there is a phase of transient flooding as the water rushes in through the damage 
opening. This is followed by a phase of progressive flooding as the water floods to 
undamaged compartments through the internal openings. If the ship does not capsize or 
sink during these phases, a steady final state is eventually achieved. A schematic 
representation of these phases is shown in Figure 2.1. This thesis is mainly concentrated 
on the phase of progressive flooding. 

 

transient                     progressive flooding                                  steady state 

time
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Figure 2.1 Main phases of the flooding process 
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During the flooding process the ventilation ducts and the strength of the non-watertight 
subdivision can have significant effects on the intermediate stages and on the extent of 
the flooding. Therefore, also these mechanisms are discussed in this chapter. 

2.1.2 Transient Flooding 

During the first phase after the damage, water rushes into the ship through the damage 
opening. If the opening is large and it is located on the side of the ship, the flooded 
water causes a large transient heeling moment. As a result, the ship heels rapidly to the 
damaged side. It is possible that the ship will capsize due to this sudden loading, and 
therefore, the time-to-capsize can be very short: from only a few seconds to a few 
minutes.  

Several factors, such as the force from the striking vessel, the penetration of the damage 
and the time, in which the damage is created, can also have a remarkable role. However, 
these factors are often not known, and thus they are usually ignored in the numerical 
studies. 

In some cases, also the flooding of symmetrical compartments can be a transient 
phenomenon since the structures inside the flooded compartments can significantly 
delay the equalization of the floodwater. The term “transient asymmetric flooding of 
symmetrical compartments” was first introduced by Spouge (1986) in his analysis of the 
capsizing of the ro-ro ferry “European Gateway”. The same case was later used in a 
numerical simulation by Santos et al. (2002) for testing a simple modelling technique 
for compartments with large flow obstacles. 

The transient heeling can usually be reduced by allowing cross-flooding to a 
compartment in the undamaged side of the ship. In the case of a small damage opening 
or a bottom damage, the transient phase is likely insignificant as the heeling angle will 
increase slowly. 

2.1.3 Progressive Flooding 

After the possible phase of transient flooding, the flooding process usually becomes 
more quasi-stationary. This phase can take from a couple of minutes to several hours, 
depending on the damage case, internal subdivision and possible counteractions. The 
main emphasis of this study is on the modelling of this phase. 
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The water levels in the flooded compartments rise steadily and progressive flooding to 
other compartments may take place if there are open connections to the flooded 
compartments. Moreover, the pressure of the floodwater may cause leaking through 
closed doors or even lead to the collapsing of non-watertight structures. In addition, it is 
favourable that asymmetric flooding is compensated by allowing flooding through 
cross-ducts and other passive counter flooding routes in order to decrease the heeling 
angle. Similarly, down-flooding is sometimes allowed in order to lower the center of 
gravity, and thus increase the stability of the damaged ship. However, additional free 
surfaces always have a negative effect on the stability. 

The simulations, presented in van’t Veer et al. (2004), show that the applied critical 
pressure head for collapsing of a closed door to a staircase can have a significant effect 
on the roll motion and time-to-flood. Therefore, it is essential that the simulation 
method can handle also leaking and collapsing structures. However, there is not much 
experimental data on the critical pressure heads for typical non-watertight structures. 
Some values have been presented in IMO SLF47/INF.6 (2004) but in general, these are 
mainly assumptions. The applicability of the proposed values is discussed in detail in 
Vartiainen (2006). Obviously, dedicated full scale tests on various typical structures 
would provide valuable information that could be utilized in flooding simulations. 

If the ship does not sink or capsize, a steady state is eventually reached. The total 
elapsed time for the phases of transient and progressive flooding is often referred to as 
the time-to-flood (TTF), see Figure 2.1. However, it is practical to define further criteria 
since very large heeling angles can be encountered during the intermediate stages of 
flooding. van’t Veer et al. (2002) used a criterion of 15° maximum heel angle, which is 
reasonable since lowering of the life boats may be difficult with larger heel angles. 
According to SOLAS, the criterion for this is 20°. If such criteria are applied, TTF is 
often appropriately referred to as the available time for orderly evacuation and 
abandonment. 

2.1.4 Air compression 

The increased air pressure due to compression can have significant effects on the 
flooding process, especially in the early phases of transient flooding. When a 
compartment is flooded, the air must escape the inflowing water. If the flooding is fast 
and the ventilation level of the compartment is reduced, it is possible that the air 
compression becomes significant, and the compressed air starts to delay the flooding. 
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When the water level has risen above all openings and pipe inlets, air cannot escape at 
all and an air pocket is formed. The pressure in the air pocket can still rise as the 
external hydrostatic pressure increases due to the increasing draft that causes the 
decrease of the air pocket volume. 

In order to take the effects of air into account, it is necessary that air is modelled as a 
compressible fluid. The biggest problem is that all airflow routes should be modelled. In 
practice, it is not practical to separately model every ventilation duct. Therefore, some 
simplifications and assumptions are always needed. In principle, air should always be 
taken into account when flooding of tanks is simulated since the air pipes are typically 
rather small when compared to the cross-flooding openings. 

2.2 Assumptions 

2.2.1 Environment 

Accidents that result in flooding can take place in various different sea states, and 
therefore, environmental factors, such as the sea state and wind must be considered. 
According to the results of the HARDER (Harmonization of rules and design rationale) 
project, Tagg and Tuzcu (2002), 90 % of the collision accidents take place in a sea state, 
where the significant wave height is less than 2.0 m. This statistical fact forms a good 
basis for a simplified approach on the motions of a damaged ship. 

de Kat and van’t Veer (2001) have compared model test results for a damaged ferry in 
calm sea and in irregular waves. In that case, the roll response was very similar in both 
cases. Furthermore, the roll motions in waves were small when compared to the 
maximum roll angle due to the transient flooding. 

Papanikolaou et al. (2003) have calculated the flooding of the ferry “Express Samina” 
both in calm water and in a seaway with significant wave height of 2.0 m. The overall 
time history of the heeling angle is very similar in both cases. 

In MARIN’s final study on time-to-flood for a large passenger ship, van’t Veer (2004), 
results of simulations in calm sea and in irregular waves with a significant wave height 
of 2.0 m were compared (Figure 2.2). The case was a large passenger ship with 
extensive three-compartment damage. Both the heel angle and the volume of flooded 
water were compared. The results in waves are very comparable to the calm sea results. 
The wave forces lead to roll variations around the trend, found in calm sea. However, in 
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higher waves the calm sea approximation can lead to different results. Simulation 
results in a seaway with a significant wave height of 4.5 m have been presented in van’t 
Veer and Serra (2003). The results indicate that the large motions of the damaged ship 
lead to very slow progressive flooding through openings above the bulkhead deck. On 
the other hand, the results start to differ from the calm sea simulations only after a 
relatively long time.  

 

 

Figure 2.2 Comparison between simulations in calm water and in irregular waves, 
adopted from MARIN Report No. 19289-1-CPS, van’t Veer (2004)  

 

On the basis of these results, it is reasonable to assume that the waves do not have a 
significant effect on the flooding process and motions of a damaged large passenger 
ship if the significant wave height is less than 2 m. However, it is recognized that in the 
case of large asymmetric damage, it is possible that the waves and wind may have a 
more significant effect on the transient heeling in the phase of transient flooding. 

This study is mainly concentrated on the development of a new method for the 
calculation of the progressive flooding in a damaged passenger ship. Thus the non-
watertight subdivision of the WT-compartments is rather dense. Therefore, on the basis 
of the previously described results in literature, it is assumed that the sea is calm. It is 
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further assumed that the wind speed is low, and hence it has no effect on the ship. It is 
believed that the effects of the waves and wind can be implemented at a later stage in 
order to increase the applicability of the method for harsher sea states. 

2.2.2 Motions of the Ship 

According to Svensen and Vassalos (1998), the analysis of numerous model tests with 
flooded ro-ro vessels shows that the ship motions will reduce significantly as the 
amount of water on the deck increases. One reason for this is that the roll damping will 
increase due to the flooding. Moreover, the restoring moment is increased as the 
floodwater is considered as added weight. This conclusion on the increase of the roll 
damping can, at least partly, be extended to other ship types as well. 

As discussed in the previous section, it is assumed that the sea is calm. With a further 
assumption of slow motions, it is possible to apply a quasi-stationary approach to the 
calculation of the ship motions. In calm water this assumption is generally justified for 
the trim and heave motions since the time derivatives of these quantities are small. This 
approach has been successfully used by Vredeveldt and Journée (1991) for the 
simulation of the transient heeling of a box-shaped ship.  

As described in section 2.1, fast heeling usually takes place only during the short period 
of transient flooding, right after the creation of the damage opening. Therefore, the 
dynamic roll motion is not very significant in the simulations of the progressive 
flooding phase in calm water. Especially, if the simulation is performed onboard the 
damaged ship, in which case the initial condition can be obtained from the water level 
sensors after the phase of transient heeling.  

On the basis of these facts, it was decided to adopt a fully quasi-stationary approach to 
the motions of the ship for the first stage of the development of the simulation method. 
However, it is recognized that for example in the case of a large asymmetric side 
damage due to a collision, the transient heeling can be up to two times as large as 
predicted by the quasi-stationary method, see e.g. Mustonen (1998). The applied 
equations of motion can be enhanced later in order to increase the applicability of the 
flooding simulation method. Yet, this simplification forms a good basis for the 
development of a calculation method for the progressive flooding inside the damaged 
ship. Furthermore, it should be noted that the collision forces will also affect the 
transient motions of the ship in the early stages of flooding. According to the model 
tests, reported in Tabri et al. (2007), the roll motion due to the collision impact can be 
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significant, depending mainly on the location of the center of gravity and the contact 
point. In some cases the exclusion of the collision force can also decrease the error that 
is caused by the assumption of quasi-stationary motions. 

2.2.3 Ship-Floodwater Interaction 

The floodwater motion can be approximated with the lump mass concept, where the 
mass of the floodwater is concentrated in its centroid and moving over a predefined 
surface domain, Papanikolaou et al. (2000a), Papanikolaou and Spanos (2002) and 
Jasionowski and Vassalos (2001).  

In the simpler approach the free surfaces are assumed to remain horizontal, independent 
of the ship motions. Or in other words, the floodwater is in phase with the ship motions. 
This simplification has been used in most of the previous studies, e.g. Journée et al. 
(1997), Santos et al. (2002), Lee et al. (2007) and in the MARIN study of time-to-flood 
simulations, IMO SLF46/INF.3 (2003) and van’t Veer (2004).  

The former approach should provide better results if a compartment with a large area, 
such as a vehicle deck, is flooded and the ship rolls in a seaway. Especially, if the 
excitation frequency is close to the natural frequency of the fluid motion in the flooded 
compartment, in which case sloshing of water is likely to happen. The latter approach is 
considered to be suitable for the cases, where the subdivision of the flooded 
compartments is dense, as in the case of a passenger ship, since possible sloshing in 
small rooms will have only a small effect on the motions of the ship. Furthermore, when 
the sea is considered to be calm, the sloshing is even more likely to be unimportant.  

The aim of this study was to develop a fast and efficient simulation method, especially 
for passenger ships. Therefore, the sloshing of the floodwater is considered to be 
insignificant, and hence it can be ignored. This means that all water levels are assumed 
to be flat surfaces, parallel to the sea level. The free surface effect on the stability of the 
ship is naturally taken into account. 

As a result of the above mentioned assumption, also the inertia of the floodwater is 
neglected and the whole mass of the floodwater is considered to settle down 
instantaneously. van’t Veer and de Kat (2000) have compared calculations with this 
simplified approach to more accurate RANSE computations with the VOF method. The 
results are very similar, providing justification for applying this simpler approach in the 
flooding simulations. 
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2.3 Governing Equations 

2.3.1 Conservation of Mass 

The conservation of mass, i.e. the equation of continuity, in the integral form is (see e.g. 
Paterson, 1997): 

 ∫∫ ⋅−=Ω
∂
∂

Ω S

dSd
t

nUρρ , (2.1) 

where ρ  is the density of the fluid, t  is time, U  is the velocity vector and S  is the 
surface that bounds the control volume Ω . The normal vector of the surface n  points 
outwards from the control volume, hence the minus sign on the right hand side of the 
equation. 

2.3.2 Conservation of Momentum 

The flooding process is modelled with certain simplifications that were discussed in 
section 2.2.3. The viscous effects are likely to be relevant only for local phenomena that 
are excluded by the applied assumptions. Therefore, it is reasonable to consider both 
water and air as inviscid fluid. The losses in the openings are later taken into account by 
applying semi-empirical discharge coefficients.  

The conservation of momentum for inviscid fluid is governed by Euler’s equation: 

 p
Dt
D ∇−= FU ρρ , (2.2) 

where U  is the velocity vector, F  is the body force and p  is the pressure. 

It is then further assumed that the flow is stationary (or at least quasi-stationary) and 
irrotational. Thus, along a streamline from a point A to a point B, this can be presented 
in the form of Bernoulli’s equation (see Appendix A and Fox and McDonald, 1985): 

 ( ) ( ) 0
2
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ρ

, (2.3) 

where u  is the flow velocity, g  is the acceleration due to gravity and h  is the height 
from the reference level. 
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The considered streamline connects the point A that is in the middle of the compartment 
and point B that is in the opening. The flow velocity in the center of the compartment is 
considered to be negligible, i.e. 0≈Au . In principle, this assumption is valid only for 
slow flooding of large compartments. However, the previously developed simulation 
methods (see section 1.2) have worked considerably well with this assumption, and 
therefore, the same approximation is made also in this study. 

The equation (2.3) applies for inviscid flow. However, the pressure losses can be taken 
into account semi-empirically, by adding a pressure loss term to the equation (2.3). This 
term is considered to be proportional to the square of the velocity in the opening. Hence 
the modified version of Bernoulli’s equation along a streamline can be written as: 

 ( ) ( ) 0
2
1

2
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B

A

ukhhguudp
ρ

, (2.4) 

where Lk  is a semi-empirical non-dimensional pressure loss coefficient.  

The square of the velocity in the opening can be solved from (2.4), resulting in: 
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Hence the flow velocity in the opening is directly proportional to a constant discharge 
coefficient: 
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. (2.6) 

A similar approach is used in the IMO Resolution A.266 (VIII), where a flow reduction 
coefficient is used to represent the losses in the cross-flooding arrangements.  

When air pressure is taken as constant, the equation (2.5) for a flow through a small 
opening with area dA  reduces to the usual representation in flooding simulations (e.g. 
Vassalos et al., 2000): 

 ( ) dAhhgChhdAudQ ABdABB ⋅−⋅−== 2sign . (2.7) 

The total volumetric flow through the opening can be obtained by integrating equation 
(2.7) over the area of the opening. 
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According to this hydraulic model, water will flow immediately when there is a 
difference in the pressure heights. In reality, there are delaying effects due to the inertia 
of the water particles. Apparently, these can be neglected since the previous studies, e.g. 
van’t Veer and de Kat (2000), show that the calculations with this simplification 
correspond well with the experimental results.  

As mentioned above, the losses in the openings and pipes are taken into account with 
semi-empirical coefficients. Usually, these coefficients are considered to be constant for 
each opening. However, more accurate results may be obtained if the pressure losses are 
slightly increased when the water jet discharges to water instead of air. 

A general problem in flooding simulation is how to find out the proper discharge 
coefficients for all openings. This question is not considered in detail in this study but 
the following is a brief review of the available literature. 

Some typical values for various openings and pipes have been presented e.g. in Blevins 
(1984). However, it should be noted that these are theoretical values and they may not 
be directly applied to much larger or more complex-shaped openings.   

Vassalos et al. (1997) have compared numerical simulations to experimental data and 
concluded that 6.0=dC  is a good approximation for damage openings. Katayama and 
Ikeda (2005) have studied the effect of the scale on the discharge coefficient for a 
rectangular sharp-crested opening. They tested two openings with the same shape but 
different scale. The smaller scale resulted in larger values for the discharge coefficient. 
Therefore, the application of model tests with a small scale for determining these values 
for full scale simulations is somewhat questionable. Obviously more studies on the 
water flow characteristic through typical openings in ships are needed in order to 
improve the reliability of the flooding simulations. 

Pittaluga and Giannini (2006) have presented CFD (computational fluid dynamics) 
calculations with a commercial RANSE solver for the pressure-losses in cross-flooding 
tunnels. As a result, they have presented regression equations that can be used for the 
estimation of the effective discharge coefficient. This kind of RANSE computations for 
detailed parts of the ship may provide valuable information on the pressure losses in 
various kinds of openings and cross-flooding arrangements. However, a thorough 
validation of the applied tools with detailed experimental data should be performed. 
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2.3.3 Flooded Air Pockets 

A complex airflow case may take place when a large air pocket is formed. If the 
flooding opening is located at least partly in the air pocket. Air is compressed as a result 
of infloodng water until the pressure in the air pocket is equal to the effective total 
pressure on the other side of the opening. The principle idea is presented in Figure 2.3, 
showing the opening k  that connects the rooms i  and j . Flow through the opening is 
considered to be impossible when the pressure in the air pocket is:  

 ( )kojwwji HHgpp ,,, −+≥ ρ . (2.8) 

As a result, it is assumed that the pressure in the air pocket will prevent further flooding. 
However, in reality the air pressure is not quasi-stationary. Consequently, air will 
escape from the air pocket in a bubble flow. This phenomenon was observed in the 
model tests (see section 5.3.2 and Ruponen, 2006b). However, due to the very complex 
nature of the bubble flow, it is difficult to estimate how it will take place in full scale. 
On the other hand, due to the scaling of air pressures, the relative size of air pockets is 
smaller in full scale, and therefore, the error due to the simplified approach is also 
expected to be smaller than in the model scale. 
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Figure 2.3 Example of a situation, where the pressure in an air pocket ( ip ) is 
considered to prevent further flooding 
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2.3.4 Equations of Motion 

As described in sections 2.2.1 and 2.2.2, it is assumed that the sea is calm and the 
motions of the damaged ship are slow. Therefore, a quasi-stationary approach is 
considered to be suitable for calculating the motions of a ship. Consequently, the ship is 
considered to have only three degrees-of-freedom, namely heel (φ ), trim (θ ) and heave 
or draft (T ). Therefore, the floating position of the damaged ship is governed by the 
following set of three non-linear equations: 
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where heelM  is the heeling moment and trimM  the trimming moment, iwV ,  is the 
distribution of floodwater, shipm  is the mass of the intact ship, ∇  is the function for the 
volume of displacement and stM  is the static righting moment in transverse (T) or 
longitudinal (L) direction. 

At each time step, the floating position of the ship is evaluated on the basis of the 
distribution of floodwater inside the flooded compartments, taking into account the 
initial condition of the ship and the free surfaces of the floodwater and liquid cargo. The 
standard iterative procedure of the NAPA software is used for this.  



 

  

35

3 Numerical Method 

3.1 Background 

The basic idea of applying the pressure-correction technique for time-domain 
simulations of progressive flooding was introduced in Ruponen (2006a) for ship-like 
systems of rooms and small openings when the floating position was kept fixed. In this 
thesis this method is further developed so that it can be applied to a floating ship that 
has a more complex geometry.   

The idea of applying pressure-correction technique for a pipe system was briefly 
introduced in Patankar (1980). Later, Siikonen (2001) has presented this in detail. Both 
Patankar and Siikonen consider the same case, where a group of tanks, filled with 
incompressible fluid, are connected by pipes. In the case of flooding in a damaged ship, 
the situation is more complex since there can be free surfaces in the compartments and 
also the air pressures and airflows should be taken into account. 

Usually flooding simulation methods are based on the volumes of floodwater that are 
integrated explicitly from the flow velocities that are solved by using Bernoulli’s 
equation. The water height differences for the next time step are then calculated from 
the volumes of water with the heel and trim angles taken into account. However, in this 
study, a completely different approach is used and the volumes are calculated on the 
basis of water heights and the heel and trim angles. This is reasonable since the water 
height is physically more meaningful than the volume of water since it represents the 
hydrostatic pressure. Consequently, the progress of the floodwater can be solved 
implicitly on the basis of the pressures in the rooms and the velocities in the openings. 

The principle of a pressure-correction method is that the equation of continuity and the 
linearized momentum equation are used for the correction of the pressures until the 
iteration converges and both the continuity and the conservation of momentum are 
satisfied at the same time.   

Throughout the thesis, the estimated values are marked with an asterisk (*) and the 
corrections with an apostrophe (′). This is a common practice in pressure-correction 
methods, e.g. Ferziger and Perić (2002). Moreover, a dot above a variable is used to 
represent time derivation. Water is denoted by a lower index w  and air with an index 
a . Compartments are identified by indices i  and j  and an opening that connects them 
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by an index k . The flow from i  to j  is defined to be positive. Time levels are marked 
with an upper index n . 

3.2 Computational Grid 

The ship model for flooding simulation can be considered as an unstructured and 
staggered grid (Figure 3.1). Each modelled room is used as a single computational cell. 
However, the flux through a cell face is possible only if there is an opening that 
connects the rooms (cells). As a result, the room arrangement, normally used in the 
static damage stability calculations, can be used for flooding simulation; only the 
openings must be defined separately. Furthermore, it may be necessary to include some 
non-watertight boundaries that are not normally defined in the numerical ship model. 
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Figure 3.1 The analogy between the ship model for flooding simulation (left) and 
staggered grid (right)  

 

3.3 Mass Flows 

3.3.1 Background 

The mass flows through the openings are evaluated by applying the well-established 
hydraulic model that is based on Bernoulli’s equation, as described in section 2.3.2. In 
the following subsections the equations for mass flow of water ( kwm ,& ) and air ( kam ,& ) 
through the opening k  are derived from equation (2.4). 

At first, let us assume that all openings are so small that they can be considered as single 
points. Later, in the case of large openings, the mass flow can be calculated simply by 
integrating the derived equations over the area of the opening. This procedure is 
described in detail in section 4.4.  
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Let us consider a streamline from a point A that is inside a flooded compartment to a 
point B in the opening (Figure 3.2 and Figure 3.3). It is assumed that the flow velocity is 
negligible far from the opening ( 0=Au ). Generally, this assumption is valid only for 
large compartments, subjected to slow flooding. However, the study by van’t Veer and 
de Kat (2000) shows good correlation between measurements and calculations with this 
simple hydraulic model.  

The integration of the pressure term in the equation (2.4) depends on whether the fluid 
is compressible or not. However, also air is often considered to be incompressible when 
the mass flows are calculated, Xia et al. (1999) and Palazzi and de Kat (2002). This 
approximation is generally justified only if the pressure difference is small. However, it 
is possible that the air pressure can be relatively large in the flooded compartments, 
especially if the ventilation ducts are very small when compared to the flooding 
openings. Therefore, air should be treated as a compressible fluid in order to model the 
physics as accurately as possible. This will ensure that the error will not increase, even 
if large pressure differences are encountered.  
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Figure 3.2 Application of Bernoulli’s equation for a streamline from the point A to 
the point B in order to calculate the water flow velocity in the opening 
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Figure 3.3 Application of Bernoulli’s equation for a streamline from the point A to 
the point B in order to calculate the airflow velocity in the opening 

 

3.3.2 Water Flow 

For incompressible fluid, Bernoulli’s equation with the pressure losses (2.4) can be 
written as: 

 ( ) 0
2
1

2
1 22 =++−+− BLwBwABwAB ukuhhgpp ρρρ . (3.1) 

The effective pressure is the sum of air pressure and hydrostatic pressure: 

 ghpP ρ+= . (3.2) 

Consequently, in the case of water flow, the total pressure difference for an opening k  
that connects the compartments i  and j  is: 

 ( ) ( ) ( )[ ]0,max0,max ,,,, kojwkoiwwjikji HHHHgppPP −−−⋅+−=− ρ , (3.3) 

where wH  is the height of the water level and oH  is the height of the opening, 
measured from the same horizontal reference level, and p is the air pressure. 

Furthermore, the velocity in the opening (point B) can be expressed on the basis of the 
mass flow: 

 
keff

k
kB A

muu
,ρ

&
=≡ , (3.4) 

where effA  is the effective geometrical area of the opening, taking into account the 
possible structural changes, such as collapsing of a closed door (see section 4.4.3). 
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As a result, Bernoulli’s equation for water flow through the opening k , that connects 
the compartments i  and j  (positive flow from i  to j ), can be written in a form of a 
pressure loss: 

 ji
keffw

kL
kwkww PP

A
k

mm −=
+

2
,

2
,

,,

1
2
1

ρ
ρ && . (3.5) 

The absolute value is used to define the direction of the flow. The pressure losses can be 
taken into account by applying a discharge coefficient. The pressure loss and discharge 
coefficients are related, as presented in equation (2.6), so that: 

 2

11
d

L C
k =+ . (3.6) 

Let us define a dimensional pressure loss coefficient: 

 22
1

effd AC
K

⋅⋅
=′
ρ

. (3.7) 

As a result, equation (3.5) can be written as: 

 jikwkwkw PPmmK −=′ ,,,2
1 && . (3.8) 

Water flow through the opening is calculated by using this equation. 

3.3.3 Airflow 

In the case of airflow, the potential energy does not have a significant role, and 
therefore, the terms involving h in the equation (2.4) can be ignored.  

Bernoulli’s equation for compressible fluid depends on the modelled relation between 
the density and the pressure. In this study, the flooding process is assumed to be 
isothermal, so that Boyle’s law can be applied and the density of air is linearly 
dependent on the pressure: 

 p
pa

0

0ρρ = , (3.9) 

where 0ρ  is the density of air at the atmospheric pressure 0p . 
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Therefore, equation (2.4) for a streamline from the point A that is located in the middle 
of the air pocket to the point B in the opening (Figure 3.3) can be written as: 

 ( ) ( )[ ] 0
2
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2
1lnln 22

0
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. (3.10) 

The velocity in the opening can be expressed on the basis of the mass flow according to 
equation (3.4). Therefore, for an opening k  that connects rooms i  and j  (positive flow 
from i  to j ), equation (3.10) can be written as: 
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The pressure losses can be taken into account in a form of a discharge coefficient using 
equation (3.6). Consequently, equation (3.11) can be expressed as: 
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Furthermore, by applying the dimensional pressure loss coefficient, as defined in 
equation (3.7), the following equation is obtained: 
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since: 

 ( )jika pp
p

,min,
0

0 =ρ
ρ

 (3.14) 

is the relevant air pressure in the opening (i.e. in the point B on the streamline, see 
Figure 3.3). 

Equation (3.13) is used for the evaluation of airflows since it is possible that there can 
be large pressure differences between the compartments. Therefore, the airflows can be 
fast and the compressibility effects can become significant. However, the airflows are 
approximated by applying Bernoulli’s equation for incompressible fluid when the 
pressure-correction equations are derived. The pressure-correction method is iterative, 
and therefore, this approximation has proved to be good enough, leading to the 
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convergence on the solution of compressible airflow. Furthermore, this assumption 
significantly simplifies the pressure-correction equation. 

3.4 Mass Balances 

3.4.1 Background 

Mass balance equations are used for calculating the residuals of the equations of 
continuity. The pressures are corrected so that the residuals are eventually zero after the 
iteration has converged. That is when both the equations of continuity and Bernoulli’s 
equation are satisfied at the same time. There are two equations for the mass balance 
since water and air are treated separately. 

3.4.2 Mass Balance for Water 

Water is an incompressible fluid and hence the density is constant. Furthermore, the 
flow velocity is assumed to be perpendicular to the surface of the openings. 
Consequently, the dot product of the velocity and the area of the opening is the 
volumetric flow through the opening. Therefore, the equation of continuity (2.1) for 
water can be written in a discrete form: 

 ∑−=
k

kww
iw

w Q
dt

dV
,

, ρρ , (3.15) 

where wρ  is the density of water, iwV ,  is the volume of water in the compartment i  and 

kwQ ,  is the volumetric water flow through the opening k  that is connected to the 
compartment i . Outflow from the compartment is considered to be positive. 

The time derivative of the volume of water can be approximated by: 

 iwifs
iw

ifs
iw HS

dt
dH

S
dt

dV
,,

,
,

, &≡≈ , (3.16) 

where fsS  is the area of the free surface in the compartment and wH  is the water height. 
This equation is based on the assumption that the area fsS  remains nearly constant 
during a single time step. In general, this applies only if all bulkheads are parallel or 
when the time step is infinitely short. However, this has proved to be a very practical 
simplification, allowing efficient solution of the governing equations. As a result, the 
following equation for the mass balance of water can be formed: 
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 ∑+=Δ
k

kwwiwifswiw QHSm ,,,, ρρ && . (3.17) 

The permeability iμ  needs to be taken into account when the area of free surface ifsS ,  is 
calculated. Consequently: 

 igeomiifs SS ,, μ= , (3.18) 

where igeomS ,  is the geometrical area of the free surface in the room i .  

In order to minimize the error due to the assumption of constant area of free surface, a 
more accurate estimation for the applied area can be used: 

 [ ]approx
ifs

n
ifsifs SSS ,,, 2

1 +⋅= . (3.19) 

Thus the applied area is the average of the free surface in the beginning of the time step 
( n ) and the linear approximation for the new value. The approximation for the new area 
of surface is based on the volumetric net flow from the previous time step, so that: 
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ifs QtVSS ,,, μ , (3.20) 

where tΔ  is the time step. The effects of this simplification are discussed in section 4.5. 

The iteration has converged and the equation of continuity (3.15) is satisfied with a 
reasonable accuracy when the absolute value of the mass balance is smaller than the 
applied convergence criterion. 

The water height wH  is used to represent the hydrostatic pressure, and therefore, it can 
change even if the compartment is full of water. However, these changes do not affect 
the equation of continuity since the volume of water is then constant. Therefore, the 
time derivative term in the equation (3.17) must be set to zero when the compartment is 
full of water. 

3.4.3 Mass Balance for Air 

Air is a compressible fluid, and hence also the density is variable. Therefore, it is 
practical to use mass flow instead of volumetric flow. Consequently, the equation of 
continuity (2.1) for air in a discrete form can be written as: 
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where iaV ,  is the volume of air and ia,ρ  is the density of air in the compartment i  and 

kam ,&  is a mass flow of air through an opening k  that is connected to the compartment i . 
Outflow from the compartment is considered to be positive.  

The equation (3.21) can be rearranged and expanded into: 
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The time derivative for the volume of air is: 

 ∑=−=
k

kw
iwia Q

dt
dV

dt
dV

,
,, , (3.23) 

since the total volume of the compartment is constant ( inetiaiw VVV ,,, =+ ) and the 
equation of continuity for water (3.15) defines the time derivative for the volume of 
water. 

It is assumed that the density of air is linearly dependent on the air pressure, equation 
(3.9). Therefore, the time derivative of the density of air can be linearized as follows: 
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When the equations (3.9), (3.23) and (3.24) are substituted into the equation (3.22), the 
following equation for the mass balance of air is obtained: 
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The iteration has converged and the equation of continuity for air (3.21) is satisfied with 
a reasonable accuracy when the absolute value of the mass balance is smaller than the 
applied convergence criterion. 

 



 

  

44

3.5 Computation of the Time Derivatives 

Generally, the three-level second order implicit time discretization method (see e.g. 
Ferziger and Perić, 2002) is applied in order to ensure time accurate results. 
Consequently, the time derivative of the water height wH  is: 

 
t

HHH
H

dt
dH n

w
n
w

n
wn

w

n
w

Δ
+−

≈≡
−+

+
+

2
43 11

1
1

& , (3.26) 

where tΔ  is the time step and the upper indices mark the time discretization. The time 
derivative of the air pressure ( 1+np& ) is evaluated by using the same method. 
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Figure 3.4 Examples of cases, where implicit Euler is used for the calculation of the 
time derivatives (black dots) 

The first order implicit Euler method: 
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has to be used in the time step that follows a discontinuity in the time derivative. Such a 
situation can occur for example when an empty compartment is flooded or a down-
flooding hatch is opened by the pressure of the floodwater. Figure 3.4 shows three 
examples of the cases, where the implicit Euler method has to be applied. 
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3.6 Pressure-Correction Equations 

3.6.1 Background 

The pressures are corrected on the basis of the continuity equations until both the 
momentum equations (Bernoulli) and the continuity equations are satisfied at the same 
time. The pressure-correction equations are formed by the mass balances and the 
linearization of the momentum equations. The solution of the equations gives the 
pressure corrections wH ′  and p′ . Consequently, the updated pressures for the next 
iteration round are: 
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Some under-relaxation is needed in order to ensure convergence, and hence the solved 
corrections are multiplied by the under-relaxation factor α . Typically values between 
0.5 and 0.8 are sufficient. It has been found out that slightly more under-relaxation is 
useful if also the air pressures are solved, especially if the volumes of the air pockets or 
the time derivatives of the pressures are very small. 

3.6.2 Water Height Corrections 

The density of water is constant, and therefore, the linearization of Bernoulli’s equation, 
see Appendix B, results in: 

 jikwkwkw PPmmK ′−′=′′ ,
*

,, && , (3.29) 

where the notations that were described in sections 3.1 and 3.3.2 are used. 

The mass flows that satisfy the equations of continuity can be expressed as a sum of 
mass flow according to the pressures from the previous iteration round and the 
correction to the mass flow, so that: 
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kw mmm ,
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, &&& ′+=+ . (3.30) 

Furthermore, volumetric flow can be used for water since the density is constant: 
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Similarly, the corresponding water height can be expressed as: 
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Equation (3.32) is substituted into the equation for the time derivative of water height 
(3.26). The resulting equation and the volumetric flow, equation (3.31), are then 
substituted into the mass balance equation (3.17), resulting in: 
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If the implicit Euler method (3.27) is used for computation of the time derivative, the 
coefficient 3/2 is replaced by a unity.  

Moreover, the volumetric flow, equation (3.31), is substituted into the linearized 
Bernoulli’s equation (3.29), resulting in: 

 ( )
keffjikwkwkww PPQQK

,,
*

,,
2 ′−′=′′ρ . (3.34) 

Consequently, the sum of the mass flow corrections is: 
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The total pressure correction P′  is the sum of the corrections to the air pressure p′  and 
to the hydrostatic pressure, i.e. the water height correction wH ′ . On the basis of equation 
(3.3), the latter is included only if the water reaches the opening ( koiw HH ,, > ), and 
therefore: 

 ( )[ ] iwkoiwwii HHHgpP ,,, 0,signmax ′⋅−⋅+′=′ ρ . (3.36) 

The equations (3.35) and (3.36) are then substituted into the equation (3.33), resulting in 
the following pressure-correction equation: 
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The right hand side is equal to the mass balance, equation (3.17), but the sign is the 
opposite. Water height is used to represent hydrostatic pressure, and therefore, the 
underlined terms are set to zero if the compartment is full of water since the time 
derivative of the real physical water height is then zero. 

In practice, it is more appropriate to solve corrections of hydrostatic pressure, instead of 
water height corrections, so that: 

 ( ) ′=′⋅ iwwiww gHHg ρρ , , (3.38) 

especially if compression of air is taken into account and air pressure corrections are 
solved simultaneously. As a result, both corrections are of the same magnitude, which is 
favourable for the numerical solution of the pressure-correction equations. 

3.6.3 Air Pressure Corrections 

The new air pressure is the sum of the initial guess value and the correction: 

 ii
n
i ppp ′+=+ *1 . (3.39) 

Similarly, the volume of air in the compartment can be expressed as: 
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The pressure-correction method is more complicated for compressible flows since the 
density is variable. Therefore, the corrected mass flow of air through the opening k  can 
be expressed as: 
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The term *
,

*
, kaka Qρ  is the uncorrected mass flow *

,kam&  and the underlined term is usually 
neglected since it is of the second order, and therefore, smaller than the other terms, 
Ferziger and Perić (2002). 

Since the density is assumed to depend linearly on the pressure, equation (3.9), the mass 
flow correction in (3.41) can be expressed as: 
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Bernoulli’s equation for incompressible fluid (3.8) is used as an approximation of the 
version for incompressible flow, equation (3.13). The linearization (see Appendix B) 
results in the following equation: 
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Therefore, the following equation for the correction of the volumetric airflow is 
obtained: 

 

( )2**
,

2

0

0
,

**
,

*
,

2

0

0
,

,

kkaka

kkkakakaji

ka

pQ
p

K

ppQQ
p

Kpp
Q

⎟
⎠

⎞
⎜
⎝

⎛′

′⎟
⎠

⎞
⎜
⎝

⎛′−′−′
=′

ρ

ρ

. (3.44) 

Equation (3.39) is substituted into the equation for the time derivative of air pressure. 
The resulting equation and the corrected mass flow (3.41) are then substituted into the 
mass balance of air, equation (3.25). Consequently, the following equation for the sum 
of the mass flow corrections is obtained:  
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Again, the second order terms are considered to be small, and therefore, they can be 
ignored. Consequently, equation (3.45) reduces to: 
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If implicit Euler method (3.24) is used for computation of the time derivative, the 
coefficient 3/2 is replaced by a unity. 
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The sum of the mass flow corrections can also be acquired by applying the equation 
(3.42) for all openings k  that are connected to the room i : 
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The equation (3.44) is then substituted into the equation (3.47), resulting in: 
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The last two terms compensate each other. Furthermore, the following relation, based 
on Boyle’s law (3.9), is utilized in order to simplify the equation: 
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As a result, equation (3.48) can be expressed as: 
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The correction of the volume of air in (3.46) is related to the water height correction due 
to the assumption of constant area of free surface, equation (3.16). Consequently: 

 iwifsia HSV ,,, ′−=′ . (3.51) 

The corrections to the volumetric water flows are already defined in equation (3.35).  
Now the equations (3.46) and (3.50) can be combined, taking into account equations 
(3.35) and (3.51); and the pressure-correction equation for air pressure is obtained: 
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The right hand side of the equation is equal to the mass balance for air (3.25), but the 
sign is the opposite.  

If the room is full of water, the effective pressure in the room consists of hydrostatic 
pressure only. However, for numerical reasons, it is convenient to use a constant 
“artificial air pressure” also for the rooms that are filled up with water. It has proved to 
be practical to avoid discontinuities in the pressures, and therefore, the following 
pressure correction is used for the fully flooded rooms: 

 0=′ip . (3.53) 

3.7 Simplification of the Pressure-Correction Equation 

The air pressure correction equation (3.52) can be simplified by ignoring some minor 
terms. The background for this simplification is the fact that water flow depends on both 
the air pressures and the hydrostatic pressures while airflow depends only on the air 
pressures.  In general, the coupling term through the change of air volume: 
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is significant only if the time derivative of the air pressure is large or if the free surface 
area is very large. Usually, the iteration process provides the correct result even if this 
term is excluded.  
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Furthermore, the terms, involving the water flow *
,kwQ  are practically always smaller 

than the terms with the airflow *
,kam&  since they are proportional to the inverse square of 

the density of water. However, the exclusion of the terms: 
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can cause convergence problems if the area of the opening for airflow is much smaller 
than the opening for water flow, especially if the air pressure is large and the volumetric 
water flow is small. 

As a result of this simplification, the air pressure corrections and water height 
corrections can be solved separately. Similar approach was used in the first version of 
the method (Ruponen, 2006a). Consequently, equation (3.45) can be expressed as: 

 ( ) ∑∑∑ −⎥⎦
⎤

⎢⎣
⎡ ⋅′++⎟

⎠
⎞

⎜
⎝
⎛

Δ
′

+−=′
k

ka
k

kwii
i

iia
k

ka mQpp
t

p
pV

p
m *

,
*

,
***

,
0

0
, 2

3 &&&
ρ

. (3.56) 

This results in a simplified pressure-correction equation: 
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which is independent of the water height corrections. Hence the water height and air 
pressure corrections are only partially coupled. In many cases, this is favourable since 
the solution of the pressure corrections is then much faster because a system of size 

NN ×  is solved twice during each iteration round instead of one solution of a NN 22 ×  
system in the fully coupled version, equations (3.37) and (3.52). If the number of 
flooded rooms is large, this simplification may significantly reduce the computation 
time.  

In most cases, the simplified version can be used since properly applied under-
relaxation will ensure the convergence. In fact, increased diagonal terms act just like 
additional under-relaxation. It has also proven to be practical to apply a small amount of 
under-relaxation by dividing the diagonal terms with a constant factor (e.g. 0.95). 
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3.8 Boundary Conditions 

The sea and the atmosphere, surrounding the damaged ship, is considered as one single 
large ghost cell that is used to set the boundary condition for the calculation of 
progressive flooding inside the ship. The principle is illustrated in Figure 3.5. The 
boundary condition depends on the floating position, and consequently, the sea level 
height from the reference level is: 

 ( )TfH seaw ,,, θφ= . (3.58) 

Therefore, it has to be re-evaluated separately at the beginning of each time step. The air 
pressure in the ghost cell is the atmospheric pressure: 

 0ppsea = . (3.59) 

GHOST CELL

reference level

w,seaH

p
sea

 

Figure 3.5 Definition of the boundary condition with a ghost cell 

It is also practical that some rooms can be modelled as fully ventilated, in which case 
the air pressure is set to be equal to the atmospheric pressure. These rooms can be 
considered as additional boundary conditions. In practice, this is handled by setting the 
correction of air pressure as: 

 0=′ip . (3.60) 

The same approach is used for rooms that are full of water since in that case only the 
total pressure is used for the calculation of the water flows. It is favourable that the air 
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pressure is a continuous function of time, and hence, the air pressure is not taken as zero 
for a filled room. 

3.9 Solving the Pressure-Correction Equations 

The pressure-correction equations (3.37) and (3.52) form a linear system of equations 
that can be presented in a matrix form. Thus, for a ship with n  potentially flooded 
rooms: 
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The coefficient matrix consists of four separate sub-matrices PA , PHA , HPA  and HA .  
Consequently, equation (3.61) can be written as: 
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Due to the simplification, presented in section 3.7, the sub-matrix 0A PH = , resulting in 
two linear systems that can be solved consecutively: 
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Most of the off-diagonal elements in each sub-matrix are equal to zero. Hence the 
matrix is rather sparse. Moreover, due to the equation (3.3), the coefficient matrices can 
be non-symmetrical also in the case of the simplified version. Therefore, numerical 
methods for symmetrical matrices cannot be used. In general, iterative methods are 
considered to be more efficient than direct solution methods since there is no need to 
find a very accurate solution of the pressure-correction equation. However, the solution 
should be close enough in order to ensure convergence and to avoid extra pressure-
correction iterations. The CGSTAB (conjugate gradient stabilized) method, van der 
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Vorst (1992), has been successfully used in the simulations that are presented in this 
thesis in chapters 5 and 6.  

In the simulations with the fully coupled pressure-corrections, the singular value 
decomposition (SVD) method has been used due to the more complex form of the 
coefficient matrix. The major benefit of the simplified pressure-corrections is that the 
coefficient matrix is concentrated on the diagonal. Consequently, the preconditioning is 
very easy. However, when the air pressure and water height corrections are fully 
coupled, the matrix also contains very large off-diagonal terms. In this study, this 
problem was solved by applying an efficient direct solution method instead of using 
more complex preconditioning of the matrix with the iterative solution method.  

3.10 Convergence Criteria 

The pressure-correction iteration is continued until both the mass and momentum 
conservations are satisfied with a sufficient accuracy. That is when the mass balances, 
equations (3.17) and (3.25), are practically zero. Therefore, it is reasonable to set 
suitable criteria for the maximum allowed errors in these equations. 

In many CFD applications the L2-norm is used, and the convergence criterion is of the 
form: 

 criterionm
i

iw ≤Δ= ∑ 2*
,&& *

wmΔ . (3.64) 

However, in the flooding simulations it is essential that the iteration has fully converged 
in all flooded rooms. Therefore, the L∞-norm is considered to be a more suitable one, 
and the convergence criterion is of the form: 
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Furthermore, the applied criterion should depend on the size of the room since the same 
flow rate can have different effects on rooms with different sizes.  

The following criteria have been used in the simulations that are presented in chapters 5 
and 6: 
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where Hδ  is the maximum negligible water height change and pδ  is the maximum 
negligible air pressure change, i.e. the applied convergence criteria. The criteria depend 
also on the applied time step. In practice this means that smaller residuals are required 
when a shorter time step is used. 
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4 Implementation 

4.1 Background 

The theoretical background for the flooding simulation method was presented in the 
previous chapter. In the following, a short description of the implementation is given. 

Furthermore, various approaches for the opening definition are described in section 4.4, 
including the required modifications to the pressure-correction equations in the case of 
openings with high vertical extend. 

4.2 Structure of the Simulation Routine 

The developed flooding simulation method has been implemented into the NAPA 
software. The basic structure of the routine is presented in Figure 4.1. The 
computational grid contains the ship model with all potentially flooded rooms and 
openings, including the parameters, such as discharge coefficients and permeabilities. 
The standard NAPA ship model can be used, but usually a more dense subdivision of 
the compartments is needed. 

As an input, the loading condition before the damage is given along with the following 
parameters of the simulation: 

- time step 

- convergence criteria 

- under-relaxation factor (initial value). 

The sea is assumed to be calm, and therefore, the simulation can be stopped if a final 
equilibrium state is reached. That is when the pressures from the previous time step give 
a converged solution without any iteration. In practice, this means that a stricter 
convergence criterion is needed if the progressive flooding is very slow or if a very 
short time step is used.  
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Figure 4.1 Flow chart of the simulation routine 
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4.3 Calculation of the Floating Position 

It is assumed that the motions of the ship are slow, and hence the inertia of the ship and 
the interaction between the floodwater and the ship are ignored. This means that the 
motions of the damaged ship are calculated with a quasi-stationary approach. The 
applied equations of motion were presented in section 2.3.4.  

The floating position with three degrees of freedom (heel, trim and draft) is calculated at 
the end of each time step on the basis of the solved distribution of floodwater inside the 
ship, and this new floating position is used as an input value for the next time step.  

The floating position is calculated with the standard procedures of the NAPA software.  
In principle, the floating position is iterated so that the forces and moments are in 
equilibrium. As an input, the volumes of water in each flooded room are given. Also the 
intact condition with possible liquid in the tanks is taken into account. 

4.4 Modelling of the Openings 

4.4.1 Tall Openings 

Usually the flow rate through an opening is obtained by integrating equation (2.7) over 
the area of the opening. However, when the pressure-correction technique is applied, as 
described in chapter 3, special attention is needed since the corrections of the pressures 
are solved from the linearization of Bernoulli’s equation. These aspects are discussed in 
detail in the following. 

The simplest way to model a small opening is a point with a given area in a ship-fixed 
co-ordinate system. However, for large openings this is not accurate enough. A more 
realistic, yet simple, representation for an opening with significant vertical height, such 
as an open door, is a straight line with a given area. A similar approach was used in 
Dillingham (1981) for calculating two-dimensional flow over a bulwark and in 
Pawlowski (2003) for an opening with a constant width. However, in practice this 
method requires an additional assumption that the flow velocity is always perpendicular 
to the opening.  

The opening line can be considered as three separate openings since the sections AB, 
BC  and CD  are treated individually, see Figure 4.2.  
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In chapter 3, the pressure-correction equation was derived by applying the linearization 
of Bernoulli’s equation with the assumption that the opening was just a single point. 
The result applies to all openings that are submerged on both sides, independent of the 
size and form of the opening since in that case the flow velocity depends only on the 
water levels. However, the pressure-correction equation for water heights (3.37) needs 
to be modified if an opening with large vertical extent is, at least partially, submerged 
only on one side. The reason for this is that the equation that was derived in section 3.6 
was based on the assumption that the water flow velocity is constant over the area of the 
opening. In the case of large partly submerged openings, this assumption is not valid, as 
can be seen in Figure 4.2. 
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Figure 4.2 Opening line 

The section AB corresponds to an opening point with the same area, since the flow 
through this section depends on the both water heights but not on the vertical location of 
the opening. Consequently, no separate handling is needed. 

The section CD  corresponds to an opening point for airflow, and thus it can be treated 
with the normal procedures, described in section 3.3.3, since the shape of the opening 
has no effect on the computation of airflow. 
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The section BC  must be treated in a different way since the volumetric flow through 
this section must be integrated. This also affects the pressure-correction equation for 
water heights. The details of the applied methods are described below. 

The length of the opening between the points B and C is calculated on the basis of the 
water heights (Figure 4.2), so that: 
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where oL  is the total length of the opening (i.e. the distance between the endpoints of 
the opening, see Figure 4.3). The additional lower indices min  and max  refer to the 
lowest and highest points of the opening line or the lowest and highest water height in 
the rooms that the opening connects. 

The volumetric water flow through the section BC  is obtained by integrating the flow 
velocity u  over the corresponding part of the opening line, so that: 

 ∫ ⋅⋅=
BC

0
. dlubQ BCw , (4.2) 

where b  is the width of the opening. 

Similarly to the section 2.3.2, let us consider a streamline from the point E that is in the 
middle of the flooded room, to the point F that is in the opening between the points B 
and C. The following heights for the points along the streamline are used: 
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where BH  and CH  are the vertical distances of the points B and C from the horizontal 
reference level and l  is the distance from the point B along the opening line and β  is 
the angle between the opening line and the reference level, see Figure 4.3. 

The flow velocity is defined in equation (2.5) and the pressure losses are taken into 
account in the form of a discharge coefficient, equation (2.6). Consequently, the 
following equation for the volumetric water flow through the section BC  is obtained: 
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where 1,dC  is the discharge coefficient for the opening when the jet discharges into air 
and pΔ  is the air pressure difference.  

It is practical to assume that the changes of the water heights are rather small, so that 

Cw,max HH ≈  and Bw,min HH ≈ . Consequently, equation (4.4) can be written as: 
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This can be evaluated analytically: 
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The inclination angle of the opening line (i.e. the angle between the water levels and the 
opening, see Figure 4.3), can be evaluated on the basis of the vertical distance between 
the end points of the opening line ( oHΔ ). Consequently: 
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and therefore: 
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L
HΔ

=βsin . (4.8) 

Equation (4.6) can be presented in a simpler form since the vertical distance between 
the points B and C is: 

 βsinBC ⋅=− BC HH . (4.9) 

Furthermore, it is assumed that the air pressure difference is small when compared to 
the difference of the hydrostatic pressures: 

 ( )BCw HHgp −⋅<<Δ ρ . (4.10) 
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Figure 4.3 The angle between the opening line and the horizontal reference level 

Hence, the volumetric flow, equation (4.6), can be approximated with the following 
equation: 
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The area of the opening between the points B and C is: 
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Therefore, equation (4.11) can be simplified to: 
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The basic form of the rearranged equation for the volumetric flow (4.13) is the same as 
in the equation for the flow through a one-dimensional opening point, equation (2.7), 
multiplied by the coefficient 2/3. This relation is used in the following when the 
pressure-correction equation is derived. 

The equation (4.13) can be presented in the form of a pressure loss, similarly to 
equation (3.8). 
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The mass flow of water through the section BC  is: 

 ( )BCBCdwBCw HHgACm −⋅⋅⋅= 2
3
2

1,, ρ& . (4.14) 

The square of the mass flow, divided by two is: 

 ( )BCBCdwBCwBCw HHgACmm −⋅⋅⋅⋅=
9
4

2
1 22

1,
2

,, ρ&& . (4.15) 

This can be rearranged to: 

 ( )BCwBCwBCw

BCdw

HHgmm
AC

−=⋅
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⋅⋅⋅
⋅ ρ

ρ
,,

22
1,9

4
1

2
1

&& . (4.16) 

Moreover, this can be simplified by applying the dimensional pressure loss coefficient, 
defined in (3.7). Therefore, equation (4.16) can be written as: 

 ( )BCwBCwBCww HHgmmK −=′⋅⋅ ρ,,4
9

2
1

&& . (4.17) 

The basic form of this equation is similar to the pressure loss equation for a one-
dimensional opening (3.8), but the dimensional pressure loss coefficient is multiplied by 
a constant factor of 9/4. Therefore, the same form of the pressure-correction equation 
can be used when this additional coefficient is taken into account. Consequently, the 
pressure-correction equation (3.37) for water heights in the case of a two-dimensional 
opening line can be written as: 
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 (4.18) 

The first term on the left hand side takes the effect of air pressures into account. This is 
independent of the modelling of the opening geometry. The second term applies to the 
water flow discharging into water since the mass flow depends on the both water 
heights. The third term on the left hand side is for the water flow discharging into air 
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since this part of the mass flow only depends on the water height on the maximum 
pressure side. The fourth (underlined) term is taken into account only if the room is not 
filled up with water. In principle, the basic form of the pressure-correction equation is 
exactly the same as in the case of one-dimensional opening points.  

Furthermore, the total volumetric water flow through the opening k  consists of two 
parts: 

 *
,,

*
,,

*
, kBCwkABwkw QQQ += . (4.19) 

In order to ensure convergence, discontinuities should be avoided during the iteration 
process. Therefore, the points B and C are kept constant during the time step.  This 
simplification should not cause significant error if the applied time step is sufficiently 
short. 

The applicability of this implementation was tested by performing comparative 
simulations, where the high openings were modelled with several individual points, as 
shown in Figure 4.4. An example of the comparisons is presented in Figure 4.5. In this 
case, 20 evenly distributed opening points give practically the same result as one 
opening line. The difference is increased as the number of opening points is decreased. 
When the whole opening is submerged (volume of floodwater is larger than 10 m3) the 
modelling of the opening does not have an effect anymore. 

 

 

Figure 4.4 Modelling of a tall opening with several opening points (red dots) 
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Figure 4.5 Comparison between different modelling techniques for a high open 
door that is connected to the damaged room (for clarity, only every 25th time step is 

plotted for the “line”) 

 

4.4.2 Very Large Openings 

If the opening is very large, both in vertical and transverse or longitudinal directions, the 
opening can be modelled with several two-dimensional opening lines. The principle is 
shown in Figure 4.6. In practice, this procedure corresponds to integration in the 
transverse or longitudinal direction with the trapezoidal method. Consequently, there is 
no need to further modify the pressure-correction equations since the whole opening can 
be considered to consist of several high but relatively narrow openings. 
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Figure 4.6 Integration over the area of a very large opening that is modelled with 
several two-dimensional opening lines, marked with the blue lines 
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4.4.3 Collapsing Structures 

The hydrostatic pressure in the flooded compartments may be very significant. The 
closed doors that are subjected to this pressure may start to bend, causing leaking 
through the door and progressive flooding to a new compartment. It is also possible that 
the whole door will eventually collapse under the pressure of the floodwater, in which 
case a transient large scale flooding between the compartments may take place. 
Consequently, all potential openings, including the closed doors, must be included in 
the numerical model of the ship (i.e. in the computational grid).  

The effective area of a door that is initially closed depends on the effective pressure 
head that is acting on the door. The accurate modelling of possible leaking through the 
door and structural failures, such as bending, is practically impossible. A simplified 
approach is presented in Figure 4.7, based on the suggestions given in IMO 
SLF47/INF.6 (2004). The same approach has been used before in similar studies, e.g. in 
van’t Veer et al. (2004).  

The effective pressure head that affects the closed door k  is defined as: 

 
g
PP

H
w

kji
keff ρ

−
=Δ , , (4.20) 

on the basis of the total pressure difference, equation (3.3). 

It is assumed that the door can withstand the pressure of the floodwater until it starts to 
leak, when the effective pressure head is larger than leakH . The leaking is modelled by 
reducing the total area of the opening by multiplying it with the factor: 

 
tot

leak
ratio A

A
A = , (4.21) 

where leakA  is the area of the leaking door and totA  is the total area of the door. The 
possible changes in the discharge coefficient are also included in the effective area ratio. 

If the effective pressure head is larger than collH , the door is assumed to collapse, and 
the area of the formed opening is equal to the area of the door ( totcoll AA = ). Once the 
door has started to leak or it has collapsed, it cannot be closed again, even if the 
pressure head decreases. 
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Figure 4.7 Effective area of an initially closed door as a function of the effective 
pressure head 

 

4.4.4 Pipes 

In addition to openings, the floodwater can proceed to other compartments through 
pipes and ducts. Therefore, the simulation method has to be able to deal with these 
structures as well. 

The simplest way to model a pipe is a straight line with two co-ordinate points that 
represent the inlet and outlet of the pipe. Thus the possible goose necks, etc. are 
ignored. Furthermore, all siphon effects are completely excluded. The effective area of 
the pipe is considered to be constant and the pressure losses are taken into account in a 
similar way as in the case of openings by applying a discharge coefficient, equation 
(2.6).  

For simplicity, airflow through the pipe is considered to be impossible if at least one end 
of the pipe is submerged. For the calculation of water flow through a pipe, the highest 
end of the pipe is used as the reference height for the connection. An illustration of the 
pipe definition is given in Figure 4.8. Due to the simplification in the modelling, water 
will start to flow through the pipe already at time 2t  when in reality this takes place 
when the highest point of the whole pipe is submerged at time 3t .  
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Figure 4.8  Definition for a pipe with a straight line; water will start to flow 
through the pipe at time t2 in the simulation, while in reality this takes place  

only at time t3 

 

4.5 Modelling of Rooms 

The simulation method is based on the assumption that the area of free surface remains 
constant during the pressure-correction iteration (see section 3.4.2). This can cause 
significant error, and even numerical problems with the solution of the pressure-
correction equation, if there is a large discontinuity in the area as a function of water 
height. An example of a problematic room is given in Figure 4.9, along with the free 
surface area as a function of water height with the given angular position.  

The rooms can be divided into two categories. A room is concave if it does not contain 
all the line segments connecting any pair of its points. If the room does contain all the 
line segments, it is called convex. 

Concave rooms can also cause further inaccuracy since two separate air pockets can be 
formed in one room. Consequently, there can also be two different water heights. The 
simulation method cannot deal with this properly. This kind of problem can be avoided 
by modelling the compartment with several smaller convex rooms that are connected 
through openings. An example of this is shown in Figure 4.10. Therefore, all potentially 
flooded rooms should be, at least nearly, convex, especially in the vertical direction and 
particularly if air compression is taken into account. 
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Figure 4.9 Example of a concave room and the area of free surface Sfs as a function 
of the water height h in the room; when at φ = 0 there is a discontinuity 
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Figure 4.10 Improper modelling of a concave room (left) and proper modelling 
with three convex rooms and two openings (right) 
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5 Validation 

5.1 Model Tests 

Dedicated model tests for progressive flooding of a box-shaped barge (Figure 5.1) were 
performed in the towing tank of TKK Ship Laboratory in January 2006. A detailed 
description of the model test setup and the measurements is given in Ruponen (2006b).  

The model was constructed of three separate blocks that were connected to each other 
with the support structures. The plexiglass mid-section contains eight rooms in two 
compartments. The rooms are connected through internal openings that are open 
throughout the whole flooding process. The WT-door in the transverse bulkhead on the 
upper deck can be closed with a tight plate. 

The arrangement of the compartments is shown in Figure 5.2 and the identifications are 
presented in Figure 5.3. The main dimensions and the initial condition for all tests are 
listed in Table 5.1. 

The floating position and the water levels in all flooded compartments were measured 
throughout the flooding process. Furthermore, the pressure in the air pocket in the 
double bottom was recorded. 

 

 

Figure 5.1 The model of the box-shaped barge 
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Figure 5.2 General arrangement plan and some dimensions (in mm) of the model; 
the hatched areas show the flooded compartments. 
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Figure 5.3 Identification of the flooded compartments 

 

Table 5.1 Main dimensions and initial condition 

Length over all: 4.000 m 
Breadth: 0.800 m 
Height (excluding the “backbone” structure): 0.800 m 
Draft: 0.500 m 
Block coefficient: 0.906 
Volume of buoyancy: 1.450 m3 
Initial heel: 0.0° 
Initial trim: 0.0° 
Vertical center of gravity (intact): 0.278 m 
Initial metacentric height: 0.110 m 

 

5.2 Simulations 

5.2.1 Motivation 

The first results of the validation of the simulation method have been briefly presented 
in Ruponen et al. (2006). Since then, new simulations have been performed with a more 
realistic modelling of the openings with large vertical extent. Also the pressure losses in 
the air pipes have now been taken into account. 
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5.2.2 Numerical Model of the Barge 

A detailed numerical model of the barge was created with the NAPA software in the 
model scale. The thickness of the plexiglass decks and bulkheads (10 mm) was taken 
into account but the instrumentation was ignored, so that the permeability in all 
modelled rooms could be taken as unity. 

The double bottom (rooms DB1 and DB2) and the side compartments (R21P and R21S) 
are modelled to have a restricted level of ventilation, so that ventilation is only possible 
through the modelled openings and pipes. All other rooms are modelled to be fully 
ventilated so that the air pressure remains equal to the atmospheric pressure throughout 
the flooding. In the case of the rooms R11 and R21 this is considered to be realistic 
since the openings on top of these rooms are large (100 mm × 100 mm). Furthermore, 
the rooms on the upper deck (R12 and R22) are connected to the atmosphere through 
large ventilation holes. 

The openings with large vertical extent (R21-R21S, R21-R21P and R12-R22) are 
modelled as lines with a constant width, whilst all other openings are considered as 
single points with the given area. In the first simulations, Ruponen et al. (2006), all 
openings were modelled with points. For the openings in vertical direction, several 
evenly distributed points were used to represent one opening. The new approach is 
considered to be slightly more realistic. 

The applied discharge coefficients were obtained experimentally by draining water 
through each opening (Ruponen, 2006b). These coefficients are listed in , and they are 
assumed to be independent of the flow condition and the Reynolds number. 
Consequently, the same coefficient was used also when the jet discharged into water, 
thus disregarding the increased pressure-losses. 

Also the ventilation pipes in the side compartments R21P and R21S were modelled. In 
the first simulations (Ruponen et al., 2006) the pressure losses in the air pipes were 
disregarded. In the new simulations, these are estimated by using the Darcy formula, 
e.g. Walshaw and Jobson (1979): 

 22

2
1

2
1 u

D
Lukp L ρλρ ==Δ , (5.1) 

resulting in the following pressure loss coefficient: 
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D
LkL λ= , (5.2) 

where L  is the length and D  is the diameter of the pipe. The coefficient λ  takes the 
surface roughness into account. The following equation is applied (Blevins, 1984): 

 14.1log21
10 +⎟

⎠
⎞

⎜
⎝
⎛⋅=
ελ
D , (5.3)  

where ε  is the particular size of grains. It is further assumed that the coefficient λ  is 
independent of the Reynolds number. The discharge coefficient for airflow in the pipe is 
obtained by substituting (5.2) into equation (2.6), resulting in: 

 

D
Lk

C
L

aird λ
+

=
+

=
1

1
1

1
, . (5.4) 

 

Table 5.2 Applied discharge coefficients for the openings (Ruponen, 2006b) 

Connection Size dC  

SEA-DB1 60 mm × 40 mm  0.78 
SEA-DB2 25 mm × 25 mm  0.83 
SEA-R21S 60 mm × 40 mm  0.78 
DB1-DB2 Circular hole, D = 20 mm  0.80 
DB2-R21 60 mm × 40 mm  0.78 
R21-R21S 20 mm × 200 mm  0.75 
R21-R21P 20 mm × 200 mm  0.75 
R21-R11 D = 20 mm  0.80 
R21-R22 100 mm × 100 mm  0.72 
R11-R12 100 mm × 100 mm  0.72 
R12-R22 80 mm × 200 mm  0.72* 
R21S-ATM Ventilation pipe, D = 7 mm  0.67** 
R21P-ATM Ventilation pipe, D = 7 mm  0.67** 
* 
** 

Assumed to be equal to the dC for the opening R11-R12 
Calculated with the Darcy formula 
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The length of each pipe is approximately 400 mm and the inner diameter is 7 mm. The 
surface of a plastic pipe is very smooth, and thus the value for the particular size of 
grains is approximately 01.0=ε  mm (Blevins, 1984). As a result, the discharge 
coefficient for the airflow in the pipe is 0.67. It can be concluded that the pressure losses 
in the air pipes are notable but not very significant. 

5.2.3 Simulation Parameters 

All simulations were performed with a constant time step of 0.05 s. This was selected so 
that it had no notable effect on the results. An initial under-relaxation coefficient 

5.0=α  was used. More under-relaxation ( 1.0=α ) was applied near the equilibrium, 
where the time derivatives of the pressures were very small. This ensured convergence 
in all cases, even though the computation times were slightly increased due to the larger 
number of iteration rounds for the last time steps before the final equilibrium condition 
was reached. 

The applied convergence criterion corresponds to a water height difference of 0.01 mm. 
It was tested that a stricter criterion did not cause any notable difference in the results. 

The calculated water heights are converted to a ship-fixed co-ordinate system so that a 
direct comparison with the measurement data is possible.  

The simulations were performed with the simplified approach, where the air pressure 
corrections were solved first, using the equation (3.57), and the results were used in the 
solution of the water height corrections, using the equation (3.37). For comparison, 
some simulations were also performed by applying the fully coupled pressure-
corrections, equations (3.37) and (3.52). 

5.3 Results 

5.3.1 Validation Case A – Side Damage 

The damage opening (60 mm × 40 mm) is located in the side of the room R21S and the 
opening to the double bottom is closed (Test06 in Ruponen, 2006b). The progress of the 
floodwater is presented in Figure 5.4. The damage opening is in line with the internal 
openings to the side compartments. Hence water flows partly straight from the sea to the 
room R21, and the flooding phases 1 and 2, as denoted in Figure 5.4, take place partly at 
the same time. This is clearly visible in the video captures, presented in Figure 5.5. 
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The results are presented in Figure 5.6 – Figure 5.10. Due to the high initial stability of 
the model and the almost symmetrical flooding in transverse direction, the heeling angle 
was very small throughout the whole flooding process and hence it is not included. 
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Figure 5.4 Progress phases of the flooding in the validation case A 

 

 

 

Figure 5.5 Video captures from the start of the flooding in the case A 
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Figure 5.6 Case A – calculated and measured trim angle 
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Figure 5.7 Case A – calculated and measured heave motion 
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Figure 5.8 Case A – calculated and measured water heights in the rooms  
R21P and R21S 
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Figure 5.9 Case A – calculated and measured water heights on the lower deck in 
the rooms R11 and R21 
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Figure 5.10 Case A – calculated and measured water heights on the upper deck in 
the rooms R12 and R22 

 

Both the trim angle (Figure 5.6) and the heave motion (Figure 5.7) are predicted very 
accurately by the simulation tool.  

The water height in the damaged room R21S is over-estimated in the start of the 
flooding (Figure 5.8) since the water jet through the damage hole allowed direct 
flooding of the rooms R21 and R21P directly from the sea. Consequently, the water 
height in R21P is under-estimated by the simulation. After about 20 s (phases 1 – 3 in 
Figure 5.4) the jet from the sea is submerged and it becomes less significant. As a result, 
the correlation between the measured and calculated water heights is much better. The 
water levels in the rooms that are subjected to pure progressive flooding (R11, R12 and 
R22) are predicted very accurately, Figure 5.9 and Figure 5.10. 

Compression of air is takes place in the side compartments R21S and R21P when the 
water level reaches the opening to R21, and air can escape only through the small 
ventilation pipes. This can be seen as the sudden deceleration in the rise of the water 
levels, Figure 5.8. Qualitatively, the simulation predicts this phenomenon properly. 
Unfortunately, air pressures in these rooms were not measured. The maximum 
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calculated over pressure in the air pocket is about 200 Pa, which is small when 
compared to the air pressures in the double bottom during the other validation cases. 

On average, 42 iteration rounds per time step were needed. Some examples of the 
convergence are presented in Figure 5.11. At s45.0=t  flooding from R21S to R21 
starts. The iteration converges steadily but a little slower than on average. At s65.12=t  
the flooding to R11 starts, causing a minor delay in the convergence of air pressures. At 

s00.31=t  the side rooms R21P and R21S are filled up. This causes temporary 
convergence problems, and the iteration is practically started again for the hydrostatic 
pressures after the volumes of air have vanished. 
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Figure 5.11 Examples of convergence in the validation case A  
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5.3.2 Validation Case B – Bottom Damage and Down-Flooding 

The damage hole (60 mm × 40 mm) is located in the bottom of the room DB1 (Test03 
in Ruponen, 2006b). Consequently, the forward compartment is flooded much faster 
than the aft compartment. On the upper deck there is an open door. As a result, there is a 
phase of down-flooding from the upper deck (R12) to the lower deck (R11) in the aft 
compartment. The opening in the deck is so large (100 mm × 100 mm) that basically all 
water that is flooded through the open door is drained down. When the room R11 is 
filled up, the flow direction in this opening is reversed to up-flooding. The phases of the 
flooding process are presented in Figure 5.12.  

The results are presented in Figure 5.13 – Figure 5.19. Due to the symmetrical flooding 
in transverse direction and the large initial stability of the model, both the measured and 
the calculated heeling angles were zero throughout the flooding, and hence they are not 
shown.  
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Figure 5.12 Progress phases of the flooding in the validation case B, the flow 
direction in the opening between R12 and R11 is changed during the flooding 
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Figure 5.13 Case B – calculated and measured trim angle 
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Figure 5.14 Case B – calculated and measured heave motion 
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Figure 5.15 Case B – calculated and measured over pressure of the air pocket in 
the room DB1 
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Figure 5.16 Case B – calculated and measured water heights in the double bottom 
rooms DB1 and DB2 
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Figure 5.17 Case B – calculated and measured water heights on the lower deck in 
the rooms R11 and R21 
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Figure 5.18 Case B – calculated and measured water heights in the rooms  
R21P and R21S 
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Figure 5.19 Case B – calculated and measured water heights on the upper deck in 
the rooms R12 and R22 

 

In the double bottom room DB1, there is a significant difference between the measured 
and calculated water heights, Figure 5.16. This results from the fact that the numerical 
simulation tool cannot handle the situation, where air escapes in bubbles from an air 
pocket through the flooding opening. Some video captures of the bubble flow are shown 
in Figure 5.20. Instead, the calculated air pressure in the air pocket rises so much that it 
prevents further flooding of this room. The phenomenon is discussed in section 2.3.3. 
Consequently, the calculated volume of the air pocket is much larger than it actually 
was in the experiment. Correspondingly, the calculated air pressure is higher than that 
measured, Figure 5.15. Also, the calculated trim angle and heave motions of the barge 
are slightly under-estimated since the volume of flooded water is smaller than in reality, 
see Figure 5.13 and Figure 5.14. 

Qualitatively, the calculated air pressure in DB1 corresponds well with the 
measurements (Figure 5.15) and even the sudden pressure increase at s150=t  (when 
the room R21 is filled up) is predicted properly.  

The calculated water heights on the lower deck correspond very well with the 
measurements (Figure 5.17 and Figure 5.18). 
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Figure 5.20 Video captures from an in-model camera showing the air bubble flow 
(pointed by the red arrows) from the double bottom; the period between the 

captures is 0.08 s; the dark area (pointed by the yellow arrows) is a thin air pocket 
on top of the double bottom 

 

The calculation of down-flooding from R12 to R11 did not produce any problems. 
During this phase, the water height in R12 remains minimal (Figure 5.19), which is 
rather realistic. The measured water height is larger, but this difference is likely caused, 
at least partially, by the exclusion of surface tension. 

About 200 iteration rounds were needed per time step. Due to the very slow rise of the 
water level in room DB1, more under-relaxation was applied after this room was 
flooded. Consequently, a factor 1.0=α  was used for most of the steps. This ensured the 
convergence but also slowed it down. In fact, about five times more iteration rounds 
were needed than in the case A. When all rooms were modelled to be fully vented, only 
77 iteration rounds per time step were needed on average. 
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Figure 5.21 Examples of the convergence in the validation case B 

 

Some examples of the convergence are presented in Figure 5.21. At s45.22=t  up-
flooding from the damaged room DB2 to R21 starts, at s40.78=t  the openings to 
R21P and R21S become fully submerged and at s00.240=t  there is down-flooding 
from R12 to R11. In all of these steps the applied under-relaxation factor was 1.0=α  
and hence the convergence is rather slow, yet the residuals decrease steadily, except for 
the air at 45.22=t s. In the early phases of the flooding, the residuals for water drop 
several decades, while later the decrease is much slower.  

5.3.3 Validation Case C – Slow Progressive Flooding 

The damage opening (60 mm × 40 mm) is located in the bottom of the aft compartment 
(DB1) and the watertight (WT) door on the upper deck is closed (Test05 in Ruponen, 
2006b). Water proceeds from the damaged room to the forward compartment (DB2) 
through a small opening (diameter 20 mm) and further up to the lower deck (R21). The 
chain of flooded compartments is relatively long (five rooms). The phases of the 
flooding process are presented in Figure 5.22. The time-to-flood is long since the 
floodwater must flow through several openings in order to reach all flooded rooms. 
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The results are presented in Figure 5.23 – Figure 5.29. Due to the symmetrical flooding 
in transverse direction and the large initial stability of the model, both measured and 
calculated heeling angles were zero throughout the flooding, and hence they are not 
included.  
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Figure 5.22 Progress phases of the flooding in the validation case C 
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Figure 5.23 Case C – calculated and measured trim angle 
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Figure 5.24 Case C – calculated and measured heave motion 
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Figure 5.25 Case C – calculated and measured over pressure of the air pocket in 
the room DB1 
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Figure 5.26 Case C – calculated and measured water heights in the double bottom 
rooms DB1 and DB2; the smaller figure shows a detail from the start of  

the flooding 
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Figure 5.27 Case C – calculated and measured water heights on the lower deck in 
the rooms R11 and R21 
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Figure 5.28 Case C – calculated and measured water heights in the rooms  
R21P and R21S 
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Figure 5.29 Case C – calculated and measured water heights on the upper deck in 
the rooms R12 and R22 
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The calculated floating position corresponds very well with the measurements 
throughout the flooding process (Figure 5.23 and Figure 5.24). In general, very good 
results were obtained for the water heights as well. However, the water height in the 
damaged room DB1 is under-estimated by 8 mm. The difference originates from the 
start of the flooding, where high waves due to the very fast flooding are formed, see 
Figure 5.26. These waves allow more air to escape to DB2 than predicted by the 
simulation method, which is based on the assumption of flat water surfaces. 
Correspondingly, the air pressure in the damaged room is slightly over-estimated by the 
simulation (Figure 5.25). 

The calculated water heights on the lower deck correspond well with the measurements 
(Figure 5.27 and Figure 5.28). However, the difference between the measured and 
calculated results increases slightly towards the end of the flooding in these rooms. This 
may be caused, at least partially, by the under-estimation of the pressure losses in the 
openings when the jet discharges into water since the applied values were obtained from 
tests, where the jet discharged into air. The water heights on the upper deck are 
estimated well (Figure 5.29); only the flooding is predicted to start about 40 s too early 
due to the slightly over-estimated flooding of the lower deck. 

On average, 40 iteration rounds were needed per time step. On a few occasions the 
iteration did not converge properly, in which case the iteration was restarted with more 
under-relaxation. This procedure ensured convergence in all time steps. An example of 
this is given in Figure 5.30. These kinds of convergence problems were observed 
mainly near the final equilibrium condition, where the time derivatives of the pressures 
were very small. 

Significantly less iteration rounds were needed (27 on average) when all rooms were 
modelled as fully vented. 
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Figure 5.30 Example of a situation, where more under-relaxation is needed in 
order to achieve convergence (t = 784.65 s, i.e. near the equilibrium) 

 

5.4 Conclusions from the Validation 

The correspondence between measured and calculated floating position is generally 
very good. The small differences in the test case B are explained by the fact that the 
mathematical model could not take into account the escape of air from the double 
bottom compartment DB1 in a bubble flow through the rooms DB1 and R21. Excellent 
correlation between measured and calculated results is found in the cases A and C, 
where practically all the assumptions of the simulation method are valid and there was 
no notable bubbling of air during the experiment. 

The calculated water heights correspond well to the measurements. Only in the 
beginning of test A, the results are only moderate due to the fact that the jet flew straight 
from the damage opening to undamaged rooms. Also the pressure in the air pocket in 
DB1 was estimated well with the simulation method and the qualitative correspondence 
is excellent. 

In general, the pressure-correction iterations converged properly and relatively fast. 
However, in some cases more under-relaxation was needed in order to avoid diverence. 
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Furthermore, for some time steps, up to a thousand iteration rounds were needed, 
although there was no sign of actual convergence problems. In principle, more under-
relaxation means slower convergence, and hence small values of α  should not be used 
unless it is necessary in order to avoid divergence.  

Case B required many more iterations per time step than the cases A and C. This was 
mainly caused by the large air pocket in the double bottom room DB1, preventing 
flooding from DB2. Also the down-flooding phase could have affected the convergence. 
However, when the convergence is compared to the simulation of the same case with 
fully vented rooms, the increase in the average number of iteration rounds is much 
larger in the case B than in the case C. This implies that the air pocket in DB1 causes 
the slow convergence. 

In the presented simulations, the tall openings (R21-R21P, R21-R21S and R12-R22) 
were modelled as lines with a constant width. For these openings this technique should 
provide more accurate results than the first simulations (Ruponen et al., 2006), where 
these openings were modelled with 8 evenly distributed points. An example of the 
comparison for the water heights in the side rooms (R21P and R21S) in the validation 
case A is shown in Figure 5.31. The applied modelling technique for the openings has 
only a small effect on the result. However, neither technique results in good correlation 
with the measurements since the jet from the damage opening discharges partly to other 
rooms as well, as described in section 5.3.1. For other rooms, especially in the cases 
with slower flooding (i.e. cases B and C), the difference between the calculated results 
is much smaller. However, it is believed that the line opening should usually be more 
realistic than several opening points, besides it is easier to model in the grid generation. 

In order to study the effects of the applied pressure correction equation for air pressures, 
some simulations were also performed by using the fully coupled pressure corrections. 
The applied pressure-correction equations do not affect the results of the simulation 
when the same time step and convergence criteria are applied.  

The full coupling between the air pressure corrections and water height corrections 
allowed a slightly longer time step and the need for under-relaxation was reduced. 
However, the full coupling also slightly increased the number of iteration rounds and 
the solution of the pressure corrections was slower since the corrections could not be 
solved in two separate phases. For example, the calculation time was about 30 % shorter 
with the case C when the simplified version of the pressure-correction equation was 
used. 
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Figure 5.31 Effect of the modelling technique for the high openings (water heights 
in the side rooms in the validation case A) 
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6 Case Studies 

6.1 General 

6.1.1 Motivation 

In addition to the validation of the developed method, also some case studies have been 
performed in order to check the capability to deal with realistic ship geometry and 
damage cases. The first case study, concerning the flooding of crew cabin and store 
compartments of a large passenger ship, was presented in Ruponen et al. (2006). This 
study showed that the results depend on the applied modelling accuracy. Consequently, 
the applied detail level for modelling was selected on the basis of the results from this 
previous study. 

This case study aimed at testing of the developed simulation method with realistic ship 
geometry and with an arrangement containing a large number of rooms and openings. 
The intention was not to investigate the survivability of the studied ship. Therefore, the 
damage scenarios for progressive flooding may not be very realistic as they were 
selected so that the flooding of the ship would be very complex and involve many 
different phenomena that might prove to be problematic to solve. 

6.1.2 Details of the Passenger Ship 

The studied ship is a modified version of a real passenger ship design. The side profile 
of the ship is presented in Figure 6.1. The length of the ship is 193 m and the gross 
tonnage (GT) is approximately 40 000.  

 

 

Figure 6.1 Profile of the studied passenger ship 
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All presented simulations were performed using an intact condition, where the draft is 
6.0 m and the metacentric height is 2.38 m. All tanks are considered to be either full or 
empty so that there is no moving liquid load. 

6.2 Cross-Flooding 

Time-domain simulation tools have been used for cross-flooding calculation ever since 
the first codes were developed. Vredeveldt and Journée (1991) have validated their 
method with model tests for cross-flooding in a box-shaped ship. Later Mustonen 
(1998), Xia et al. (1999), Palazzi and de Kat (2002) and Peters et al. (2003) have 
presented similar studies for the effectiveness of various cross-flooding arrangements. 
All of these studies, except Peters et al. (2003), considered also the effects of air 
compression. 

In this study, the applicability of the developed simulation method for the estimation of 
the cross-flooding time is tested. This is a typical design case, where time-domain 
simulation of flooding can be used to provide new insights and to define the sufficient 
area for the tank air pipes. 

The side tanks of a U-shaped void are connected through a single cross-flooding 
opening with an area of 2.0 m2. Both the damaged and the equalizing side tank are 
equipped with an air pipe. The inlet of the pipes is in the top of the tank and the outlet is 
in the atmosphere, high above the bulkhead deck. The cross-sectional area of the air 
pipe is 0.2 m2, i.e. 10 % of the area of the cross-flooding opening. The modelled 
connections are shown in the cross-section of the damage compartment in Figure 6.2. 
The net volume of each side of the U-void is 417.5 m3. A constant discharge coefficient 

6.0=dC  was applied for both the openings and the air pipes.  

Two different scenarios were investigated. First, also the damage opening, with an area 
of 5.0 m2, was modelled 2.0 m below the intact water line; and the simulation was 
started with the creation of the damage. In the second approach, the damaged tank was 
flooded instantly before the equalizing flooding through the cross-flooding opening 
started. The same approach is used in the IMO Resolution A.266 (VIII). In practice, this 
was done by considering the damaged part of the void as lost buoyancy. 

Both cases were also tested with the area of the air pipes halved and with the 
assumption of full ventilation in the tanks. 
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Figure 6.2 Cross-section of the rooms and openings in the cross-flooding case 

 

Simulations were performed with a constant time step of 0.2 s and the applied 
convergence criterion corresponds to a water height difference of 0.1 mm. A stricter 
criterion or a shorter time step did not have any notable effect on the results. On 
average, 11 pressure-correction iterations were needed per time step. The ventilation 
level (i.e. the air pipe diameter) and the modelling of the damage did not affect the 
convergence. Examples of the convergence at three time steps in the case, where the 
damage opening was modelled and the air pipe size was reduced by 50 %, are shown in 
Figure 6.3. The iteration converges smoothly and rather fast even though the applied 
under-relaxation factor is 0.5. The residuals decrease about three decades. This decrease 
is smaller near the equilibrium condition since the time derivatives of the pressures are 
then smaller. Consequently, the initial guess values for the iteration from the previous 
time step are much closer to the solution. 
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Figure 6.3 Examples of the convergence for water (left) and air (right) on three 
different time steps: t = 0.2 s (phase 001), t = 10.0 s (phase 050) and  

t = 72.4 s (phase 362) 

 

The case was also calculated according to the IMO Resolution A.266 (VIII), which is 
based on the equations derived in Solda (1961), assuming that no air compression takes 
place. The applied pressure losses were selected so that the discharge coefficient, 
equation (2.6), is 0.6 as used in the simulations. Therefore, ∑ ≈ 78.1Lk  is used. This 
corresponds well to the proposed revision of the Resolution A.266, IMO SLF 50/10 
(2007), where 8.2=k  is suggested for a single orifice, and the unity in the formula for 
the flow reduction coefficient, equivalent to equation (2.6), is omitted. The procedure in 
the NAPA software was used for the calculation; resulting in an equalizing time of 52 s. 
this is in good correlation with the simulation results when the air pipes are large (10 % 
of the cross-flooding opening) or when full ventilation is assumed. 

The results of the simulations are presented in Figure 6.4 and Figure 6.5. During the 
first 4 seconds, the flooding is independent of the air pipe size. After that period, air in 
the damaged side is compressed so much that it delays the flooding, and consequently, 
decreases the maximum heeling angle, when compared to the fully vented case. If the 
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damaged room is considered to be flooded immediately, as in the Resolution A.266, the 
decrease of the air pipe size only delays the equalization.  

The roll motion is very slow in both damage scenarios. Therefore, it is believed that the 
quasi-stationary approach is a reasonably good approximation in this particular case.  
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Figure 6.4 Calculated heel angle during the cross-flooding with two different 
approaches: simulation is started from the creation of the damage opening (above) 

and from the instantly flooded damaged room (below) 
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Figure 6.5 Calculated volumes of water during the cross-flooding with two 
different approaches: simulation is started from the creation of the damage 

opening (above) and from the instantly flooded damaged room (below); the thin 
lines represent the damaged room and the thick lines represent the  

equalizing room 

 

6.3 Progressive Flooding 

6.3.1 Damage Case 

The studied case is an extensive damage in the starboard side of the ship, for example 
due to a grounding to a reef, see Figure 6.6. Four watertight compartments are flooded 
and the damage length is 30.8 m, which is far beyond the so-called SOLAS damage, 
where the damage length ( m129.803.0m3 =⋅+ ppL ) is calculated on the basis of the 
ship’s length between perpendiculars ppL .  
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Figure 6.6 Modelled damage openings (red)  

 

Table 6.1 Details of the damage openings 

WT-comp. Deck Height from BL Area Modelling type 

9 DB 1.0 m 0.5 m2 Line 

10 DB 1.0 m 0.5 m2 Line 

11 DB 1.0 m 0.5 m2 Point 

12 DB 1.0 m 0.5 m2 Point 

9 Deck 1 4.0 m 0.2 m2 Point 

11 Deck 1 4.0 m 5.0 m2 Point 

12 Deck 1 4.0 m 2.5 m2 Point 

 

 

The damage consists of several holes that are presented in detail in Figure 6.6 and Table 
6.1. Two damage holes in the double bottom are modelled as narrow horizontal lines 
while the others are modelled as single points with given areas. A constant discharge 
coefficient 6.0=dC  is applied for all damage openings. 
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6.3.2 Modelling of the Flooded Compartments 

The detailed model for the flooding simulation includes the potentially flooded rooms 
and openings below the bulkhead deck (deck 3) in the four damaged WT-compartments 
(identified with numbers 9 – 12).  

The feasible modelling of cabin areas has been discussed in IMO SLF47/INF.6 (2004) 
and van’t Veer et al. (2004). Vartiainen (2006) has also compared various modelling 
techniques. In general, it seems to be justified to group several small rooms, such as 
crew cabins, into larger objects. Furthermore, it is not necessary to model all doors 
separately so that the total area of the modelled openings corresponds to the sum of the 
door areas in the group of cabins. This simplification is valid only when both heel and 
trim angles are small. However, especially heel angle may be significant during the 
flooding. Therefore, two openings are modelled in transverse direction; one at each end 
of the grouped room. The modelling principle is presented in Figure 6.7; the version L3 
is used for the simulation. 

The number of cabins in one compartment of the studied ship is rather small, and hence 
only up to seven cabins have been grouped together. In general, this corresponds to the 
highest detail level that was tested in the first case study, presented in Ruponen et al. 
(2006). Consequently, it can be considered that there is no need to study the effects of 
the modelling accuracy since the applied model of the ship is already considered to be 
as accurate as possible with feasible modelling work. The total number of flooded 
rooms in the model is 67 and the number of modelled connections, including the 
damage holes, is 81.  

The corridors in the cabin areas are modelled as several separate rooms that are 
connected by openings. This approach is similar to the modelling technique for 
asymmetric flooding of symmetrical compartments, for example engine rooms, 
presented in Santos et al. (2002). The connecting openings have the same area as the 
cross-section of the transverse corridor.  

The original general arrangement and the computational grid with all modelled 
openings for the flooded compartments are presented in Figure 6.8, Figure 6.9 and 
Figure 6.10 for deck 2, deck 1 and double bottom, respectively. The opening types are 
presented with colour codes and the hatched areas mark the rooms that are not flooded. 
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Figure 6.7 Simplified modelling of a group of cabins 

The voids in the double bottom (Figure 6.10) are considered to be equipped with 
sufficient ventilation pipes. Therefore, on the basis of the cross-flooding study (section 
6.2), it is assumed that the compression of air does not have a major effect on the 
flooding since the damage openings to the voids are small. Consequently, all modelled 
rooms are considered to be fully vented. 

The floodwater can progress up to deck 2 through the staircases, escape trunks and in 
the most forward compartment (no. 12), also through the service lift shaft and the dirty 
linen canal. The openings in the decks are modelled as single points with the given area. 
The portholes of the crew cabins on the deck 2 are considered to be watertight, and thus 
they are excluded from the model. 

The aim of this case study is to test the applicability of the developed simulation 
method, not to assess the survivability of the ship. Therefore, contrary to the regulations 
and good seamanship, two watertight (WT) doors on the deck 2 are considered to be 
open throughout the flooding process. These openings allow progress of the floodwater 
also to the undamaged spaces on deck 2 in the compartments 9 and 11. The damage 
opening on deck 1 in the WT-compartment 9 is small when compared to the damage in 
the compartment 11. Therefore deck 2 is flooded faster and there is a phase of slow 
down-flooding from deck 2 to deck 1 through an escape trunk in compartment 9. The 
assumption of two open WT-doors thus results in a very complex flooding scenario that 
is considered to be very suitable for testing the developed simulation method. 
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Figure 6.8 General arrangement of the damaged compartments on the deck 2 
(above) and the corresponding part of the computational grid for flooding 

simulations (below) 
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Figure 6.9 General arrangement of the damaged compartments on the deck 1 
(above) and the corresponding part of the computational grid for flooding 

simulations (below) 
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Figure 6.10 General arrangement of the damaged compartments in the double 
bottom (above) and the corresponding part of the computational grid for flooding 

simulations (below) 
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6.3.3 Applied Parameters 

The applied permeabilities are listed in Table 6.2. The values were selected on the basis 
of SOLAS II-2, Regulation 7-3. 

 

Table 6.2 Applied permeabilities 

Room type: Permeability: 
AC compressor room 0.85 
cabins 0.95 
cabin corridors 0.95 
laundry 0.95 
linen store 0.60 
locker 0.60 
staircase / lift trunk 0.95 
store 0.60 
void 0.95 

 

A constant discharge coefficient 6.0=dC  is used for all openings in the case of water 
flow. This is the value that was suggested in Vassalos et al. (1997) on the basis of 
model test experiments, and it has been widely used in flooding simulations, e.g. van’t 
Veer (2004). However, also other values have been used. Santos et al. (2002) used 0.6 
only for the damage opening and 0.4 for all internal openings in the flooding simulation 
of the “European Gateway” accident. 

All doors are considered to be closed when the flooding starts, except for the two open 
WT-doors on deck 2. The critical pressure heads and leaking area ratios, suggested in 
IMO SLF47/INF.6 (2004) are used for A-class fire doors and B-class joiner doors. The 
values are listed in Table 6.3. The same values were also used in the MARIN study for 
the time-to-flood analysis of a large passenger ship, van’t Veer et al. (2004) and van’t 
Veer (2004). It is important to recognize that these values are mainly estimations and 
they are not based on systematic full scale tests. However, at the moment there is no 
better knowledge available on this subject. 

The closed watertight doors are considered to be tight, not leaking at all, under any 
circumstances. 
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Table 6.3 Critical pressure heads for doors and area ratios for leaking doors,  
IMO SLF47/INF.6 (2004) 

Door type: leakH  [m] collH  [m] collleak AA  

B-class joiner door 0.0 1.5 0.2 
A-class fire door 0.0 2.0 0.1 

 

6.3.4 Simulations 

The simulation was performed with a constant time step of 1.0 s. The applied 
convergence criterion corresponds to a water height difference of 0.05 mm. A shorter 
time step or a tighter criterion did not cause notable difference in the results. The initial 
under-relaxation factor was 0.8 and more under-relaxation was applied when the time 
derivatives of the water heights were very small, i.e. especially near the final 
equilibrium condition. 

6.3.5 Results 

The calculated time histories for total volume of floodwater, heel, trim and mean draft 
are presented in Figure 6.11 – Figure 6.14, respectively. In the beginning, the phase of 
fast transient flooding takes about 90 s. During this phase the damaged rooms are 
flooded rapidly, causing a small transient heel. Thereafter, the flooding is significantly 
slowed down since most of the damaged rooms are filled up with water. The total time-
to-flood is 42 minutes. 

The maximum heel angle is about 2.5° and it is reached 24 s after the creation of the 
damage openings. This can be slightly under-estimated due to the assumption of quasi-
stationary motions. Furthermore, the exclusion of ship’s inertia results in too fast 
changes of heel angles, also during the phase of progressive flooding. However, these 
changes are very small. In general, the heel angle is quite small throughout the flooding. 
Hence the assumption of the quasi-stationary motions is not likely to have a significant 
effect on the results. 

The final floating position is shown in Figure 6.15. The bulkhead deck is submerged at 
the bow. However, in the flooded compartments the bulkhead deck is just above the sea 
level and hence the rooms on the deck 3 are not flooded through the staircases from the 
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damaged compartments. Therefore, in this particular case, there was no need to model 
these rooms and openings. When the results of a flooding simulation are analyzed, it is 
necessary to check that no opening that has been excluded from the model was 
submerged at any stage during the flooding process. Thus for a ship model that is used 
for flooding simulation onboard the ship, also the rooms and openings on the bulkhead 
deck must be included. 

A slightly more extensive damage or a severe sea state could cause more trim to the 
bow, thus leading to slow progressive flooding to the bulkhead deck. This might result 
in the loss of the ship but the long time-to-flood would likely allow enough time for safe 
and orderly evacuation and abandonment. 
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Figure 6.11 Calculated time history for the total volume of floodwater 



 

  

111

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

 0  5  10  15  20  25  30  35  40  45

he
el

 [d
eg

]

time [min]  

Figure 6.12 Calculated time history for the heel angle 
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Figure 6.13 Calculated time history for the trim angle 
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Figure 6.14 Calculated time history for the draft 

 

 

Figure 6.15 Floating position in the final equilibrium condition (the white parts in 
the four damaged compartments are the non-flooded tanks) 

 

On average 91 iteration rounds were needed per time step. In general the convergence 
was rather fast. Some examples of the convergence histories are presented in Figure 
6.16. The residuals decrease slowly on the time steps, where additional under-relaxation 
( 16.0=α ) is applied. However, in some cases, for example at s1973=t , this seems to 
avoid the divergence and the iteration is eventually converged. On the other hand, the 
discontinuities, such as the collapsing of a closed fire door, do not necessary mean slow 
convergence (e.g. at s40=t ). 
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Figure 6.16 Some examples of the convergence in the case study 

The down-flooding in the escape trunk in the compartment 9 is subjected to very slow 
flooding from the corridor on deck 2. Therefore, the calculation of the down-flooding in 
the trunk requires a lot of iteration rounds. The same phenomenon can be calculated 
much faster by modelling the whole trunk as a single room (Figure 6.17). This does not 
affect the results since the openings on the deck are so large when compared to the area 
of the room. Similar modelling of other vertical rooms, such as staircases, can 
significantly improve the convergence speed in the case of slow down-flooding. 

 

 

Figure 6.17 Vertical trunk, modelled as separate rooms (left)  
and as a single room (right) 
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7 Conclusions 

A novel time domain simulation tool for progressive flooding in damaged passenger 
ships has been developed, using the pressure-correction technique that is well-
established in the field of computational fluid dynamics. The implicit and iterative 
nature of the method ensures solution for complex flooding problems, including air 
compression and the subsequent airflows. The main emphasis of this study was the 
efficient and accurate modelling of progressive flooding, and hence the sea is assumed 
to be calm and a quasi-stationary approach is used for the motions of the damaged ship. 

The simulation tool has been extensively validated by performing simulations for three 
flooding cases of a box-shaped barge and comparing the results with the experimental 
data. The simulations provide very accurate results for both water heights in the 
compartments and the floating position. Also the pressure in the air pocket was 
estimated reasonably well. The applied discharge coefficients for the pressure losses in 
the openings were known relatively accurately since they were evaluated experimentally 
by draining water through each opening. Furthermore, the motions of the model were 
slow, and consequently, the assumption of quasi-stationary motions was justified. 

The presented case study simulations for a medium sized (40 000 GT) passenger ship 
show that the developed simulation method is a suitable and efficient tool for cross-
flooding investigations, especially if the counter pressure of compressed air is 
significant. In the case of full ventilation, the simulation results agree with the 
simplified calculation method of the IMO Resolution A.266 (VIII). 

The study for the slow progressive flooding confirmed that the simulation method can 
deal with a large number of flooded rooms and openings, including rooms with complex 
geometry and collapsing non-watertight structures, such as closed doors. 

For practical reasons, a rather coarse computational grid is needed for feasible 
simulation times, especially in the case of extensive progressive flooding. Furthermore, 
the air compressibility must be ignored in many compartments since it is not practical to 
model the whole ventilation system accurately enough. In addition, the inertia of the 
floodwater is not taken into account. These simplifications result in discontinuities in 
the governing equations and this makes the efficient numerical solution of the problem 
more complex. However, the developed simulation method can deal with these issues. 
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In the case of very slow progressive flooding, it is practical to use a longer time step 
than in the beginning of the flooding. Alternatively, a stricter convergence criterion 
should be used, but this will further slow down the simulation. The presented 
simulations were performed with a constant time step, but the method could easily be 
enhanced to deal with an adaptive time step. However, it must be recognized that for 
example the collapsing of a closed door may suddenly change the characteristics of the 
flooding process so that a shorter time step is needed again.  

The pressure-correction iterations seem to converge properly but in some cases a little 
too slow for convenient use since up to a thousand iteration rounds can be needed. 
Usually, this seems to result from the increased under-relaxation due to small time 
derivatives of the pressures. Occasionally this procedure is necessary in order to avoid 
divergence, but in many cases it only slows down the convergence. However, it is 
believed that these steps can be identified and unnecessary under-relaxation can be 
avoided in order to speed up the iteration process.  

The validation case was in general much more difficult to solve than the flooding of the 
cruise ship in the case study, since significantly more iteration rounds were needed. This 
is likely due to the very small air compression in model scale and the very short time 
step. Consequently, also the under-relaxation was increased. The average number of 
iteration rounds was substantially decreased when all rooms were modelled as fully 
vented. Moreover, the calculation of the pressure in the air pocket that prevented 
flooding from an adjacent room slowed down the convergence in the validation case B, 
when compared to the similar case C, where such prevention of flooding did not take 
place. In the experiment, this situation did not occur since air escaped in bubbles from 
the air pocket, thus allowing slow flooding to the room. 

The applied quasi-stationary approach on the motions of the flooded ship evidently 
restricts the application of the simulation method. This simplification results in under-
estimation of the transient heeling in the first phase of the flooding. Furthermore, the 
resulting time history of the heel angle is not always as smooth as in reality. This is 
clearly caused by the exclusion of the inertia of the ship. In order to widen the 
applicability of the developed simulation method, the inertia of the ship should be taken 
into account, at least in the evaluation of the roll motion.  

The pressure-correction equation was simplified by assuming that the corrections of the 
air pressures are independent of the water height corrections. As a result, the solution of 
the pressure corrections becomes much easier and faster. All the cases in this study 
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could be solved by using this simplified version, where the air pressure corrections are 
solved first and the results are used in the solution of the water height (i.e. hydrostatic 
pressure) corrections. However, it is recognized that in some cases the coupled solution 
of the pressure corrections could be needed in order to ensure convergence, even though 
such a situation was not found in the studied cases. Furthermore, coupled solution of the 
pressure corrections may not require so much under-relaxation as the simplified version. 

The results of the flooding simulations can be highly dependent on the applied data for 
the openings. In the presented case study, widely used estimations of the discharge 
coefficients and critical pressure heads for the closed doors were applied. However, 
different results would have been obtained with different input data. Therefore, it is of 
uttermost importance that full scale tests on various typical structures are performed in 
order to be able to obtain more reliable simulation results. Furthermore dedicated finite 
element and RANSE computations could provide more information on the structural 
deformation and on the pressure losses. 

Finally, it can be concluded that the developed simulation method works well and it 
provides accurate results if all the parameters for the openings are known and if all the 
assumptions are valid. Therefore, the simulation method can be used as an efficient and 
feasible tool for assessing the time-to-flood in compartments, where the pressure losses 
in the openings and critical pressure heads can be estimated with a reasonable accuracy. 
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Appendix A Derivation of Bernoulli’s Equation 

In the following Bernoulli’s equation for a streamline is derived from the conservation 
of momentum for inviscid steady flow (Euler’s equation). This follows mainly the 
reference Fox and McDonald (1985). 

The velocity field U  is specified in rectangular co-ordinate system zyx ,, . The 
corresponding velocity components are wvu ,, . Euler’s equation for steady flow in these 
rectangular co-ordinates is: 
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Dt
Dzgp

∂
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∂
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∂
∂==∇−∇− UUUU

ρ
1 , (A.1) 

where ρ  is the density of the fluid, p  is the pressure and g  is the acceleration due to 
gravity. With vector notation, this can be written as: 

 ( )UU ∇⋅=∇−∇− zgp
ρ
1 . (A.2) 

The motion of a particle is governed by equation (A.2). In the time increment dt , the 
particle moves a distance sd  along the streamline. Dot product: 

 ( ) sUUss ddzgdp ⋅∇⋅=⋅∇−⋅∇−
ρ
1 , (A.3) 

where: 

 kjis dzdydxd ++= . (A.4) 

Let us consider the terms in equation (A.3) separately, along the streamline. The first 
one is: 
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and the second one is: 

 dzgdzg −=⋅∇− s . (A.6) 

Using the vector identity, the last term of (A.3) can be written as: 
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 ( ) ( ) ( ) sUUUUsUU dd ⋅⎥⎦
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2
1 . (A.7) 

The second term in this equation is zero since U  is parallel to sd , consequently: 
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As a result, the equation (A.3) can be written as: 

 ( ) 0
2
1 2 =++ Uddzgdp

ρ
. (A.9) 

Integration of this equation results in: 

 CUzgp
=++∫ 2

2
1

ρ
 (along s), (A.10) 

which is Bernoulli’s equation.  
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Appendix B  Linearization of Bernoulli’s Equation 

Bernoulli’s equation for incompressible flow can be presented in a form of a pressure 
loss (as described in section 3.3.2). Let us consider water flow through an opening k  
that connects the rooms i  and j :  

 jikwkwkw PPmmK −=′ ,,,2
1 && . (B.1) 

The flow from i  to j  is defined to be positive.  

Let us define an auxiliary function: 
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This can be approximated with a linearization from the previous value n
kwF , : 
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Therefore, the linear approximation of the change is:  

 kwkwkwkw mmKF ,,,, && Δ′=Δ . (B.4) 

Let us now use the equation (B.3) for corrected mass flow kwkw mm ,
*

, ′+ &&  by applying 
*

,kwm&  as the initial guess for mass flow kwm ,&  and the mass flow correction kwm ,′&  as the 
change of mass flow kwm ,&Δ :  

 kwkwkwkw mmKF ,
*

,,, ′′=Δ && . (B.5) 

On the other hand, kwF ,Δ  can also be expressed as the change in the pressure difference: 

 ( ) ( ) ji
n
j

n
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n
kwkwkw PPPPPPFFF ′−′=−−−=−=Δ **

,
*
,, . (B.6) 

Equations (B.4) and (B.6) can be combined, resulting in the following equation: 
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 jikwkwkw PPmmK ′−′=′′ ,
*

,, && . (B.7) 

This equation forms the basis of the pressure-correction equation for water flows.  

Airflow needs to be handled separately due to its compressibility. The linearization of 
Bernoulli’s equation is done similarly to the case of an incompressible flow, but now 
the mass flow must be expressed as a product of the density and the volumetric flow: 

 jikakakakakaka ppQQKF −=′= *
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, 2

1 ρρ . (B.8) 

So here it is assumed that Bernoulli’s equation for incompressible flow is valid also for 
compressible flow. This assumption simplifies the pressure-correction equation 
significantly.  

The density is assumed to depend linearly on the pressure. Furthermore, the air pressure 
is always positive so the absolute value is not needed. Consequently, equation (B.8) can 
be written as: 
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Similarly to the previous case, equation (B.3), we obtain:  
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Let us now use the equation (B.10) for corrected volumetric flow kaka QQ ,
*
, ′+  by 

applying *
,kaQ  as the initial guess for mass flow kaQ ,  and the mass flow correction kaQ ,′  

as the change of volumetric flow kaQ ,Δ . Moreover,  

 kk pp ′=Δ . (B.11) 
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It should also be noted that the hydrostatic pressure has no effect on the airflows, and 
therefore, the effective pressure is always equal to the air pressure. Consequently, 
equation (B.6) is reduced to: 

 jika ppF ′−′=Δ , . (B.12) 

Furthermore, equations (B.10) and (B.12) can be combined, resulting in: 
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This equation forms the basis of the pressure-correction equation for airflows.  
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