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Nomenclature

A area (of an opening)
B,M, initial metacentric radius
C, discharge coefficient
€ lever
g acceleration due to gravity
GM, initial metacentric height
H water height
I moment of inertia
KB, vertical center of buoyancy (initial value)
KG vertical center of gravity
m mass
M moment
p air pressure
Q volumetric flow
S area of free surface
t time
T draft
time period
T, natural period of roll motion
u flow velocity
\% volume (in general)
Vv, volume of floodwater
X,Y,2 Cartesian co-ordinate system, origin in the intanter of gravity
A buoyancy force
¢ heel angle
Yo, density of water
a angular frequency



natural frequency of roll motion

B

critical damping ratio
trim angle

yaw angle

O € @© ™

volume of the buoyancy

Abbreviations

COG center of gravity

HUT Helsinki University of Technology
TTF time-to-flood

WT watertight



Introduction

This report describes the model tests for the msxgve flooding of a box-shaped barge. The
tests were performed in the towing tank of HUT Shaboratory in January 2006. The
research was jointly funded by Napa Ltd and HUTpStaboratory.

The aim of the tests was to provide experimentdah dar the validation of numerical
simulation methods for progressive flooding of pagger ships since public and detailed
measurement data is not currently available.

The shape of the hull is very simple; basicallyniadel is a box-shaped barge with a chamfer
in the bilge. The nominal scale of the model i901The main emphasis was in the modelling
and instrumentation of the flooded compartmentsrder to get as much information on the
flooding process as possible. The eight flooded panments are located slightly forward
from the midsection of the model in order to ensuficient trim in the flooded condition.

Water heights were measured in every flooded cotmeaut. Furthermore, air pressures in the
double bottom compartments and the floating pasitd the model were recorded. Six

different flooding cases were investigated. Thaaye discharge coefficients for all openings
were evaluated experimentally by draining wateouigh the openings.

All dimensions in this report are given as mm ind@loscale unless otherwise stated. The
motions of the model are presented in a right-hdrdeordinate system, fixed with the center
of gravity of the intact model, COG. The angulartiorws are presented in degrees.

Finally, the author would like to express his drate to Mr. Pentti Tukia and the rest of the
personnel at the workshop of HUT Ship Laboratontheir effort on this project.



1 Description of the Model

1.1 Background

The aim of the tests was to provide experimentdah dar the validation of numerical

simulation methods (e,dRuponen, 2006 not to model the flooding of any particular ship
Therefore, a simple box-shaped barge was used dey enanufacturing. The internal
subdivision was built so that the model would traring the tests. Furthermore, it was
ensured that air pockets could be formed, at ieabe double bottom compartments.

1.2 Main Dimensions

The model is relatively large in order to achieasgé water heights and air pressures. Thus
the accuracy of the measurements is somewhat bétteroverall length of the model is 4.0
m and the draft in the intact condition is 0.5 nil.mMAain dimensions of the model are given in
Figure 1.1 and Table 1.1. The nominal scale ohtleel is 1:10.
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Figure 1.1 General view of the model

Table 1.1 Main dimensions of the model

Length over all: 4.000 m
Breadth: 0.800 m
Height (excluding the “backbone” structure): 0.800
Design draft: 0.500 m
Block coefficient at design draft: 0.906
Volume of buoyancy: 1.450




The forward and aft blocks were constructed of waudaile the mid-section with the flooded
compartments was built of see-through plexiglage thickness of the sheets is 10 mm. The
sheets were joined together with screws and theseeere tightened with silicon. So the
structure of the mid-section was both watertigttt aimtight.

In order to avoid high tensions in the plexiglasgd-section during flooding, a steel-
structured backbone was fitted to the top of thelehan addition, two aluminium T-beams
were installed on the bottom of the model in ortterfurther increase the rigidity of the
combined structure. Therefore, the plexiglass bloegkted between the bow and stern
structures without any direct connection. The seam®e tightened with silicon in order to
avoid flooding between the blocks of the model. Dog and stern blocks and the support
structures are shown in Figure 1.2 and the finishedel in Figure 1.3.

Figure 1.2 The bow and stern sections, connected with the backbone sturet

T

Figure 1.3 The finished model before the tests



1.3 Flooded Compartments

The block for the flooded compartments was manufact separately from see-through
plexiglass (thickness 10 mm). The size of the commpents and the internal openings were
selected so that the flooding process would belaintdo progressive flooding inside a
passenger ship.

The compartments are divided by two decks andresvwease watertight bulkhead. The double
bottom is constructed to be not only watertight &isb airtight. This is necessary as the aim
of the tests is to validate a simulation method teacapable of handling air pressures and
airflows as well Ruponen, 2006 The compartments on the lower deck and on tipemugeck
(excluding the side compartments) can be considasegractically fully vented since the
openings on the top of each compartment are latger the flooding openings. The side
compartments are ventilated with small pipes (setan 2.5).

A removable plate is used for closing the top ef tompartments on the upper deck in order
to increase the strength of the plexiglass strectlihe top plate is equipped with ventilation
holes and holes for the sensor cables and disctgaegid ventilation pipes. The plexiglass
block with the instrumentation is shown in Figurd.IThe dimensions of the rooms and the
openings are presented in Figure 1.5, Figure ld6-&gure 1.7.

Figure 1.4 The mid-section of the model with the instrumentation
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Figure 1.5 Cross-section of the forward compartment
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Figure 1.6 Side view of the compartments
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Figure 1.7 View of the lower deck from above

Figure 1.8 The mid-section installed in the model



1.4 Identification of the Flooded Compartments

The compartments of the model are identified whigtn $ame name throughout the report. The
names of the rooms are based on the following piec‘DB” means double bottom and “R”
means a room above the double bottom. The first beumdenotes the watertight
compartment, so that “1” is the aft compartment &idis the forward compartment. The
second number marks the deck; “1” is the lower dgakk top) and “2” is the upper deck.
Additional letters “P” and “S” refer to “port sideind “starboard side”, respectively. This is
needed for the identification of the side compartteeon the lower deck. All the flooded
compartments and their identifications are preseimé-igure 1.9.

<[\ A-A B-B
R21P
R17 | R22 RZ/
. .= % R11 1 R21
ARV G R2T [ oyl RZ2T o
(Y (Y
DBTj DB? DB 2 R21S
<|
Figure 1.9 Identification of the flooded compartments
1.5 Openings

1.5.1 Damage Openings

Structure

The damage openings were constructed on sepaedés [fFigure 1.10) in order to be able to
change the size and location of the openings. Eurtbre, the “opening plates” acted as
maintenance openings for the instrumentation ingidecompartments.

Two different rectangular-shaped damage openings tested. The dimensions are given in
Table 1.2. The openings were sharp-crested. Foctatal reasons a small rounding (radius
approximately 3 mm) was used in the corners obflenings.

The plates were attached to the model with screwistlae tightness was ensured with an O-
ring (see Figure 1.11). Plates without opening wsexd to close the maintenance openings.

10
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Figure 1.10 Dimensions and structure of the opening plates

Table 1.2 Dimensions of the damage openings

Breadth Height Area
Large damage hole 60 mm 40 mm 24.G cm
Small damage hole 25 mm 25 mm 6.25cm

Figure 1.11 Plate with the small damage hole (left) and a cover for a maintenance
opening (right)

Opening Mechanism

A tight plug was used to close the damage openiigy o a test. The flooding was started
when the plug was carefully pulled out. Possibiutbances to the model are considered to
be minimal, since the plug is very small when coragdo the size of the model. A picture of
the damage opening, closed with the plug is preseint Figure 1.12. In the bottom damage
tests, the plug was pulled out by dropping a weiigat was tied to the plug with a string.

11



Figure 1.12 Damage opening, closed with the plug

1.5.2 Internal Openings

General

All internal openings are in the model are shagstad and either rectangular-shaped or
circle-shaped. The open “doors” have a thresholahm, measured from the deck.

For structural reasons a small rounding (radius@pmately 3 mm) was used in the corners
of the rectangular-shaped openings.

Double bottom

A small circle-shaped opening that represents kdor@ipe connects the compartments DB1
and DB2 in the double bottom. The diameter of thening is 20 mm and it is located in the
middle of the transverse bulkhead, both in vertigatl transverse direction. This small
opening ensures that a relatively large air podkeformed in the aft double bottom
compartment (DB1).

The forward double bottom compartment DB2 is cotewdo the lower deck (R21) by a
small opening (40 mm 60 mm) that represents a manhole. This openindpearhiosed with a
small steel plate and a rubber seal.

Longitudinal bulkheads

The openings in the longitudinal bulkheads, coringcthe rooms R21P and R21S to the
room R21, represent partly open or leaking firerdoblence these openings are narrow and

12



tall. The size is 20 mm 200 mm. The openings are located in the centeitsedbulkheads in
longitudinal direction.

Transverse bulkhead

On the lower deck, the compartments R11 and R2Xa@meected by a small circle-shaped
opening in the transverse bulkhead. The openingesepts a damaged pipe and its diameter
is 20 mm. It is located on the centerline and ertiiddle between the lower and upper decks.

On the upper deck, the compartments R12 and R2Zameected by a large rectangular-
shaped opening in the transverse bulkhead. Thisingeepresents an open watertight door
and its dimensions are 80 ny2200 mm and it is located on the centerline. Tipisrong is
normally closed with a tight plexiglass plate duwas opened for one test.

Deck

On both WT-compartments, there is a large opent@9 fnmx 100 mm) in the upper deck.
The centers of the openings are located 180 mm tharcenterline on the port side of the
model and 100 mm aft from the nearest transverdkhéad. These openings represent
staircases and they ensure that the main compadrmarthe lower deck (R11 and R21) are
practically fully vented.

Figure 1.13 Opening in the upper deck and the open WT-door in the transverse
bulkhead, view from the aft compartment
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1.6 Intact Condition

The intact condition of the model in all perforntedts is presented in Table 1.3. The draft of
the model in intact condition is 0.500 m and theregponding volume of displacement is
1.450 .

The model is loaded so that the desired verticatereof gravity is 0.280 m above the base
line of the model. The model has a large initiatawentric heighGWO, and therefore, it will

not heel much during the intermediate stages afdiloy. The finalKG value was achieved
by performing an inclining test for the fully ingtnented and ballasted model, see section 3.2.
The final results are given in Table 1.3.

The longitudinal center of gravity is amidships that the model has no initial trim. The
center of gravity of the buoyancy is 0.270 m abtihesbase line when the draft of the model
is 0.500 m.

Table 1.3 Initial condition

Draft, T 0.500 m
Heel, ¢ 0.0

Trim, 0.0

Vertical center of buoyancyB,, 0.270 m
Initial metacentric radiusB M, 0.118 m
Initial metacentric heightGM, 0.110 m
Vertical center of gravityKG 0.278 m

14



2 Instrumentation

2.1 Measurement of Floating Position

The floating position of the model was measurechvidtypton Rodym DMM, a camera-
based solution for measuring the 6D movements jafctdin space. A frame with three LEDs
in triangular position was installed on the toptted model (Figure 2.1). The camera system
monitors the position of these LEDs and calculéttestranslational and rotational motions of
the center of gravity of the model, COG. The vaitimotion of the COG from the sea level
Zs, the heeling anglggand the trim angl® were recorded. The COG of the intact model is
used as a reference. The applied co-ordinate systprasented in Figure 2.2.

The other degrees of freedom (surge, sway and ye@ng not recorded since they do not have
any importance in the flooding process in calm wate

z z
y X
R T L) B - —
y
X

Figure 2.2 Co-ordinate system, fixed to the center of gravity of the intact motle

15



The applied measurement system has limits forahgitudinal and transverse motions of the
model during the test. Therefore, soft rubber giiwere attached; connecting the model to
the carriage, see Figure 2.3. This procedure eddted the model could not drift too much

during the tests; and yet the strings were so ldbae they did not affect the measured
motions of the model (heel, trim and sinkage),ssgion 3.3.

Figure 2.3 The intact model afloat, connected to the carriage with the soft bbber strings

2.2 Measurement of Water Heights

The water level is measured at least at one poiavery flooded compartment. The sensor is
placed near the corner that will be the lowest asghe model trims and heels due to the
flooding. In the forward double bottom compartmanbther sensor is placed in the opposite
corner to ensure that the water level can be medsewen if the model is trimming and the
compartment is nearly full of water.

The sensors are based on the “hot wire” technigueeach sensor consists of two parallel
stainless steel wires with a diameter of 2 mm. diseance between the wall and the wires is
5 mm and the distance between the centers of theswis 7.5 mm. Therefore, the sensor
cannot measure the water height precisely in aesipgint. However, the error is minimal
with small heel and trim angles. In general, theusacy of the sensors is considered to be
better than 0.5 mm. However, the surface tensioy dearease the accuracy for very small
water heights.

16



Figure 2.4 Water height sensors in the double bottom (left) and on the uppédeck
(right)

Location and Identification of the Sensors

The sensors are placed approximately 5 mm frombihighead. The identification and
location of the sensors are presented in Figure The red dots mark the centers of the
sensors. Some additional dimensions are also pdvid

R21 R22 R R21P Lk DB DB?2

R21 W

L6l

41

i 1

7 R21S 6

S
345 0 345 345

Figure 2.5 The location and identification of the water height sensors @m left: upper
deck, lower deck and double bottom)

Calibration of the sensors

Each sensor and the corresponding measuremen(acatatables) were calibrated before the
flooding tests. Water from the towing tank was us@ame conductivity) and the
measurement cards were adjusted so that the semsdinear throughout the measurement

17



range (from dry to fully submerged). Furthermohe tange of the output voltage was as wide
as possible in order to achieve better accuracg.rébults are presented in Appendix B.

During the test program, it was observed that tttead calibration factors were smaller than
the results of the calibration. Therefore, a syst#rpost-test calibration was performed. The
whole model was fixed to the carriage and the dra$ changed by lifting the model, see
Figure 2.6 and Figure 2.7. The results correspargl well with the last performed flooding
test, but not with all performed tests. Generdlg difference between the flooding tests is
less than 5 %.

carriagt

E— —

Figure 2.6 Setup for the post-test calibration of the water height sensonse( lines); the
blue line is the water level

Figure 2.7 The model is lifted with the carriage during the post-testatibration

The changes in the calibration factors were lilagysed by the long cables that needed to be
plugged in and plugged out between the tests shceompartments had to be emptied from
the flooded water. Furthermore, in some cases ripativoltage may have varied a little

18



between the tests. It was found out that the usealsarement cards are very sensitive to the
input voltage.

At the end of each flooding test, the pipes to hessure gauges were opened so that the
whole double bottom was flooded. Therefore, thg@wouvoltage for fully submerged sensors
was known for these compartments as well. In thelyars of the results (chapter 4), the
applied calibration factors for the water heighis®s were obtained by dividing the length of
the sensor by the output voltage for the fully sebyed sensor. This procedure is considered
to be justified since the used sensors and measuterards are shown to be linear (Appendix
B) and the results clearly correspond the visuakolations.

2.3 Measurement of Air Pressures

The over-pressures in the double bottom comparsnevdre measured with pressure
difference gauges. The applied devices are Serisdb®c range pressure transducers; model
A-5. These devices are normally used for measuhegvake of a model ship. The inlets of
the sensor pipes are placed in the bilge plateedlmshe tank top in order to avoid premature
flooding to the pipe. The outer diameter of theegips 6 mm and the pipes go up to the
sensors on the top of the model. The referencespresvas the atmospheric pressure in the
laboratory.

The pressure gauges were installed on top of theeehsw that the volume of air in the pipes
would be as minimal as possible. The length ofgipes is approximately 1.00 m and the
inner diameter is 5 mm. Hence the volume of one pgponly 0.0196 liters while the net
volume of one double bottom compartment is apprataty 31 liters. The pipes were
emptied from possible flooded water before each e pressure gauges were calibrated
with fresh water.

Figure 2.8 The air pressure gauges, installed on the top of the model; the pglead to
the double bottom compartments

19



2.4 Discharging Devices

The flooded compartments had to be emptied fromflduelwater between the tests. Some
auxiliary discharging devices were installed in thedel in order to make this process easier
and faster.

The lower compartments are equipped with suctigegiwith an outer diameter of 8 mm
(Figure 2.10). The inlets of the pipes are closthtobottom of the compartments in order to
avoid unwanted ventilation in the flooded condiion

The double bottom compartments are equipped witltiadal discharge holes that could be
closed tightly with a plug, see Figure 2.9. Thes®ls holes proved to be very useful when
the model was emptied from the flooded water.

Figure 2.9 Closed discharge hole in the bottom of the model

2.5 Ventilation Pipes

The side compartments are equipped with ventilgtipes in order to model decreased level
of ventilation. The inner diameter of the pipesbismm and the length of each pipe is
approximately 400 mm. The inlets of these pipesl@ated near the side of the model and
the transverse bulkhead.

20



Figure 2.10 Discharging pipe and cables for a water height sensor; the pipaswsed for
ventilation when the lower part was removed

2.6 Video Recording

Video cameras were installed in the forward andeaft of the flooded compartments. This
allowed visual analysis of the flooding procesgha compartments on the lower and upper
decks. Furthermore, an external video camera we fias filming the changes of the floating

position. This camera was fixed to the carriage.

Figure 2.11 Video camera installed in the model

21



3 Preliminary Tests

3.1 Evaluation of Discharge Coefficients

A simple hydraulic model is generally used for oétion of the water flows in flooding
simulations methods (see elguponen, 2006 The discharge coefficient of an opening
describes all the pressure losses that are caystx lmpening. This includes jet contraction
and viscous drag. The value of the coefficient depeon the size and shape of the opening.
Therefore, the discharge coefficients were evatliatgerimentally for all the openings in the
model.

The volume of water in a discharging tank with gegicular walls (Figure 3.1) is governed

by the following differential equation (Appendix A)

v v
O'(;Vt(t)=—cd 2g-t) (3.1)

whereA is the area of the opening (in the bottom) &nsl the area of the free surface in the
tank (constant). Hence the average discharge caaffiduring the test can be calculated from
the following equation:

_ «v20H,; —42gH,
- TgA

Cd ] (3.2)
whereH; is the initial water height from the level of tbpening,H; is the water height after
the test and is the time period between these two water levEh® equation is derived in
Appendix A.

During the test, the rooms on both sides of thiedespening were properly vented in order to
avoid air compression.

Each test was performed three times and the mehslieening times were verified with
video recordings. The calculated average dischawgéicients are given in Table 3.1.

" A

Figure 3.1 Setup for the draining test
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Table 3.1 Average discharge coefficients and standard deviation for the opags

Opening AverageCy Standard deviation
Large damage (40 mm60 mm) 0.78 0.0083
Small damage (25 mm 25 mm) 0.83 0.0024
Broken pipe [ 20 mm) 0.80 0.0328
Partly open door (20 mm 200 mm) 0.75 0.0096
Staircase (100 mm 100 mm) 0.72 0.0011

3.2 Inclining Test

In order to evaluate the vertical center of grawtgurately, an inclining test was performed
for the fully loaded (instrumentation and ballastluded) and intact model (the damage hole
was closed with a tight plug). The model was heébeldoth sides with four different heeling
moments. The weights and levers were selectedasdhté heel angles did not exceéd Bhe
used weights were part of the ballast, and theeefmrrection of the results was not needed.
A schematic picture of the test setup is presemt&igure 3.2.

The heeling moment, caused by the nrass.

M e = MLY [&LE0Sy, (3.3)

wheree is the distance between the heeling weight andeheer line.

Based on the approximation of initial stability @irheel angle), the static righting moment
Is:

M = -AGM, Bing, (3.4)

whereA is displacement an@M, is the initial metacentric height.

In the equilibrium conditioMyee = Mgt and the initial metacentric height can be presknte
the basis of the measured heel angle

migle
Adang

0o~ (3.5)
The metacentric radius is the moment of inertiahaf entire waterplane about the ship’s
centerlinely, divided by the volume of displacement Since the waterplane is square-
shaped:

|+

o

BL (3.6)

1
BoM, = 0 12
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whereB is the breadth andthe length of the water plane.

The vertical center of gravity is:

KG =KM, -GM, =KB, +B,M, -GM,, (3.7)

where KB, is the initial vertical center of buoyancy, mesed from the base line.

WL,
WL,

Figure 3.2 Schematic picture of the inclining test

The applied weights (2 10 kg and 2 5 kg) were placed along the centerline of the hode
symmetrically from the midsection. The weights wpeet of the ballast. For the inclining
test, the weights were moved to transverse dinedtiamrder to create a heeling moment. The
moments and measured heeling angles are presenfeable 3.2. The heeling moment is
plotted as a function difan() in Figure 3.2. The initial metacentric heighg. ithe slope of
the linear fit, is approximately 0.110 m.

Table 3.2 Results of the inclining test

1 0.200 0.000 -19.62 -0.75 -186.17
2 0.300 0.000 -29.43 -1.10 -273.07
3 0.300 0.150 -58.86 -2.15 -533.91
4 0.300 0.250 -78.48 -2.85 -707.99
5 -0.300 -0.250 78.48 2.85 707.99
6 -0.300 -0.150 58.86 2.15 533.91
7 -0.300 0.000 29.43 1.10 273.07
8 -0.200 0.000 19.62 0.70 173.76
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INCLINING TEST
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Figure 3.3 Results of the inclining test and the linear fit

3.3 Roll Decaying Test

As described in section 2.1, the model had to beected to the carriage with soft rubber
strings in order to ensure that the floating positcould be measured during the whole test.
Therefore, a roll decaying test was performed lier model with and without the soft rubber
strings. The results for both tests in non-dimemalidorm are presented in Figure 3.4. The
curves are almost identical. Therefore, it seekedylithat the strings do not have a significant
effect on the roll motion of the model.

ROLL DECAYING TEST

T T
without strings
~ with strings --—--—---

1.0

relative heel angle

time [s]

Figure 3.4 Results of the roll decaying tests (initial heel angle is 2 \ithout the strings
and 2.8 with the strings)
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The measured time history for the roll decaying ¢esth the soft rubber strings) is fitted to
the theoretical equation, (see eMatusiak, 1995

dt) = @ e coday, (L~ £2)t], (3.8)

whereg is the initial heel angley,is the natural frequency of roll motion aéds the critical
roll damping ratio. The natural period of the moibtion is:

1,227 (3.9)

The measured and calculated theoretical roll degawith the strings are presented in Figure
3.5. The natural period of roll motion is 3.26 sddhe critical roll damping ratio is 0.019.

ROLL DECAYING

900 = e Wooslwy 1))
Py L Voo ¢ . —_— measured - |

@[deq]
o

time [s]

Figure 3.5 Measured roll decaying with the strings and a fitted theoretal curve
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4 Flooding Tests

4.1 Performed Tests

A list of the performed tests is given in Table.4ri the basic intact condition (see section
1.6), all internal openings, except the WT-dootlmupper deck, are open.

The model was raised from water between the t€htscompartments were emptied from the
flooded water and dried as carefully as possibavéter, in some cases a very small volume
of water was left inside some compartments but didsnot have a significant effect on the

flooding process.

Table 4.1 Performed tests, Compl is the aft compartment and Comp?2 is the ¥aard one

Name: | Damage Case: WT-door]| Special:
Test01 Bottom Comp2 smajl closed Fixed floating. pos
Test02 | Bottom Comp2 small closed
Test03 | Bottom Comp2 small open

Test04 Bottom Comp?2 large closed
Test05 Bottom Compl largé closed
Test06 Side Comp?2 large closed Double bottom dry

A\L*4

4.2 Bottom Damage

4.2.1 Flooding with Fixed Floating Position (Test01)

The motions of the model were prevented by fixing model to the carriage, see Figure 4.1.
The investigated damage case is the small damdgg2to mmx 25 mm) in the bottom of
the forward compartment (DB2). In this test, th@afing position was not measured since it
was kept fixed. Visual observations confirmed that floating position did not change during
the test.

Even through the damage hole is rather small, the of the flooding is dramatic: water
sprays from the hole to the bottom of the tank (feigure 4.2). When water in DB2 reaches
the opening to DB1, an air pocket is formed in Dddice there is no direct route for the air to
escape the inflow of water. As a result, the agspure builds fast (Figure 4.13). The high-
pressure air slowly escapes in bubbles to DB2 anithdr up to R21 through the manhole.
This bubbling causes high local waves near the mwemght sensor in the room R21 (Figure
4.8). The bubbling and the waves are clearly wsiblthe video captures that are presented in
Figure 4.3.
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Figure 4.3 Test01 — video captures from the air bubbling (pointed by the arrosy
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There was a small amount of water left from a presiy performed test in the rooms R11

and R22. This can be seen from the measuremeritsrésuthe sensors number 7 and number
9 (Figure 4.10 and Figure 4.12). The volumes o$¢hedditional waters are so small that they
do not affect the flooding process and the floapogition of the model.

In DB2 air starts to compress 20 s after the flngdstarted (Figure 4.14). At this time the
room is already full of water (Figure 4.5). Thudls damage case the opening from DB2 to
R21 provides sufficient level of ventilation foretidlouble bottom.

In DB1 the air pressure starts to build when théewkevel in DB2 reaches the opening that
connects the double bottom compartments. Theresadden increases in the air pressure
when the compartments DB 20 s) and R21 & 240 s) become full of water (Figure 4.13

and Figure 4.14). This may, at least partiallyubeBom the decreased escape of air through
bubbling, as the bubbles have to flow through mapenings and compartments that are full
of water.

There are small waves on the upper deck in the soBd?2 and R22 after the flooding has
stopped (Figure 4.11 and Figure 4.12). The periaithe waves is long (approximately 33 s)
and the amplitude is small (less than 2 mm). Theewaare in the same phase in both
compartments but the amplitude is larger in R22.

Test01 - Water Height Sensor 1: DB2
160 ! ! ! !

140

120

ol f S S S A |

off - - -

water height [mm]

1Y E— —— e e -

0 e — — :

of S - - :

0 100 200 300 400 500
time [s]

Figure 4.4 Test01 — water height in the room DB2, sensor 1
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Figure 4.5 Test01 — water height in the room DB2, sensor 2
Test01 - Water Height Sensor 3: DB1
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Figure 4.6 TestO1 — water height in the room DB1
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Figure 4.7 Test01 — water height in the room R21P

Test01 - Water Height Sensor 5: R21
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Figure 4.8 Test01 — water height in the room R21
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Figure 4.9 Test01 — water height in the room R21S

Test01 - Water Height Sensor 7: R11

Figure 4.10 Test01 —

time [s]

water height in the room R11
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Figure 4.11 Test01 — water height in the room R12

Test01 - Water Height Sensor 9: R22
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Figure 4.12 Test01 — water height in the room R22
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Figure 4.13 Test01 — air pressure in the room DB1
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Figure 4.14 TestO1 — air pressure in the room DB2
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4.2.2 Small Damage in the Forward Compartment (Test02)

The investigated damage case is the small damag@ngp(25 mnx 25 mm) in the bottom
of the forward compartment (DB2). The WT-door oe thpper deck is closed with a plate.
Therefore, the damage scenario is exactly the ssna TestO1 but now the model floats
freely.

The time-to-flood is longer than in TestO1 sincerenwater can enter the compartments due
to the increasing draft and trim of the model. Sovideo captures from the equilibrium
condition are presented in Figure 4.15.

The model heels very slightly (less than°Qfbr a short time (Figure 4.17) but generally the
flooding process seems to be symmetrical as exghecte

Similarly to Test01, the measured air pressure B2 QFigure 4.29) starts to build only after
this compartment is practically full of water (Frgu4.19). Therefore, this compartment was
practically fully vented during the flooding andetmeasured compression occurred only in
the pipe to the pressure gauge.

Also in this test, significant bubbling of air frothe air pocket in DB1 was observed. This
bubbling caused high waves in R21 (Figure 4.23)iarldB2 near the sensor that is close to
the opening to R21 (Figure 4.20).

Similarly to the Test01, there is a sudden increashe air pressure in DB1 (Figure 4.28)
when room R21 is filled up with water at time 150 s

The measured water height in DB1 in the equilibricondition is 75 mm (Figure 4.21). This
indicates that the whole opening between DB1 an@ BBhot fully submerged on both sides.
In TestO1 the corresponding value is 88 mm (Figu®. However, the final equilibrium
floating position is practically the same as in f08s as expected. In Test03 the final water
height in DB1 is 86 mm. This indicates that thelegapcalibration factor for the water height
sensor in DB1 (sensor number 3) may not be veryrate in this particular case (Test02).
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Figure 4.15 Test02 — video captures from the equilibrium condition (on leftie aft
compartment and on right the forward compartment

Test02 - Trim
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Figure 4.16 Test02 — measured trim angle
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Figure 4.17 Test02 — measured heel angle
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Figure 4.18 Test02 — measured sinkage of the c.o.g.
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Figure 4.19 Test02 — water height in the room DB2, sensor 1
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Figure 4.20 Test02 — water height in the room DB2, sensor 2
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Figure 4.21 Test02 — water height in the room DB1
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Figure 4.22 Test02 — water height in the room R21P
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Figure 4.24 Test02 — water height in the room R21S
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Figure 4.23 Test02 — water height in the room R21
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Figure 4.25 Test02 — water height in the room R11
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Figure 4.26 Test02 — water height in the room R12
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Figure 4.27 Test02 — water height in the room R22
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Figure 4.28 Test02 — air pressure in the room DB1

42



Test02 - Over Pressure in DB2
5000 ! ! ! ! !

4000 |-

3000 -

2000 |-

over pressure [Pa]

1000 -~

0 | | | | |
0 100 200 300 400 500 600

time [s]

Figure 4.29 Test02 — air pressure in the room DB2

4.2.3 Small Damage in the Forward Compartment — WT-Door Open (Test03)

The investigated damage case is the small damdgg 2o mmx 25 mm) in the bottom of
the forward compartment (DB2). Contrary to the U8sthe WT-door that connects the WT-
compartments on the upper deck (rooms R21 and iR2@w open.

The forward compartment is flooded faster thanafheompartment since the damage hole is
in the bottom of DB2 and there is a direct conmectetween the lower deck (R21) and the
damaged room. Therefore, the open WT-door on tipemugeck allows water to flow from
R22 to R12 when the lower room in the aft companin{R11) is not yet full of water. As a
result, there is down-flooding from R12 to R11 (kg 4.30).

Similarly to the TestO1 and Test02, the measuregrasssure in DB2 (Figure 4.45) starts to
build only after this compartment is practicallyll faf water (Figure 4.35). Therefore, this
compartment was practically fully vented during flemding and the measured compression
of air occurred only in the pipe to the pressunegga

As in the previous tests, air escapes in bubbtes the air pocket in DB1. The bubble flow
causes high waves in R21 (Figure 4.39). The bubldiops when the water level in DB1 has
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risen to the top of the opening to DB2, i.e. theasuged water height is 86 mm (Figure 4.37)
and the opening is fully submerged on both sides.

Flooding on the upper deck from R22 to R12 throtlgh open WT-door starts at= 193 s
and the down-flooding from R12 to R11 starts all®st later. The room R12 is filled up at
t = 258 s and the flow direction in the opening wR12 and R11 is changed. As a result,
the net inflow to the compartments on the uppekdRd.2 and R22) is significantly increased
(Figure 4.42 and Figure 4.43). As a result, theetiderivative of the trim angle is also
increased when the room R12 is filled up (FiguB2X.

Regardless of the down-flooding, the compartmert Rlprobably rather well-vented since
the opening to R12 is large (100 ml00 mm) and the water height in R12 is small (less
than 20 mm) during the down-flooding phase. Henceauld escape fairly well through the
center of the opening (see Figure 4.30).

The pressures of the air pockets in the doubleobottart to increase faster when the room
R11 is filled up with water and the flow directiom the opening between R11 and R12 is
changed (Figure 4.44 and Figure 4.45). This idylikaused by the fact that the hydrostatic
pressure in DB2 is dependent on the water lev&28 (Figure 4.43) and this starts to rise
much faster when the down-flooding in the aft cortrpant has stopped.

Figure 4.30 Test03 — down-flooding from R12 to R11 (left: R12 is flooded through the
open WT-door; right: the down-flooding starts)
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Figure 4.31 Test03 — the final equilibrium floating position

Figure 4.32 Test03 — measured trim angle
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Figure 4.33 Test03 — measured heel angle
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Figure 4.35 Test03 — water height in the room DB2, sensor 1
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Figure 4.36 Test03 — water height in the room DB2, sensor 2
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Figure 4.37 Test03 — water height in the room DB1
Test03 - Water Height Sensor 4: R21P
| | | |
0 100 200 300 400 500
time [s]

Figure 4.38 Test03 — water height in the room R21P
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Figure 4.40 Test03 — water height in the room R21S
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Figure 4.39 Test03 — water height in the room R21
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Figure 4.41 Test03 — water height in the room R11
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Figure 4.42 Test03 — water height in the room R12
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Figure 4.43 Test03 — water height in the room R22
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Figure 4.44 Test03 — air pressure in DB1
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Figure 4.45 Test03 — air pressure in DB2

4.2.4 Large Damage in the Forward Compartment (Test04)

The investigated damage case is the large damadgé¢4tommx 60 mm) in the bottom of the
forward compartment (DB2). The WT-door on the uppeck is closed. The size of the
damage hole is larger but otherwise this testastidal to Test02.

There was a small volume of water left from a poesgly performed test in the room R12. As
the model started to trim this water was collectedr the water height sensor number 8. This
is clearly visible in the video captures (Figuré&).and in the measured water height (Figure
4.57). However, the volume of this additional waterso small that it does not affect the
flooding process and the floating position of thedel.

The damaged room DB2 is filled up in just 5 s (Feg4d.51). The corresponding time in
Test02 is 20 s, i.e. four times longer. The aretheflarge damage is 3.84-times larger than
the area of the small damage hole. Therefore, immrédspect, the results for the Test02 and
Tes04 seem to be in good agreement.

The up-flooding to R21 causes high waves (Figusd )4 mainly due to the air bubbling from
the air pocket in DB1.
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Air compression in DB2 starts only after the ro@raiready filled up with water. Therefore,
the measured compression occurs only in the pgadehds to the pressure gauge.

The time-to-flood is 135 s shorter than in the cabéhe small damage hole in the same
location (Test02). This is logical as the aft comypent is flooded faster due to the open WT-
door in the transverse bulkhead.

In the equilibrium condition the measured waterghts and the floating position are
practically the same as in Test02. This is howaswexpected to be since the damage size
should not affect the final equilibrium state ietmodel did not capsize during the test and if
an air pocket was not formed in the damaged roamn @ny other room that is flooded
rapidly.

Similarly to the previously described tests, thisr@a sudden increase in the air pressure in
DB1 (Figure 4.59) when R21 is filled up with watetfowever, contrary to the other tests, in
this case the increase is much smaller and haadgbite.

Figure 4.46 Test04 — small initial volume of water in the room R12 (left) is cotieed
around the water height sensor (right) as the model trims
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Figure 4.47 Test04 — measured trim angle
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Figure 4.48 Test04 — measured heel angle
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Figure 4.49 Test04 — measured vertical sinkage
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Figure 4.50 Test04 — water height in the room DB2, sensor 1
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Figure 4.51 Test04 — water height in the room DB2, sensor 2
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Figure 4.52 Test04 — water height in the room DB1
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Figure 4.54 Test04 — water height in the room R21
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Figure 4.55 Test04 — water height in the room R21S
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Figure 4.56 Test04 — water height in the room R11
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Figure 4.57 Test04 — water height in the room R12
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Figure 4.58 Test04 — water height in the room R22
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Figure 4.59 Test04 — air pressure in the room DB1
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Figure 4.60 Test04 — air pressure in the room DB2
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4.2.5 Large Damage in the Aft Compartment (Test05)

The large damage opening (40 mmB0 mm) is located on the bottom of the aft comparit
(DB1). The WT-door on the upper deck is closed.

First, floodwater flows to the forward double batt@ompartment (DB2) through the small
hole in the transverse bulkhead and then up tooy® R21, from where it spreads to the side
compartments and back to the aft compartment (Rirtbugh a small hole in the transverse
bulkhead. The last room that is flooded is R12 iamglthe fifth flooded room in the chain of
the flooded compartments from the “sea”. The opgsin the transverse bulkhead are small
and hence the flooding process is very slow.

Some video captures from the start and progrefisediooding are presented in Figure 4.61,
Figure 4.62 and Figure 4.63. The final floatingipor is shown in Figure 4.64.

The damaged room DB1 is flooded almost immedia(éligure 4.70). When the water
reaches the top of the opening to DB2, the increddbe water level is stopped since air
cannot anymore escape from DB1 and an air pockietrnsed. However, the flooding from
the “sea” to DB1 is so fast that there are sigaiftcwaves in DB1 when the water reaches the
opening to DB2 (see Figure 4.70). As a result,wheer level rises slightly above the top of
the opening as air can escape from this compartmban a hollow of a wave is near the
opening to DB2. Thereafter, the slow increase itewheight is due to the increased sinkage
and trim of the model. Also the other double bottmompartment DB2 is flooded rather fast
as it is full of water only 40 s after the relea$ehe damage opening (Figure 4.68 and Figure
4.69).

After DB2 is filled up with water, the flooding bames slower as the water needs to flow
through relatively small openings from the “seafotigh the double bottom compartments
(DB1 and DB2) to the lower deck. The curves of theasured water heights are rather
smooth due to the slow flooding that did not cassgnificant waves in any of the
compartments (Figure 4.71 — Figure 4.76).

The air pressure in the damaged room (DB1) rispglisaduring the first seconds of the

flooding as the volume of air is decreased duéé¢orise of the water level (Figure 4.77). The
trend changes when water reaches the top of th@rgpeo DB2 and an air pocket is formed
in DB1. Similarly to the water height in this rooffiigure 4.70), the air pressure is slowly
increased as the draft of the model increases.

The air pressure in DB2 starts to rise after 5Bigufe 4.78). At this time the compartment is
already practically full of water (Figure 4.68 aRigure 4.69). The opening between DB2 and
R21 (40 mmx 60 mm) apparently ensures sufficient level of ‘fatidn in DB2, at least in
this damage case. This means that the measured-essign of air occurred only in the pipe
to the pressure gauge. No air bubbling was obsenvéids test.
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Figure 4.62 Test05 — highly turbulent flooding in DB1 (left) and the start of 8oding to
DB2 (right)

Figure 4.63 Test05 — air pocket in DB1 is visible (left) before the flooding fromA to
R11 (right)
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Figure 4.65 Test05 — measured trim angle
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Figure 4.66 Test05 — measured heel angle
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Figure 4.67 Test05 — measured sinkage of the c.o.g.
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Figure 4.68 Test05 — water height in the room DB2, sensor 1
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Figure 4.69 Test05 — water height in the room DB2, sensor 2
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Figure 4.70 Test05 — water height in the room DB1 (damaged room), the arrow points at
the relatively high waves when the air pocket is formed
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Figure 4.71 Test05 — water height in the room R21P
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Figure 4.72 Test05 — water height in the room R21
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Figure 4.73 Test05 — water height in the room R21S
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Figure 4.74 Test05 — water height in the room R11
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Figure 4.75 Test05 — water height in the room R12
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Figure 4.76 Test05 — water height in the room R21
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Figure 4.77 Test05 — air pressure in the damaged room DB1
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Figure 4.78 Test05 — air pressure in the room DB2

4.3 Side Damage

4.3.1 Large Damage Opening in the Forward Compartment (Test06)

The large damage opening (40 nm60 mm) is located on the side of the forward
compartment in the room R21S. In the intact coadijtithe center of the damage opening is
185 mm below the waterline and in the center ofcthrapartment in longitudinal direction.

In this test the down-flooding to the double bottenprevented by closing the manhole that
connects the rooms DB2 and R21 with a tight platso the WT-door on the upper deck is
closed with a tight plate.

The floodwater sprays directly from the “sea” t@ toom R21 through the damaged room
R21S, and also further to R21P since the openiegsden these rooms are in line with the
damage opening. Some video captures from this psoege presented in Figure 4.79.
Furthermore, the sizes of the openings connechiagide compartments (R21S and R21P) to
the room R21 are of the same magnitude as theo$itee damage opening. Therefore, the
flooding process is actually not very asymmetrinaghe transverse direction even through the
damage opening is located on the side of the mdderefore, the model does not heel
significantly during the flooding. During the first0 s the model rolls slightly with an
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amplitude of just 0.7and the average is approximately°’QBigure 4.82). Thereafter, the roll
amplitude is smaller.

Due to the large internal openings in the longnadlibulkheads, there is no significant
difference between the water levels in R21P, RZILRPA1S during the flooding (Figure 4.84,
Figure 4.85 and Figure 4.86, respectively). HowelR&21 is filled up 24 s after the damage
opening is released, while the side compartmetdilled up approximately 8 s later (Figure
4.80). These compartments are ventilated throulghively small pipes (inner diameter is 7
mm) while R21 is ventilated through a large oper(tt@ mmx 100 mm) to the upper deck.
So when the water level reaches the opening to Ri2lis probably compressed in these
rooms. Unfortunately, air pressure was not measumeéither of these rooms, so this
hypothesis cannot be verified directly. Howeveg tielayed increase of the water heights in
the side compartments is a good indicator of amm@ssion in those rooms.

k

Figure 4.79 Test06 — video captures from the early stages of the flooding; the platait
closes the manhole to the double bottom is clearly visible

£

Figure 4.80 Test06 — the free surfaces are parallel when the damage openinguily f
submerged (left) and the side compartment R21P is not yet filled veh the up-flooding
to R22 starts (right)

71



trim [deg]

heel [deq]

Test06 - Trim

1.60

] ] I I ] ] ]
140 e | i !
120 I F A T S —
100 F T R e = -
0.80 [l R T .
0.60 |-l rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr =
040 - e e e e -
020 K" R .

0.00 ! | | | I | | |

0 50 100 150 200 250 300 350
time [s]
Figure 4.81 Test06 — measured trim angle
Test06 - Heel

1.00 . . , , T ) T
050 il _— T - -
} | H‘ R JHSARL R
-0.50 [l B . B B B L .

100 ; ; ; ; ; ; ;

0 50 100 150 200 250 300 350
time [s]

Figure 4.82 Test06 — measured heel angle
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Figure 4.83 Test06 — measured sinkage of the c.o.g.
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Figure 4.84 Test06 — water height in the room R21P
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Figure 4.85 Test06 — water height in the room R21
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Figure 4.86 Test06 — water height in the damaged room R21S
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Figure 4.87 Test06 — water height in the room R11
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Figure 4.88 Test06 — water height in the room R21
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Figure 4.89 Test06 — water height in the room R22

4.4 Summary of the Results

The results of the performed tests are summarizéddrms of the time-to-flood. The results

are compared in order to assess the effects didagng position and the damage size and
location. The time-to-flood (TTF) and the final dlttng position (trim and sinkage) for the

tests are listed in Table 4.2.

Table 4.2 Time-to-flood (TTF) and final floating position for all performed tests

TTF [s] Trim [°] Sinkage [mm]
TestO1 435 0.00 0.00
Test02 515 1.77 81.0
Test03 440 1.76 81.2
Test04 380 1.75 80.5
Test05 860 1.80 83.9
Test06 390 1.40 65.5
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Floating position

The time-to-flood is 80 s (18 %) longer for theelse floating model (Test02) than for the
fixed model (Test01). The damage size and locaiernthe same but when the draft and trim
are increased due to the floodwater, more wateifload in. As a result, the time-to-flood is
longer and the total volume of flooded water igjéar

Damage size

The area of the large damage hole is 3.84-timgeildhan the area of the small damage hole.
Larger damage size means shorter time-to-floodh\Wie small damage hole (25 mm25
mm) the TTF is 515 s (Test02) and with the largmalge hole (60 mm 40 mm) the TTF is
only 380 s (Test04), i.e. 26 % shorter.

Damage location

In Test04 the large damage opening was locateberbbttom of the forward compartment
(DB2) and in Test05 in the bottom of the aft contyment (DB1). In the latter case the time-
to-flood is 480 s (i.e. 126 %) longer. This is daghe longer chain of flooded compartments.
Especially the opening between the double bottompastments (DB1 and DB2) is so small
that the flooding process becomes much slower. Agoply the air pocket in DB1 is smaller

when this compartment is damaged (Test05) sindethettrim angle and the vertical sinkage
are larger than in Test04. This is reasonable,esincTest05 the double bottom DBL1 is
flooded much faster and the waves inside the coimmeaat allow more air to escape from the
air pocket (see section 4.2.5).

WT-door on the upper deck

The time-to-flood is 75 s (i.e. 15 %) shorter wtiea WT-door on the upper deck is open
(Test03) since the aft compartment is flooded fadtee to the additional opening in the

transverse bulkhead. The equilibrium floating posits practically the same as in Test02 and
Test03. This is how it should be since the statuth® door (open/closed) should not affect
the final volume of flooded water

Air Pockets.

In all the tests, where the double bottom was fab{TestO1 — Test05), an air pocket was
formed in the aft compartment (DB2). On the othandy the forward double bottom
compartment (DB2) was practically filled up with teaand the measured air compression
took place only in the pipe to the pressure gauge.

In the testes, where the damage was located in(D8&01 — Test04), air escaped in a bubble
flow from the air pocket in DB1 through DB2 and R®lthe atmosphere. This bubbling was
stopped when the water level in DB1 had risen ¢ottip of the opening to DB2.
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There is a sudden increase in the pressure ofith@eket when the compartment R21 is

filled up with water. This might be partly explathéy the increased resistance for the air
bubble flow. However, in Test05 a similar pressuaease takes place in the pipe from DB2
to the pressure gauge. In this test, no air bughiias observed. Therefore, it is possible that
there is also a sudden increase in the hydrogieggsure in DB2 when R21 is filled up, and

the observed sudden pressure increase in the@iepresults from this.
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5 Roll Decaying Tests in Damaged Condition

Roll decaying tests were performed after the Tesist05 and Test06. The results are
compared to the roll decaying test in intact candifsee section 3.3) in Figure 5.1, Figure
5.2 and Figure 5.3, respectively.

The natural frequencyy, and the natural periofi, of the roll motion and the critical damping
ratio £ are listed in Table 5.1 for the tested damagescasd for the intact condition. In the
damaged condition, the model has a larger crileahping ratio and the natural period of roll
motion is longer.

Table 5.1 Natural roll period and damping ratio after the tested damage cases

Case Damage description ap[rad/s] Tols] ¢l
Intact - 3.25 1.93 0.019
Test03 | Small bottom dam. comp 2 2.94 2.14 0.023
TestO5 | Large bottom dam. comp 1 2.95 2.13 0.023
Test06 | Large side dam. comp 2 2.84 2.21 0.023

The natural period of roll motion is slightly longer the flooded model. In Test06 the period
is longer than in the other damage cases. In Hge the double bottom compartments (DB1
and DB2) were not flooded. Therefore, the centegraivity for the floodwater inside the
model is higher than in the tests, where also théblk bottom was flooded. As a result, the
initial metacentric height of the flooded modetimaller and the model is not as stable as it is
after the other flooding tests. The natural peobdoll motion is inversely proportional to the
square root of the initial metacentric height (seg Matusiak, 199% Hence, the period is
longer for the case, where the center of gravityigher.

The critical roll damping ratio is 21 % larger fitvre flooded model. The damage case does
not seem to affect this as the ratio is the sanen eivthe double bottom is not flooded
(Test06).

There is no notable difference in the natural gkead critical damping ratio between Test03
and Test05. So it seems that the size and locafidhe damage opening does not have a
major effect on the roll decaying in damaged cooditTherefore, it can be concluded that
there is no significant ingress or egress of tlwodivater as the ship rolls with small
amplitude.
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Figure 5.1 Roll decaying after damage (Test03) and in intact condition (itial heel angle
was 2.8 in the damaged condition and 2.8in intact condition)
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Figure 5.2 Roll decaying after damage (Test05) and in intact condition (itial heel angle
was 3.2 in damaged and intact conditions)
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Roll Decaying - Test06
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Figure 5.3 Roll decaying after damage (Test06) and in intact condition (itial heel angle
was 2.4 in the damaged condition and 2.8in intact condition)
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6 Conclusions

Six different damage cases have been tested witbdel of a box-shaped barge. Before the
flooding tests, the initial metacentric height veasluated by performing an inclining test for
the fully loaded and instrumented model. The geomet the hull of the model and the
flooded compartments and openings are simple atwta@ely recorded.

The average discharge coefficients for all the opm in the model were evaluated
experimentally by draining water through the opgginThese results should be very useful
input parameters when the flooding cases are stedilaith a computational method.

During the flooding tests, the heel, trim and \eatisinkage of the model were measured.
Water height was measured in every flooded roonh@fmodel and also the air pressures in
the double bottom were measured.

The measured water heights show the progress dfotbewater and the results correspond to
the visual observations that were obtained fromrihaodel video recordings.

The calibration of the water height sensors wasidoout to be challenging since the applied
system was rather sensitive to the input voltage the cables had to be plugged out and
plugged in between the tests in order to emptyntbeel from the flooded water. However,
this problem was solved with the post-test calibregt and a careful analysis of the results.

Significant air bubbling was observed in the testsere the damage opening was located in
the bottom of the forward compartment. In genataeems that air can escape from an air
pocket as bubble flow if there is a partly submdrgpening to the air pocket. In Test05 and
Test06 such a situation did not exist, and alsainbubbling was observed.

Small sudden increases in the pressures of thpoekets in the double bottom were observed
when room the R21 was filled up with water. This@én be, at least partly, caused by the
increased resistance for the bubble flow. On theroband, this can also indicate that there is
sudden increase in the hydrostatic pressure in DB2.

The air bubbling caused high waves, especiallyh@ toom R21. The accuracy of the
measurement of the water height in this room wasesdhat reduced since the sensor was
located rather close to the opening and the butdde

The emptying of the model from the flooded watebatween the tests was found out to be a
slow and demanding process due to the complextstaiof the flooded compartments. As a
result, in TestO1 and Test04 a very small volumesatier was left inside some compartments
from a previously performed test. These volumesvater were very small, and therefore,
they did not have any effect on the flooding preces
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The analysis of the results has shown that theeenganeed to measure the air pressure in the
forward double bottom compartment DB2 since air paeasion was measured only after the

compartment was already full of water. This mednad the measured compression occurred
in the pipe that lead to the pressure gauge.

The increase of the water heights in the side coimggts R21S and R21P seems to slow
down when the opening to R21 is submerged. Thiscatels that the air in these side
compartments is slightly compressed due to the Isveatilation pipes that slow down the
outflow of air. Therefore, it would have been maeeful to measure the air pressure in one of
the side compartments than in the forward doubtsobocompartment.

In addition to the flooding tests, roll decayingttevas performed for the flooded model after
three flooding tests. The results show that theraaperiod of roll motion is slightly longer
for the flooded model than for the intact modelrtRermore, roll damping is increased. The
critical damping ratio was the same after all tine¢ damage cases. The natural period of roll
motion seems to depend mainly on the number ofd#docompartments as the center of
gravity depends on the volume of floodwater. Nongigant water ingress or egress was
observed during the roll decaying tests. Thiskelyi due to the relatively small size of the
tested damage holes and the relatively small hegés.

In general, the results of the measurements seeocortespond very well with the visual
observations. Furthermore, the measurement of thterwheight in every compartment
allowed a thorough analysis of the progress oflttawater. Therefore, it is believed that the
performed model tests provide valuable experimeds#h for the validation of numerical
simulation methods for progressive flooding.
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APPENDIX A
Evaluation of the Discharge Coefficient Based on thDischarging Time

Let us consider a tank with perpendicular wallg tealischarging through an opening in the
bottom of the tank. The area of free surface intémé isS. The initial water height isl; and
the final water height igl,, measured from the level of the opening. The afg¢he opening

is A and the discharge coefficie@f is unknown. Instead, the discharging tilme known. A
schematic picture of the system is presented iarEid1. It is assumed th@&} is independent
on the Reynolds number so that it is constant duhe whole discharging time.

S

A

Hi

A

H>

NA
Figure Al Draining tank

Bernoulli’'s equation along a streamline betweempdiand point 2 is:

1 1
pl+§wf+ng(t)= P2+ A (A1)

wherep is air pressureg is densityu is flow velocity and is the acceleration due to gravity.

The point 2 is in the opening, and hence the waggghtH is present only on the left hand
side.

In the case of fully vented system = p,, and the air pressure has no effects on the digeha
process. The velocity far from the opening canaken as zero, i.eu;, = .(Hence the flow
velocity through the opening, solved from equafiahh), is:

u, =+/2gH(t). (A2)

The instantaneous water height can be expressieth@son of the volume of water since the
area of free surfacgis constant:

—a (A3)

and the time derivative for the volume of watethis negation of the volumetric flow through
the opening:

—d\(/jwt(t) =-Q, =—C,Au,. (A4)
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Therefore, the discharge process is governed biptlosving differential equation:

=-C, A [2g—1, (AS)

and the initial condition is:
Vv, (0)=H,S, (A6)

and the volume of water in the tank is decreadiihgs can be solved analytically:

22 2,/29H,S
Vw(t):M 2 NGNSy, 2H2182 , (A7)
2S C,Ag gC;A

When a time period has elapsed, the water level has decreasdg @nd therefore:
V,(T)=H,S. (A8)

When this is substituted into equation (A7), thikofeing equation is formed:

2 A2 2,/2gH,S
stzm T2 NGO 1 2H2182 . (A9)
25 C,Ag gCZA

This is a second order equation for the dischamefficient and it can be rearranged,
resulting in:

AZT 2 g
2S

C,’ —+/2gH,TAC, +H,S-H,S=0. (A10)

The discharge coefficient can be solved:

A2T2
212 _ S —
B AT\ 2gH, i\/A T°2gH, 4% (Hl HZ) _ SJ29H; + S\20H,

Ca = AT ATg ~ AT (ALD)
o f g g
28
Therefore, the following equation for the dischacgefficient is obtained:
2gH, —/2gH
cd=sng ng. (A12)

ATg
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APPENDIX B
Results of the Calibration of Water Height Sensors

The initial calibration of the measurement systemttie water heights was performed before
the flooding test. Specially manufactured calilmatisensors were used for this purpose.
These sensors were practically identical to thesahat were installed in the model. The
calibration sensor was connected to the measuresystegm. The sensor was then submerged
to the water in the towing tank at certain intesvalhe relative water height and the output
voltage were recorded. A straight line was fittedhe results (see the figures below) and the
slope of this line was used as the calibration oflador the measurement with the
corresponding measurement card and channel. Thanett calibration factors and the
correlations are given in the table below.

Sensor ID Calibration | Correlation
factor [mm/V] R?
1 8.539 0.9999
2 7.811 0.9999
3 9.059 0.9998
4 20.823 0.9999
5 21.449 0.9999
6 16.933 0.9994
7 16.484 0.9999
8 16.549 0.9995
9 17.809 0.9995
Calibration - Water Height Sensor 1 Calibration - Water Height Sensor 2
620 600
600
o o
E 560 )Z//Z/ E 540 E
= 540 e = 520 P
g 520 — 2 500 e
= 500 = =
£ g 2 480
g jgg I=g 460 A
440 P linear fit . 440 A linear fit ]
420 ImealsuredI B 420 ImealsuredI B
-0 8 6 -4 -2 0 2 4 6 8 10 -0 8 6 -4 -2 0 2 4 6 8 10
voltage [V] voltage [V]
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water height [mm] water height [mm]

water height [mm]

Calibration - Water Height Sensor 3

Calibration - Water Height Sensor 4

620 700
600 650
580 600 L
560 s E 550 o
540 et = 500 e
520 el 2 450
500 = 400
480 /Z/ § 350 o
460 300 e
linear fit linear fit N
440 measured O 250 measured O
420 1 1 1 1 200 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 8 6 -4 -2 0 2 4 6 8 10
voltage [V] voltage [V]
Calibration - Water Height Sensor 5 Calibration - Water Height Sensor 6
700 650
650 600
600 = = 550 Pl
550 £ ~
A < 500 g
500 =
A 2 450
450 o £ _~
400 % =g
300 linear fit - 300 Coo linear fit .
/Z measured O measured O
250 1 1 1 1 250 1 1 1 1
.10 8 6 -4 -2 0 2 4 6 8 10 <10 8 6 -4 -2 0 2 4 6 8 10
voltage [V] voltage [V]
Calibration - Water Height Sensor 7 Calibration - Water Height Sensor 8
650 650
600 600
550 Z,/E T 550 =
E
500 = 500
A = /Z/
450 5 2 450 —
<
400 - % 400 Pg
350 /@/ = 350 o
300 CE linear fit . 300 =g linear fit .
measured O measured O
250 1 1 1 1 250 1 1 1 1
.10 8 6 -4 -2 0 2 4 6 8 10 .10 8 6 -4 -2 0 2 4 6 8 10
voltage [V] voltage [V]
Calibration - Water Height Sensor 9
650
600
= 550 =
E 500
fm 450 e
Q
< 400
2 30 .
s -
300 g
250 linear fit 4
measured O
200 1 1 1 1
-10 8 6 -4 -2 0 2 4 6 8 10
voltage [V]
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