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ABSTRACT

The subject of this paper is the behavior of Mdr&tirrugated primary
membrane under breaking wave impacts. The studyased on the
database of thdarge scale impact testérom the Sloshel project.
Unidirectional breaking waves were generated ilumé tank in order
to break onto an instrumented wall covered by augated surface
reproducing the Marklll membrane at scale 1:6. fnessensors were
positioned in between the corrugations. A speaabksr was designed
to measure the net force in the upward and downwaettion on a
horizontal corrugation. Special care was taken tmseove the
interaction between the wave impact and the cotimga by high
speed cameras synchronized with the data acquisyistem.

Four sources of impact loads on the corrugationsevebserved: the
wave trough, the wave crest, the jet formed aftawvevimpact or the
entrapped air. This observation gave evidence ti@me mechanisms
are involved during sloshing-corrugation interactidhan those
indentified previously with wet drop tests. Morepovéhe pressure
measured upstream and downstream of a horizontaligagion is

correlated to the global vertical force, but thetation depends highly
on the sensor position with regards to the corfagatind the source of
loading.

The paper describes the different kinds of coriiogalbadings during
breaking wave impacts. It emphasizes the needkitdao account the
sloshing corrugation interaction into a sloshing seasment
methodology but shows that applying scaled coriagatin small scale
tests (scale around 1:40 - 1:35) is not adequate.

KEY WORDS: sloshing, LNG carrier, membrane containment
system, Marklll, corrugation, impact pressure, niddst, flume tank,
breaking wave.

INTRODUCTION

Marklll is one of the membrane Cargo Containmenst&ys (CCS)
designed by GTT for LNG carriers. It is mainly camspd of 3m x 1 m
panels of polyurethane foam covered by a staintéssl corrugated
membrane in contact with the LNG at -162°C (seeuféd). The
panels are bonded to the double hull by resin ropes

The membrane features large parallel corrugatiom®ssing
perpendicularly small parallel corrugations. Thegéa and small
corrugations are respectively 54 mm and 37.2 mrh.hIthe distance
between two large or two small corrugations is B8#f. On the

longitudinal walls of the Marklll tanks the largeoreugations are
vertical whilst they are horizontal on the transeebulkheads.
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Figure 1 — Marklll containment system (left), sample of the
corrugated membrane (right)

In 2008, some deformations of the membrane coriomgtwere

observed for the first time on board several Madrlghips during
routine dry dock inspections. These deformatiorithout any leakage
of the cargo, affected both large and small cortioga mainly in the
corners of the ceiling and less frequently in tegion covering a few
meters above the chamfers of the longitudinal kedids. They had
clearly been caused by sloshing impacts. Some gatinons were
globally bent whereas some others were pinchedsilsyonmetrically.

The design loads on the CCS of membrane ships etexndined by
using a sloshing assessment methodology based delrests with
tanks at scale 1:40 and flat walls (see Gerwelisd, 2009). After these
incidents some questions were raised:

= How to determine the loads on the corrugations?

= Could the presence of corrugations magnify the ddadally on
the polyurethane foam?

= How to take this influence into account within tmethodology?
Is it relevant to have scaled corrugations insigerhodel tanks?

After the incidents an investigation plan was ldwett by GTT. A

reverse engineering process permitted to evalh&tdonds capable of
producing the different deformations observed. dtsveoncluded that,
with a static pressure up to 20 bar, both the gations and the
insulation below remain sound, even though theugmtions may be
significantly deformed.

The analysis presented in this paper was carried based on
experimental results from the Sloshel project Bamssetet al, 2009).
So-calledlarge scale testsvere carried out by MARIN in th8cheldt
flume of Deltares (NL). Unidirectional breaking wes/were generated
in the flume in order to impact an instrumenteddrigertical wall. Two
configurations of the wall were tested: a flat waald a corrugated wall



reproducing at scale 1:6 the Marklll membrane asanged on
longitudinal bulkheads (large corrugations areveetically).

The paper explains the main findings from theseegrgents and gives
partial answers to the above mentioned questiorsedaafter the
incidents. The answers brought here are consideseglartial for two
main reasons:

= Wave impacts studied are much idealized compared3@o
sloshing events and are only representative ohsigampacts for
low and partial filling conditions. As they are directional they
are not relevant to understand bending deformatibise vertical
corrugations.

= The tests were performed at scale 1:6. Full scakevimpact tests
with the Marklll containment system have been p@npleted in
April 2010 within Sloshel project. The conclusidinem the large
scale tests will be up-dated as soon as the fallesdata are
analysed.

SLOSHEL LARGE SCALE TEST SET-UP

At the time of testing, th8cheldtflume was 55 m long, 1.5 m high and
1 m wide. The flume could be filled up to 1.0 m.eMume walls were
transparent. A piston wave maker was installechagrad of the flume.
A rigid test wall was installed at 23.7 m from thaddle. The test wall
and the whole set-up is detailed by Bogaert and iKskn (2010). The
test set-up is shown in Figure 2. The main comptsnerre the cover
plate, the front plate, the back plate and the stipm frame.

Figure 2 — Rigid test wall alone (left) and installed irethume (right)

Two configurations of the cover plate were tested one after the other:
a flat cover plate and a cover plate with corruayeti accurately
mimicking the Marklll membrane corrugations at scat6 with the
large corrugations set vertically (see Figure 3hisTchoice was
motivated by the fact that most of the deformed im@me corrugations
observed on board ships in the lower part of timkgawere on the
longitudinal bulkheads.

Two instrumented rigid test blocks were embedded into the test wall.
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Figure 3 — Flat cover plate (left) and corrugated covete(aight) with

the two test blocks

Pressure transducers with a sensitive membrane of 1.2 mm diameter
were installed on the wall as shown in Figure 3igltwo vertical lines
and a horizontal line. The pressure transducerdeseribed by Bogaert
and Kaminski (2010). Locations of the sensors envitrtical line, with

respect to the corrugations within each rigid bleale shown in
Figure 7 (right).
Each rigid block was mounted on a 6-component tzdld

A special corrugation sensor was designed by MARIN in order to
measure the net vertical force on a horizontalugation segment in
between two vertical corrugations (see Figure 4hattop of the right
test block.

i ,
Figure 4 — Corrugation sensor alone (left) and as installethe
right rigid block (right)

The data acquisition was sampling at 50 kHz.

Five high speed cameras synchronized with the data acquisition
system completed the measurement system. Figuigh?)(shows the
shelters mounted on both sides of the flume neamthll in order to
protect both the lighting system and the came@® the splashes. The
shelters assured also a white background for theoviecording.

All breaking waves presented in this paper wereeggrd by a
focusing technique without any bathymetry (see Koumet al, 2010
and Bogaert, Brosset, Léonard, Kaminski, 2010). &V/packets were
generated by the paddle in order to meet at a ¢tiealfocal point
The main parameter enabling to adjust the shafieeofiave just before
the impact was the location of the focal point wigigards to the wall.
Whatever the type of wave generated, the targetedtibn for the
impact is the horizontal line of pressure transduie¢ the top of the test
blocks (see Figure 3).

IMPACT TYPES

First test campaign performed within Sloshel projet the turn of
2007, was dedicated td096 full scale testd~our categories of wave
impacts were identified depending on the advancemwietine breaking
process when hitting the wall (Brossetal, 2009).

The Sloshel large scale teswllowed to reproduce these types of
impacts and to get high quality videos of them. uFégd shows
successive stages of each impact type.

Aerated (AE) Air pocket (AP)

Flip-through (FT)

Slosh (SL)

Figure5 - Four impact types



The free water surface is represented at diffetiergs with a constant
time step of 5 ms. The shape of the free surfaceomatoured from the
video recordings of the large scale tests withflditecover plate.

In a flume tank, the generation of these diffeiemact types depends
on the position of the focal point with respecttiie wall. The waves
breaking before hitting the wall (focal point loedtahead of the wall)
create a lot of bubbles before the impact. Thisllohimpact is called
aerated impacfAE). Whatever the adjustment of the paddle sigma
aerated impacts always lead to moderate impactsyres. Their
interest is thus limited from a design point ofwiand they will rarely
be mentioned in this paper.

Theair-pocket impac{AP), flip-through impact(FT) andslosh impact
(SL) correspond to locations of the focal point ingvprogressively
towards the wall and even beyond the wall for sliospacts. They are
the three most important types of wave impactsudiry significant
pressures on a flat wall.

These three impact types remain the same whatheecdnfiguration

of the impacted wall (flat or corrugated) is. Fig&, 8 and 10 show
respectively characteristic examples of AP, FT 8hdmpacts for both

a flat wall and a corrugated wall. Figures 7, 9 afidjive the respective
pressure time traces recorded by the differentsprestransducers,
vertically aligned on one of the test blocks shamFRigure 3.

Statistically, the air pocket and the slosh impauts more likely to
occur because they correspond to a large rangessilge focal point
locations. Flip-through impacts correspond to arowarband just in
between these two large ranges for AP and SL imp&utctically a
flip-through impact is always a limit case of eithee slosh or an air
pocket impact.

14«
0.951 - . . A
/

091

0.857 ¢

081

0751 Flat wall, 74

* Flat wall, 7,

- Flat wall, 7,

1l
085, =
081

0.85 ¢

0.8 . g . 8 3
o0.751 -Corrugated wallz, Corrugated wallz

Figure 6 — Air Pocket (AP) impact on flat (top) and corrtegh
(bottom) walls at three different instants notgdy, .. Pressure signals
given in Figure 7
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Figure 7 — Pressure profiles for an Air Pocket (AP) impantflat

(left) and corrugated (right) walls. The location the pressure
sensors are given on the right side. Instagtsy, . refer to the
pictures in Figure 6
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Figure 8 — Flip Through (FT) impact on flat (top) and cayated
(bottom) walls at three different instants notgd, t.. Pressure signals
given in Figure 9.
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Figure 9 — Pressure profiles for a Flip Through (FT) impaotflat
(left) and corrugated (right) walls. Locations okgsure sensors are
given on the right side. Instants, 1, 1. refer to the pictures in
Figure 8
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Figure 10 — Slosh (SL) impact on flat (top) and corrugatbdtifom)
walls at three different instants noteglt, t.. Pressure signals given in
Figure 11
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Figure 11 — Pressure profiles for a Slosh (SL) impact on (lleft)
and corrugated (right) walls. Locations of presseesors are given
on the right side. Instants, 1y, 1. refer to the pictures in Figure 10

WAVE — WALL INTERACTIONS

Some general phenomena occur when a travelling \appeoaches a
wall. These phenomena are the same whatever tHiguaiion of the
wall (flat or corrugated) although it is easierdapture them on the
videos or the pictures taken with the flat wall.

Run-up process and vertical jet building from the trough

The most general physical phenomenon when a tmageWave is
approaching a wall is the run-up process: the whaeegh rises
progressively along the wall, the free surface liamg perpendicular
to the wall. This process enables a transfer of emiom from the
horizontal to the vertical direction. It, thus, igétes the impact. For
the slosh waves (see Figure 10 - top), this trarisfeomplete: all the
momentum of the wave is transferred vertically tigio the run-up
process. So, no real impact occurs.

The thickness of the trough is largely reduced whenstrained or
restricted by the close presence of the wave fribnhay become a
violent vertical jet fed by the remaining horizantaomentum of the
wave front (see Figure 8, top, rightRestricted troughsinducing
vertical jets occur for impacts very close to flipough, including
small air-pocket impacts or sharp slosh impactselVa jet is building,
there is always a sharp increase of the pressute itot in the trough
area (see Figure 9 - left). For larger air pockepacts, no vertical jet
from the trough is noticed. The trough is not iiettd enough and the
transfer of momentum happens smoothly. Both theimam velocity
and acceleration of the trough increase in the cdsenpacts with
decreasing sizes of air pockets.



Pulsating Air pocket

For AP impacts, an air pocket is entrapped betwieenrough, the crest
and the wall (see Figure 6). The pocket closes whercrest hits the
wall. The air pocket is pressed by the wave frovtijch still keeps

some horizontal momentum, and the wave trough nghmip. The

pocket acts like a spring, the stiffness of whichgiven by the

compressibility modulus, compressed by water iaeffhe volume of
the air pocket oscillates together with the pressnside. All pressure
sensors within the gas pocket give exactly the spressure signals
(see Figure 7 — left — 4 lowest sensors). The poalan trajectory is

driven by the upward general motion starting frém trough run-up.

Crest impact and vertical jets building from the crest

For air pocket impacts, the horizontal momenturmoaibe completely
transferred to the trough run-up process. A crest building

progressively and hits the wall (see Figure 6 -).tdpespite the

presence of the gas around the crest that will talpart of the crest
momentum when forced to escape, a real impact mappesharp peak
pressure is observed just in front of the crest si@erimposes to the
low frequency oscillating pressure from the gaskpodsee Figure 7
left, sensor at 0.950 m). As already noticed duthng full scale tests

The results in terms of loads on the corrugatiansnothe flat areas are
shown in the two next sections.

Wavetrough - corrugation interaction (I)

During the run-up of the trough along the corrudateall, the trough
hits each horizontal corrugation, separates froenwibll and reattaches
downstream of the corrugation afterwards, beforitinigi the next
corrugation. When the trough is restricted, a jayraurge and hit the
corrugation above.

A trough located in celh between corrugation and corrugatiom-1
loads: (1) corrugatiom, (2) celln and/or (3) celh+1. When a cell is
loaded, the polyurethane foam below the membranddize loaded in
the reality. Corrugation and cell loadings are eespely referred to as
CRGandCCSloadings.

While entering into the liquid during the troughmrup, the lower side
of the horizontal corrugatiom is loaded (I-1_CRG). The celh
underneath the loaded corrugatioiis loaded locally at the same time
(I-1_CCS), especially in the case of a restrictedgh. This leads to an
enhancement of the pressure upstream of the coimngaWhen
reattaching to the wall, the flow loads aefi1 (I-2_CCS).

Figure 13 shows this process (I-1, 1-2) for bothuamestricted trough

(see Brosseet al, 2009), this sharp peak pressure is much localized (top) and a restricted trough (bottom).

The density of installed pressure sensors is rgt Bhough to guaranty
an accurate capture of this peak for each cresadmp\fter contact a
vertical jet is ejected upward (see Figure 6 —tapiddle). A vertical
jet may also be expulsed downward inside the atk@bbut was not
detected from the videos.

Summary

Depending on the impact type (AP, FT or SL), thell WHat or
corrugated) can potentially be loaded by threeediffit parts of the
wave: the trough, the crest and the pocket. Fig@reummarizes the
different possibilities.

Air Pocket
(AP)

e —
b S—

Figure 12 — Different kinds of loads from the wave—wall irgtetion

Building jet from
the trough

Pulsating air
pocket

Impacting crest

WAVE — CORRUGATION LOCAL INTERACTIONS

The different sources of loading due to the wavé-wateraction

remain when the wall is corrugated. They load thetainment system
in between the corrugations. However, each pathefwave (trough,
pocket and crest) interacts with the corrugatiafferéntly, which may
lead to local mitigation or enhancement of the foaud between the
corrugations compared to what would be obtained dlat wall. This

wave-corrugation local interaction also leads tcecHfir loading

mechanisms of the corrugations. The different typas local

interactions are sorted out by the part of the wahieh is involved.

The study is focused on horizontal corrugationshasloads obtained
on vertical corrugations are of no interest whennstering

unidirectional waves. In this section, only the pbvena are described.

Reattachment of the flow to the wall
(I-2_CCS)

Trough loading of a horizontal

corrugation (I-1_CRG+CCS)
Figure 13 — Wave trough — corrugation interactions. Loading
mechanisms |-1 (left) and I-2 (right) (see Table-1Ynrestricted
(top) and restricte(bottom) trough

It is apparent in Figure 13 that the trough remaimiszontal in the area
close to the wall.

The velocity and the acceleration of the troughratueh higher for the
impact conditions corresponding to a restrictedigio Therefore the
trough loading on horizontal corrugations is expdcto be much
higher for a restricted trough obtained for focainp locations close to
the flip-trough conditions than for an unrestrictesligh obtained with
large air-pocket impacts.

Furthermore, when the trough is restricted, theupralong celh may

feed a thin vertical jet with high vertical velogifThis jet hits the lower
side of the above horizontal corrugatioms shown in Figure 14. This
corrugation loading mechanism (I-3_CRG) is linkedah enhancement
of the pressure upstream of the corrugation (I-3SCEigure 11 shows



such an enhancement of the pressure, measuredeampstof a
horizontal corrugation by the sensor located at6Di®, for a jet
induced by a slosh impact.

Figure 14 — Jet loading (I-3) of a horizontal corrugationluced by a
restricted troug

Air-pocket - corrugation interaction (11)

There is no special phenomenon induced by the mpresef a

corrugation when located inside an air pocket of AR impact

(Figure 6 — bottom — middle). The pressure inskdedir pocket can be
considered as uniform. Any part of a corrugaticside the air pocket is
loaded with that pressure. Most of the time, boitles of the

corrugation inside an air pocket are loaded in #Hzmme way,

symmetrically (II-1_CRG). The net vertical force a@n horizontal

corrugation is therefore negligible. The corrugatinay be crushed but
not bent.

A corrugation at the boundary of an air pocket éaded non-
symmetrically (II-2_CRG). This kind of loading tendo bend the
corrugation.

In both cases, the cell inside the gas pocketaddd approximately by
the same pressure with or without corrugated mengboa the wall for
the same steering signal of the paddle, as illtestrhy Figure 7 for the
four lowest pressure transducers located insidaithgocket.

Wave crest - corrugation interaction (I11)
The wave crest may hit directly a corrugation aswshin Figure 15

(left) and load more or less equally both side$-IICRG). This
depends on the relative position between the eresthe corrugations.

Figure 15 — Crest loading of a horizontal crrgation (I)l-&and
resulting jet loadin of the next upper horizontal corrugation -2)

After that, the crest reaches both cells arouncctmeugation. The cell
is loaded at the shoulders of the corrugationXlIECS).

Whatever the location of the crest in the oglincluding corrugatiom-

1) when hitting the corrugated wall, a violent veatijet starts upward

from the contact point and hits, thus loads (IIERG), the next

horizontal corrugation abova as shown in Figure 15 (right). The

pressure upstream of the corrugation may be maghiit the same
time (IlI-2_CCS). Figure 7 shows such an enhancénmeasured

upstream of a horizontal corrugation by the pressansor located at
0.971 m for an AP impact.

Summary

For a given impact type, the different parts of wave interact with the
horizontal corrugations. Table 1 summarizes thiedft loading types
on corrugations (referred to as CRG) and on thé rftembrane
(referred to as CCS for containment system) whiehnewdentified in
this section.

Tablel. — Wave - horizontal corrugation local interaction.
CRG=corrugation loading — CCS=Flat membrane loadhrange
Vg’:r"te L oading description Code | CRG | cCs
Run-up (water entry) I-1 CR§ CCp
Trough Flow Reattachment 1-2 CC$
Jetfrom restricted troug I-3 CRC | CCs
‘ Pocket not limited by a CRG -1l CRG
Pocket |5 ket limitecby a CRC 2 | CRC
Crest Crest impac lI-1 | CRCG | CCS
Jet from crest I-2| CRG| CCS

The main types of corrugation loading are the waeegh loading, the
crest loading and the jet loading. The jets arauded either from a
restricted trough or a crest impact.

CORRUGATION LOADING

Figure 16 shows the maximum vertical forces meabsubg the
corrugation sensor shown in Figure 4, for all Sédbsts at scale 1:6.
The result of each test is classified accordinghtoimpact type (AE,
AP, FT, SL) and the local type of corrugation lgag{trough, crest or
jet).
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Figure 16 - Measured force on horizontal corrugation. Suisibn
made per aerated (AE), air pocket (AP), flip-thdfou&T) and slosh
(SL) impact.

As already mentioned, the corrugation sensor ig ahle to measure a
net vertical force. So a pressure equal on botesfat the corrugation
leads to no force measured. As the crest loadipg {ll-1) of the
corrugations potentially loads both sides of therugations, the
corrugation sensor is not relevant for measurin@it the contrary, as
jets (I-3 & I1I-2) or wave trough (I-1) load onhhé lower side of the
corrugations; the corrugation sensor is very reiefar capturing them.

The highest vertical force on the horizontal coatign was obtained
for trough loading (I-1). Actually only troughs tested by a close
wave front lead to significant vertical forces dre tcorrugation. This



happens for impact types that are very close mtfirough although
impacts some of them can still be labelled as shoglacts or small air
pocket impacts.

The impact corresponding to the maximum
force of 203 N (scale 1:6) is a flip-through
shown in Figure 13 (bottom). It is tempting to
consider this kind of trough loading as a water
Vl entry problem governed by the vertical trough
velocity (see Figure 17). The maximum trough
velocity in this case was evaluated from the
high speed video as 15 m/s. A generalized
Wagner theory as proposed by Zhao and
Faltinsen (1996) and implemented by Scolan
(Scolan, 2008) leads to an evaluation of the
maximum force around 20 N.

Fig. 17 -
entry problem

Water

Such a simplified vision of the wave trough loadimg a water entry
problem of the corrugation into a flat free surfaseems to be
inadequate, at least for a wave trough loadingthearinvestigations
are to be made for unrestricted trough loading.

Jets induced either by the wave crest (Ill-2) f&® #npacts or by the
wave trough (I-3) for FT or SL impacts may alsodea high vertical
forces though smaller than for wave trough loadifibe maximum
recorded force from a jet is 64 N (scale 1:6) ofgtdifor FT impact.
Figure 18 shows this FT impact and the jet indulbgdhe restricted
wave trough hitting the corrugation.

Actually, the test matrix was built so as to meaghe maximum force
or pressure. It means that the parameters, indutii| relative location
of the point of impact versus the corrugation sensere adjusted
more carefully for restricted trough loading thaor fiet loading.
Consequently higher forces on the corrugation cob&le been
obtained for jet loading (either I-3 or 1lI-2) witthe same waves by
adjusting the impact location with respect to therizontal
corrugations.

It can be noted that the only forces measured byctiirugation sensor
for AE impacts were jet impacts with low forcesigbonfirms that AE
impacts can be disregarded when corrugation loadingnsidered.

Figure 18 — Flip-through impact inducing the maximum jetdogy
(64 N) on the corrugation sensor. 5 ms betweervibepictures.

From the force measured by the corrugation sensercan define a
mean pressure on the largest section of the cdiomgaAs the
cylindrical part of the horizontal corrugation haswidth of (340-
70)/6 =45 mm and a height of 7 mm (for technicedsons a little
higher than the actual scaled height 37.2/6 = 619 ,mthe largest
section considered is 315 rnit is interesting to compare this mean
pressure to the pressure measured by the transdpsteam of the
corrugation sensor. The projected distance betwien pressure
transducer and the corrugation apex is 15.4 mm.aple is located at
a height of 986.4 mm.

Figure 19 presents the results with the same &lestsdbn of
corrugation loadings and subdivisions of impactes/as in Figure 17.

Pressures are given at model scale and at fulle scahsidering a
Froude-scaling with LNG (430 kgfninstead of water (1000 kgfn

Froude-scaling is proposed here because often asddno better
suggestion is ready.
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Figure 19 — Maximum mean pressure from the corrugation sefgo
and maximum pressure upstream of the corrugatipnSubdivision
made per aerated (AE), air pocket (AP), flip-thlou§T) and slosh
(SL) impact. Scale 1:1 pressures are Froude seeitbdLNG instead
of water.

It is clear that the pressures measured upstreaimeoforrugation are
lower than the mean pressures on the corrugationtdfe most
significant impacts. The maximum pressure at theisbaf the
corrugation is probably not captured by the closaser sensor due to
its being too far from the corrugation. This regslfurther developed
in the next section concerning the containmentesydbading.

After the incidents with the Marklll membrane in GNcarriers in
2008, GTT carried out investigations which conchidkat up to a
static pressure of 20 bar, both the corrugatiomsstae insulation below
remain sound even though the corrugations may baifisantly

deformed. For a first visible deformation of theadihntorrugation, a
static pressure of 5 bar is required.

These two pressure thresholds are representedgoneFi9 by a black
(5 bar) and a red (20 bar) lines. It is to be restithat no impact was
generated, despite our good will, leading to augation loading above
the damaging limit established by GTT. On the aytmany would
have led to a permanent visible deflection of therizontal
corrugations. It is unfortunately not possible tetedmine what the
probability of occurrence of such impacts is frome tdata base. The
large number of high pressure impacts obtained @flgcts the will of
the Sloshel partners to focus on these kinds ofatg Nevertheless
most of these high pressure impacts were obtainedlip through
impacts which can be considered as a conditiongbdiificult to adjust
in a lab and unlikely to happen with 3D real exaitas.

These high loads of the horizontal corrugation @tained by trough
or jet loadings of the lower side of the corrugati®hey would lead to
asymmetric deflection (local or global bending}toé corrugation.

Crest and air-pocket loadings are the only kinds ttould explain
pinching deflection of the horizontal corrugatioisit were observed
on board Marklll ships. The highest pressure measupstream of the
horizontal corrugation sensor for crest loadingnisch lower than the
threshold for a visible permanent deflection. Timay only be due to
the fact that the sensor was too far from the gation to capture the
maximum pressure. An improved corrugation sensar developed for
the Sloshel full scale tests with the Marklll meanhe. These tests have
already been performed in April 2010. The new serisoable to
measure both the upward and the downward vertimade§ on the
horizontal corrugation.

The results of these full scale tests should antheequestion whether
crest impacts are able to pinch permanently a boté corrugation.



The maximum pressure measured inside a gas packe® bar, which
is much below the threshold inducing a first visideformation.

Studying unidirectional waves does not allow captyr high
asymmetric loads on the vertical corrugations. Minetess crest and
air-pocket loadings are potentially able to pinab well a vertical
corrugation as a horizontal one. So, conclusionsgne the same on the
vertical corrugations for this kind of symmetritadings.

CONTAINMENT SYSTEM LOADING

In the previous section the focus was on the laad¢he corrugations
of the Marklll membrane. Considering the excellfaiigue behaviour
of the membrane, even after strong deflectionhiefdorrugations, this
part is not the most essential for the safety efghip. The focus is now
on the loads on the flat areas of the membrane eitween the
corrugations that would load directly the polyussth foam of the
Marklll containment system on board LNG carriers.

The analysis of the containment system loadingffecalt for several
reasons:

= The density of sensors on the test blocks wasdaotd capture
adequately the highest sharp peaks (Kimmetral, 2010). In
particular, as seen in the previous section (Fid@e the
measured pressures just upstream of the corrugatidhe impact
areas are likely to be underestimated.

= The impact types inducing the highest local press\{Figure 19)
are the flip-through impacts. These impacts aré laases of air-
pocket impacts, for which the pocket volume termigards zero.
They are very sensitive to the initial conditioi®onsequently,
even when repeating carefully the same paddle isteesignal
adjusted for the flip-through conditions, everhié twave had been
especially studied in order to give the best regddatresults, the
results in terms of measured pressures were lagmigad (see

Kimmoun et al, 2010 and Bogaert, Brosset, Léonard, Kaminski,

2010).

=  The flip-through impacts are conditions helpinguttderstand the
physics of wave impacts, but considered as unlitelypccur in
real situation with 3D ship motions.

= The large scale tests were done at scale 1:6 amthgof the
corrugations influence is not mastered.

Nevertheless, after all these reminders, someeistialg trends can be
derived from the large scale data base.

Four air-pocket, seven flip-through and four slastpact conditions
were repeated with the same paddle steering sidoalsoth the flat
and the corrugated walls. The results presentedisnsection compare
directly the couples (flat/corrugated) of maximuoads, namely local
pressures or mean force on the two test blocksRegee 3), for these
conditions in order to show the influence of theregations on the
CCS loading.

Figure 20 shows scatter plots of the maximum meakuorces,
perpendicular to the wall, on the test blocks. &hscissa and ordinate
are respectively the values obtained on the fldt #V) and on the
corrugated wall (CW). The shapes and colours ofdibts indicate the
kinds of wave impacts (AE, AP, FT, SL).

The results for flip-through impacts are signifitgrspread and do not
show a general trend. Indeed their high variability the initial
conditions masks the phenomenon that one trienatyse, even for
global force measurements supposed to be moreesthbh local
pressures. For slosh and air-pocket impacts, §ligigher loads can be
observed on the corrugated wall than on the fldt Wacloser look to
the local loads for these two impact types is nesgs
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Figure 20 — Comparison of the max. forces on the test blogksorded
on the flat (k) and the corrugated ¢fy) walls for the same wave
paddle signal. Aerated) air pocket ¢), flip-through @) and slosh (+)

Figure 21 shows for SL and AP impacts, the ratiQ/Pry of the
maximum pressure obtained on the corrugated wally)(Ro the
maximum pressure obtained on the flat wali)Ffor the same location
along the middle vertical of the test blocks ané game paddle
excitation. Locations of the corrugations are repnéed with red lines.

These plots are to be analysed carefully: a higio R\/Pryw may
correspond to a small reference value. So, the maxi value of By
and Ry are displayed on each sub-figure.

A general trend of higher local pressures is gleabserved for the
corrugated wall. Also, the details considering fhet of the wave
involved and the location of each sensor with régato the next
downstream corrugation, thus the kind of wave-agation local
interaction (see Table 1), make sense.

For the slosh type of impacts (Figure 21 — left) the lowest corrugation
within the test block interacts with the trough wheruns-up and the
jet is building up (instant, in Figure 10 - bottom). The overpressures
observed on Figure 21 are thus of the same kirttiaa®e described on
Figure 11 for the sensor at 0.867 m from the bot{bdn or/and 1-3 in
Table 1). The sensor upstream of the top corrugatiaptures also
significantly larger pressures due to the jet hgttihis corrugation (I-3).

Pmaz,Fw = 0.2bar Prmaz,Fw = U.8bar
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Slosh impacts Air Pocket impacts
Figure 21 — Comparison of the max. pressure on corrugatedflan
walls at the same location for the same wave pasidgial

For the air-pocket type of impacts (Figure 21 — right), the crest is
most of the time hitting the wall between the cgations at

respectively 0.929 m and 0.992 m above the botfbme. increase of
pressure for the corrugated wall at sensors atO®%nd 0.971 m
above the bottom are related to the jet-from-thestchitting the top

corrugation (lll-1) as observed in detail for a tmarar air-pocket

impact in Figure 7.



For both the slosh and the air-pocket impacts, duaton of the
pressures is observed just above the top corrugatieen using the
corrugated wall. This effect must be much localizéécause the
sensors respectively at 0.950 m and 0.888 m jusiveabother
corrugations but a little further do not show téiect.

The overpressures observed must be also much Zedakit a given
moment since the force magnification observed igufé 20 remains
small.

DOES IT MAKE SENSE TO PERFORM MODEL TESTS
WITH CORRUGATIONS?

The two previous sections have shown that the wawmrrugation

local interactions have a significant influence lwoth the corrugation
loads and the containment system loads. How canitifiuence be
taken into account within a sloshing assessmergdbas model tests?
Would it be an improvement, though technically tajing, to

perform small scale tests with scaled corrugatetisviia the areas of
impacts?

Sloshing model tests as performed in GTT are basedhe use of
model tanks at scale 1:40. Let us imagine a scaé ih order the
distance between two consecutive parallel corragat{large or small)
is 1 cm. Heights of large and small corrugationsilahus become
respectively 1.6 mm and 1.1 mm at small scale. fasg the

fabrication of the corrugations at scale technjcalbssible, it may be
feasible after changing the sensor housings, teupsefiour Sloshel

pressure sensors (these sensors have a particsladyl sensitive
membrane area (1.3 mm diameter)) within one cell.

In order to derive reliable full scale loads atslean the containment
system two requirements are necessary to be édfill

= the wave — corrugation local interaction mustsimilar at both
scales
= the measured pressures are representative of thienora loads

The first condition is unlikely to be fulfilled baase with such a small
size of the corrugations at small scale, viscodscef governed by
Reynolds number or tension surface effects goveoged/eber number
are expected to have a strong influence.

Furthermore, according to Sloshel large scale ,tete second
requirement is not fulfilled. Indeed, the measuprdssures depend
highly on the distance between the sensor upstadaime corrugation

and the corrugation itself. For example, the clokmser sensor to the
top corrugation within the test block was not abde capture the
maximum pressure at the root of the corrugationicivtshould be

larger than the mean pressure on the corrugatiogesa section,

derived from the force measurement on the corragdgee Figure 19).
The projected distance between this sensor andcohesponding

corrugation was 21 mm at scale 1:6. Geometricaiyexl at scale 1:34,
it would become 3.7 mm. So, the results of the rhadsts would

highly depend on the minimum distance the sensolddoe positioned

with regards to the adjacent corrugation.

Figure 22 illustrates this influence of the disermetween a sensor
upstream of an adjacent corrugation and the cotinmgatself. The
maximum pressure measured upstream the corrugdpignud is
compared to the average pressure derived fromoifee fmeasured by
the corrugation sensomp4dyg). The two most significant types of
corrugation loadings (trough run-up loading (I-hdget loading (I-3
and lII-3)) are displayed separately. Different aop types are
distinguished by using different colours and syndi@pes.

For a given distance (here 15.4 mm) between theoseand the
corrugation, the underestimation of the maximunsguee at the root
of a corrugation is significant and depends onithgact type and the
wave-corrugation local interaction type.
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Figure 22 — Average pressure on corrugatipgy) and maximum
pressure upstream of corrugatiqn{x ud- Aerated ¢), air pocket ¢),
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CONCLUSIONS

After the NO96 full scale wave impact testarried out at the turn of
2007, the Sloshel consortium performadge scale wave impact tests
in April 2009 at scale 1:6 in a smaller facilityhd objectives of the

new tests were multiple:

= Study the scaling effects by mimicking at largelsdhe waves
generated first at full scale, when impacting a figid wall.
Bogaert, Brosset, Léonard, Kaminski, (2010) pretemnfindings.

= PrepareMarklil full scale wave impact testsy tests on both a flat
and a corrugated wall in order to:

v' improve the quality of the waves for better masigrihe
repeatability of the waves developments and of phessure
measurements (Kimmouat al, 2010 and Bogaert, Brosset,
Léonard, Kaminski, 2010).

v obtain design loads for the Marklll full scale sgt-

v/ obtain a data base with the corrugated wall andlitions to be
repeated at full scale during the Mark Ill testomder to study
the scaling effects on the corrugated wall.

Marklll full scale tests were performed in April 2D but have not been
analysed yet. The present paper is limited to itigtirfgs from the large
scale tests and the comparison of results obtawittdthe corrugated
wall and with the flat wall. The three main cateégerof impacting

waves (air-pocket, flip-through and slosh impactbpady studied in
NO96 full scale tests were studied again.

High speed video recordings synchronized with tlesgure acquisition
enabled an analysis of the phenomena when a weeradts with a flat
wall. The wall is loaded by the impacting creste ttompressed air
pocket and the root of the jets building up eitihem the trough during
the run-up process or from the crest after its ichphe loading of the
jetis due to the local change of direction of liqaid momentum.

These general wave-wall interaction phenomena mremvaen the wall
is corrugated, but in addition, they interact withe corrugations
generating specific loadings of the corrugationd arodifying locally
the loading in between the corrugations. Six déifer loading
mechanisms were observed involving either the gations or the
cells, thus the polyurethane foam in the realitypoard ships.

The maximum loads were obtained with flip-througfpacts, difficult

to adjust in laboratory and therefore not considexe likely with real

3D ship motions. However, maximum force recordedaohnorizontal

corrugation during the whole test campaign woultl mve damaged
the corrugation nor the foam below at full scale;aading to Froude
scaling.

Nevertheless, several air-pocket and slosh impaotssidered as more
likely to occur in the reality, induced a mean gree which could have



led to permanent visible deformations at full scale

Several mechanisms were observed inducing an eatmamt of the
pressures locally just underneath the horizontatugations in the
impact areas. A too low density of pressure traosduin the impact
area was used to capture the highest pressure.peaks

In addition to the scaling difficulties, this higtiensity of sensors
required in between two corrugations is the reagbwy the authors do
not recommend to model the corrugations duringhéhgsmodel tests.

All results obtained from the large scale testastht scale 1:6, have to
be confirmed from the Marklll full scale tests, wéley not only the
scale was changed, but the test conditions wereoweg. In particular,
a higher density of pressure sensors covered theest blocks.
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