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ABSTRACT

Model tests are widely used for the analysis ofjeasloshing in LNG

tankers, and for design purposes. The complexityhef phenomena
involved in LNG cargo sloshing impedes the appiaratof simple

scaling laws, and the transposition of model tesssilts to full scale
remains an important issue.

A solution to enhance the representativeness okhtedts is to refer to
full scale measurements of sloshing. A first siigaifit series of such
measurements has recently been performed, folldweal model tests
campaign reproducing the conditions correspondinghe full scale
sloshing measurements.
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INTRODUCTION

A Joint Industry Project (JIP) with BW Gas, Teek®EME, Lloyd’s

Register, DNV, Light Structures and GTT, dedicatedhe Full Scale
Measurement of sloshing, is currently providing amprecedented
insight into cargo sloshing in the tanks of LNG kers. This first
significant attempt to detect and measure sloshmmacts at full scale
in operational conditions has been producing mben ttwo years’
worth of measurement data, thanks to the instruatient installed in
tank n°2 of a 148 000 TL.NG Carrier, the LNG IMO, built by DSME
and owned by BW Gas. Sloshing impacts are recoatidigh fills, in

the two forward corners of the tank ceiling.

Within the JIP, GTT has performed a first modeltsesampaign
reproducing the conditions of the full scale slashineasurements. The
ship motions recorded on board the LNG IMO for dec®n of
voyages have been used as an input for the testsd&l of tank n°2 at
scale 1/40 has been fitted with sensors at locatanresponding to the
instrumented zones at full scale. Model tests, vlaie widely used as
the best possible tool for sloshing design studias, here for the first
time be confronted with the reality they are aimaédepresenting.

The main results from the full scale measurements lriefly
presented, and the basis for the selection of ¢niegls to be simulated
at model scale is explained. The preparation oftbdel tests, the test
rig and the test plan are described, and resudta the model test are
provided and commented, with emphasis on the casgawith the
full scale measurement results. Finally, the qoastiand challenges
raised by the full scale / model scale analysidaedly discussed.

FULL SCALE MEASUREMENTS
Two years on board the LNG IMO

The LNG IMO was launched at the end of 2008. Duthmg very first
loaded voyages, some elements of the measuremsetrsynad to be
tuned or rectified, but soon the system providedtiooous and
accurate detection and recording of cargo slosimirignk n°2. Table 1
gives a list of 15 loaded voyages for which fulilscdata was retrieved
and analysed.

This database includes different routes, from Bor{fgeria) to
Europe, South America and South East Asia. Duliegé voyages, the
ship sailed mainly in calm to moderate seas. Ng serere conditions
were encountered. Tank n°2 was always loaded tondeeémum level
(97.5% of tank height) at the departure from thenfBo terminal.
Depending on the duration of the voyage, the drfillimg level could
reach values as low as 92.5%H.

Table 1: list of loaded voyages

Voyage Port _ Date _
departure arrival departure arrival
7 Bonny Yung-An 2009-09-22  2009-10-20
8 Bonny Bilbac 200¢-11-22 | 200¢-12-04
9 Bonny Altamira 2009-12-177 2010-01-03
10 Bonny Bilbao 2010-01-22 2010-02-01
11 Bonny Cartagen 201¢-02-13 | 2010-02-23
12 Bonny Montoir 2010-03-07, 2010-03-21
13 Bonny Montoir 201(-04-03 | 201(-04-14
14 Bonny Montoir 2010-04-26 2010-05-09
15 Bonny Montoir 201(-05-2€ | 201(-06-0€
16 Bonny Montoir 2010-06-20 2010-06-28
17 Bonny Bilbao 2010-07-17 2010-07-27
18 Bonny Rio-de-Janeirc | 201(-08-12 | 201(-08-23
19 Bonny Altamira 2010-09-07 2010-09-23
20 Bonny Incheon 2010-10-24 2010-11-17
21 Bonny Shimizu 2011-01-04 2011-01-31

During these voyages, all the relevant parameten® wontinuously
recorded. Thus all the sloshing measurements caanblysed with
reference to the corresponding operational contio



The recordings can be classified as follows:

e Sloshing measurements
*  Navigation parameteind ship loading conditio
*  Environmental conditions

Instrumentation for on board sloshing measuremen

The instrumentation dedicated to the measuremesloshing impact

was installed in the two forward cornerstbé ceiling o tank n°2. It

includes several sensors, mainly strain gaugexfaithich are base

on fibreoptic Bragg gratings, and some of which have beegifically

designed by Light Structures within the projeThe instrumentation
has been installed in tank n°2 by DSME and Light&tres during th

building of the LNG IMO.Details of the instrumeniion have been
provided by Lund-Johansen al. (2011).

Fig. 1 showshe location of the instrumented zones in tank
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Fig. L location of instrumented zones on LNG I

Preliminary analysis of the dahas shown that the best detection
measure of sloshing impacts wepeovided by the sensollabelled
CSS1to 4 and CSP1 to 4. These are strain gamounted beneath the
cover plate of the primary insulation btocatec in the corner of the
ceiling, respectively at starboard and portside.

The sampling frequency for these sensors20 kHz. Full rate
recordings of the impacts are kept for analysiswal as continuous
low rate data.

Fig. 2 shows the location of the straiauges mounted portside. The
configuration at starboard is symmetrical.

CSP1-4
Strain gauges

Fig. 2: on board instrumentation portside col

Because of the building principle of the box arfidhe configuration of
the strain gauges, the followingdsnsidered, in a first level appro::

in eithertank corner, the four gauges and the part of thercplates or
which they are installed constitute a single sensgth a sensibl
surface of rectangular shape, and of dimensionsx4aD mm

This assumption is also supported by the followingeokstion: th:
analysis of the four strain gauge sit¢s shows that all the strain gauges
react simultaneously to a given load on the douabler plate(Fig. 3).
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Fig. 3 : example afignal for arimpact recorded on a corner box

Due to the detailed design and mounting princigléhe primary bo»
cover plate, the sensareasuring the highest strain value is sensol
on either corneras illustrated irFig. 3. As a consequence, the sensors
CSP3 and CSS3 were chnsas reference for the detection and
measurement of sloshing impacts at portside amdcsied respective.

Loaded voyage n°20

Details are givenhere for one of tt most significant periods of
sloshing recorded on board the LNG IMO during thadied voyage
listed in Table 1the period from 201-10-24 12:00:00 to 2010-10-27
15:00:00, correspondirtg the beginning cloaded voyage n°20.
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Fig. 4 : LNG IMOrouteat the beginning of voyage n°20




Operational and environmental conditions

During the selected period, the LNG IMO was sailatgl8 knots off
the western African coast just after loading at BorfNigeria). The

filling level was about 97%H. The vessel encourttereoderate to
medium sea-states with significant wave heightsnased between 3m
and 5m, and a mean peak period between 10 andTHe svaves were
coming from the starboard head quarter. The wind welatively

moderate — average speed of 15 m/s — coming 4@{56dw.

Wave Spectrum [m/Hzirad)
2010-10-24 12:00:00 to 2010-10-24 15:00:00

180°
Wave Spectrum [m*/Hzirad]
2010-10-25 18:00:00 to 2010-10-25 21:00.00

Wave Spectrum [m*Hzirad]
2010-10-27 06:00:00 to 2010-10-27 09:00:00
o

Fig. 5 : Wave spectra estimated by WaveX radar

Estimations of the sea states are provided by theeX radar system
installed on board the LNG IMO. Wave spectra avedagver 3 hours
are shown in Fig. 5 for the beginning, the middtel ¢he end of the
considered period. They show that during this pktiee vessel was
sailing in globally stable conditions, with bow qiezing swell from

starboard. Changes are visible in the wave periothe beginning

(from longer to shorter waves) and in the ship sewat the end of the
period.

The estimated wave heights are also shown (Fig.inglicating a
maximum at almost 5 m around the middle of theque(R010/10/25,
15:00 to 21:00).
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Fig. 6 : significant wave height estimated by WaveXar

As the ship motions were continuously recorded bg Motions
Response Unit installed on board, a statisticalyaigof the motions
can be done for the selected period. Fig. 7 pregetvariation of the
significant amplitude (kjs) for each degree of freedom, by steps of 3
hours. The motion amplitudes are calculated atémére of tank n°2.
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Fig. 7 : significant amplitude of ship motions
during the considered period

Sloshing data recording

The results of sloshing measurements on both stedband portside
are presented in Fig. 8 for the considered petidd.observed that the



highest events rate (number of impacts per hourpath sides was
measured when the waves were highest.
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Fig. 8 : strain peaks and events rates at porssidestarboard

MODEL TESTS SETUP AND PROCEDURE

The model tests campaign aimed to simulate at d¢d@the sloshing
periods observed on board the LNG IMO. Severalhshas periods
were identified and selected among the full scaésurements to be
simulated with the GTT facilities.

This was the first ever series of model tests desigto reproduce
situations observed and measured on board duidnglatd commercial
navigation, based on comprehensive on-board real tecordings.

The tests were performed with state-of-the-arts@old methods, using
GTTs latest model tests methodology (Gervaise.e2@09).

e The model tank was tank n°2 of the LNG IMO at sda#o.

¢ The hexapod test rig motions were derived from amotiime
histories recorded on board, by Froude scaling.

e The fluids in the tank were chosen in order to hawgas/liquid
density ratio close to the one on board with LN@ #s vapour.

e 180 pressure sensors were mounted on the cornere aghodel
tank ceiling.

Model tests strategy
Full-scale database 3h-partition

It was decided to use a constant and handy timetoardescribe the
voyages from the departure port to the arrival . @every day was thus
divided into 3-hour sequences (00:00 to 03:00, ®3d006:00 etc...).
This arbitrary time basis is consistent with thealglefinition of a sea-
state, which assumes that a sea-state is moresgrstable during 3
hours. It provides a simple and practical basistlier organization of
the model tests and the analysis of results.

Full-scale dloshing period selection

A “sloshing” condition was identified as a conditiproducing at least
5 impacts per hour on CSS3. The selection criterapplied to the
mean impacts frequency for each 3-hour sequenteissdescribed as:

ERc¢ss3 = 5 impacts/hour

where ER means events rate. The definition of grashis related to a
strain threshold value of 12.5 uS at full-scale,tba CSS3 sensor.
Using this criterion, the “sloshing sequences” wielentified. Finally,
successive “sloshing sequences” could be put tegetito “sloshing
period” completed by starting and ending “no-slaghéequences”. The
analysis of the full-scale database ended with sblection of 210
sloshing sequences of 3 hours at full-scale whathiccbe distributed in
22 sloshing periods.

The next step after the selection of the sequetades simulated was to
extract from the corresponding full scale dataitfiermation necessary
to run a model test: time history of tank motions the test rig, and
tank filling level.

Ship motions processing

The motion generator used to perform the tests @xalegree-of-
freedom Stewart platform (hexapod, see Fig. 10k &b simulate the
most severe motions of the LNG IMO with high aceyra

All the time histories of the tank motions were ided from the
motions recorded on board by the MRU mounted on dhetre
bulkhead at B-deck in the superstructure. To sc¢hke full scale
motions down to 1/40, the amplitude of translatiaras divided by 40,
and the time was divided bi40 respecting the Froude similarity.

Low frequencies in yaw motion were filtered to celnthe yaw

component corresponding to the course over grouad,only yaw

motions in the wave frequency range were kept. fidlleand pitch

motions on the other hand were not filtered: the l&requency

components, corresponding to the static trim astdaingles, were kept
in the simulated motions.

In addition, to avoid too high accelerations at #tarting and the
ending of each run, the first and last minute &f time histories were
multiplied by standard ramp signals.

The transposition of motions from the MRU posititm the test rig

reference point was directly performed by the tigssoftware (Fig. 9).
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# Hexapod motion reference point

= On board measurement origine

Fig. 9 : motion transposition

The use of the hexapod was automated so as to rperfests
continuously. The tests were separated with patsegt the free
surface come to rest.
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Fig. 10 : hexapod test rig

Tank filling level

The filling level in tank n°2 of the LNG IMO is ctinuously recorded
by the CTS, based on a radar gauge located onuimp power. The
CTS is not specifically designed to measure thellév navigation
conditions. The measurements are thus stronglyctafie by the
movements of the liquid free surface in the tank.
Nevertheless, average values derived from the @&8imgs appear to
give a consistent estimate of the variation ofléhel in the tank over
several days. Fig. 11 shows the evolution of thenBlutes average and
3 hours average of tank n°2 liquid level measuréméor the first
sloshing period of voyage 20. The decrease ofdidenvel due to boil-
off is clearly shown by the trend of the 3-hoursrage values.
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Fig. 11 : filling level measurement — sloshing pdri

The variability of the 30-mn average values alsegian indication of
the agitation of the liquid inside the tank duritigs period. As a
reference, Fig. 12 shows the same readings, bat ¢afm period of the
same loaded voyage.

Because the measurement is made at the locatittimegbump tower,
i.e. close to the aft end of the tank, the filliegel reading had to be
corrected by taking into account the trim angle.
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Fig. 12 : filling level measurement - no sloshiregipd

As the variation of filling level over the durati@f a sloshing period
(not more than 3 days) were not believed to hasigraficant influence

on the model tests results, it was decided to ratedreadings to the
next whole percentage of tank height (%H). Thequem Fig. 11, for

instance, was thus simulated with a model tankdllevel of 97%H.

Fluid ratio densitiesinside tank

The model tests were performed at ambient conditissing a heavy
gas mixture (SE— N,) as the ullage gas, and water as the liquid. The
use of heavy gas instead of air allows the demaiip between liquid
and gas in the tank at model scale (0.004) to bevakgnt to the one at
full scale, when being at ambient temperature.

Model Sc. Full Sc.
pUllage Gas _ PNatural Gas Vapor
Model Sc. — Full Sc.
Pwater PLNG

Maillard et al (2009) showed that respecting this density ratmed
the model tests to be more representative.

Model Instrumentation
Modéd tank and instrumented areas

The model tank, made of PMMA, represented tank of°Zhe LNG
Carrier LNG IMO at the scale 1/40. The PMMA is 5@nnthick, and
can thus be considered as rigid with respect tortbasured loads.

The pressure sensors were fitted inside staintest modules mounted
in the openings of the model tank walls. The pressensors location
had to be consistent with the full-scale sensocstion in order to
allow a comparison between model scale and fulesteeasurements.
Hence, a particular care was given to ensure teaatea instrumented
in the model tests included the full-scale instrated zones (Fig. 13).

Pressure acquisition

Pressures were measured with 180 pressure tramsdo€epiezo-
electric type, with a sensitive circular area & Bim diameter at model
scale 1/40, (equivalent to 220 mm at full scalehe Tacquisition
frequency was 20 kHz. The distance between twospressensors was
10 mm between axes. The axis of the closest sansthre wall was
located at 5 mm.

A pressure threshold of 50 mbar was defined asnihemum pressure
which had to be up-crossed to consider an eventroed.
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Model test real-time monitoring

A real timemonitoring of the testing conditiorwas done to control
their stability, and therefore the quality of tlesttresult.

The quality and precision of the motiossnulated by te hexapod
were realtime checked through an independent second hex
located inside the first one (Fig. 10hese measurements were use
make sure that the motion time histories recordadboard were
correctly simulated at model scalthe external temperature, ullage
pressure inside the tank, the temperaturevater and ullagegas and
the density of the ullaggas were continuously measuiand checked
in order to ensure the stability of the testingditans.
Theseparameters remained relatively stable all alongtdsts. Thic
was necessary to ensure that the model scale yleasa between ge
and liquid at ambient temperature wepial to the ratio at fi-scale at
cryogenic temperature.

In addition, every 10 run was dedicateto a control test using
reference motion sequence; variabildf the events ratfor a given
group of sensor was quantified to ensure the #tatnf model test:
conditions. Fig. 14 shows results of contrests proving &satisfying
stability of testing conditions (variations of events ratehim +/-10%
around the mean value).
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Fig. 14 : results of control test® 97%H model tes

MODEL-SCALE & FULL-SCALE COMPARISON:!

The resul from the model tests are sloshing impact prespesk
samplescorresponding to the simulation of the 22 periofisloshing

selected among the data recorded on board the LMQ. I[Each
sloshing sequence was simulated 10 times, in dal@roduce larg
samples allowing to draw stable statis

A first, globalobservation based on the results was that the ations
were consistent with themeasuremen at full scale: for each period,
the model testesults showed the same global trend as ull scale
data, i.e.a first sequence without impacts, then for theofelhg
sequences an increase of the number of impacts,atdecrease ar
again a last sequence with no imps

The full-scaledata corresponding to the first periodloaded voyage
n°20 were presented in the first section. The model tesults
corresponding to the same periare detailed hereafter and compared
with the on board measureme

Thefirst value to be compared is the frequency of iotp— or events
rate — expressed in term§ number of impacts per hour. This value
expected to be similar at full scale and modelesda¢cause thmodel
tests are designed to represent the full scaléyeBlevertheless, th
comparison is not straightforward, because the thogiof impads has
to be consistent between the on board measureraedtshe mode
tests.

How to count impacts coherentl

The first difference for the definition of an impact, model and ful
scale, is that the measurgdantityis not the same: strain at full scale,
pressure at model scalblevertheless, it can be assumed that
response of the cover plate (strain) is linear wéthards to the presst
applied on the cover plaf{Bogaertet al.2010).

Furthermore, the same definition can be chosehdtr masurements:
an impact is counted when thiginalup-crosses a given threshold.

Sensor location at model scale and full scale

As the impacts on the tank ceiling are very loaalizthe relativt
position of sensors at both scales is a criticalapater fr the
comparison of results.

The relative location of fulscale and mod-scale sensors is shown in
Fig. 15. This scheme indicatéfsat the area of the primary box cover
plate instrumented at fufleale is bestepresented by the two pressure
sensors located in the ceiling corner along thentbaon the model
tank. The results from the CS - respectively CSP3 - sensor are
therefore compared to the results obtained wittorahination of the
corresponding two motlescale sensors estarboard - respectively
portside.

Instrumented &,y ) (Y )
area at full | - - — -
scale

/ ¢ ( ch Y )
Representative
sensors at N RiREl i
model scale 0 ( (| ()

Fig. 15 relative location of sensc



Threshold considerations

The number of impacts counted at full scale andadel scale depends
on the threshold value chosen in both cases fositml of the strain
gauges or the pressure sensors respectively. Thenigally available
corresponds to threshold values of 12%and 50 mbar respectively at
full scale and at model scale.

A preliminary analysis to compare these values made, based on a
simplified FEM analysis of the primary insulatiom carrying the

CSSn sensors. A uniform load was applied to the FEMhe double

cover plate in cryogenic temperature. Using amegtd scaling factor
based on the Froude number, it was found that tlesdale strain

threshold was much lower than the strain value whiould result

from a uniform pressure on the cover plate corredpm to the model

scale threshold value.

A similar observation can be made by comparingttha number of

impacts recorded at both scales for the same peFod instance,

during the first period of voyage n°20 describedvad) about 1640

impacts were recorded at full scale in the staithearner of tank n°2.

The number of impacts recorded at model scaletfersame period,
averaged over the 10 repetitions run for each semés about 420.

This can be commented as follows: the detecticslasthing impacts at
full scale is very sensitive, and events of smalipitude can be
detected as well as events producing significasparse of the
structure.

Nevertheless, to allow a comparison of the measeménon a
consistent basis, an attempt was made to adjust tthieshold
difference, by considering that the total numbeingpacts should be
the same at both scales over the period. This doeldchieved by re-
processing the full scale data with a strain thokbket at 70 uS instead
of 12.5 uS.

Global flow comparison
Evolution of the eventsrate

Using this increased threshold value for the definiof an impact at
full scale, the events rate comparison resultshasvs in Fig. 16. As

each sequence has been simulated ten times at msodtd, the

variability of the results in terms of impacts cting can be estimated.
This is illustrated in Fig. 16, which shows for kasequence three
different values from the model tests results: rti@an value of events
rate (averaged over the 10 runs), and the meare y@luss/minus the
standard deviation.

Taking this variability into account, it appearsattthe comparison
between the trends at full scale and model scamlly satisfying.
Nevertheless, for two 3-hour sloshing sequencestweden 2010/10/25
15:00 and 2010/10/25 21:00 — a difference betweghstale and
model scale appears, which seems to be significamtlyond the
expected effect of variability. Further analysistloé data is necessary
to explain this observation.

Another illustration of the comparison between fatiale and model
scale for the same period is given in Fig. 17. Tb&s represent the
results of impacts counting per sequence. The ligtely surface
represents the standard deviation associated tmdlel scale values.
The dark grey band shows the ideal zone where tkate rates are
identical at full scale and model scale, taking iatcount the mean
standard deviation on model scale results. As aemurence, it can be

considered that the intersection of the two aredimes the zone where
model tests match the full-scale measurements.
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Fig. 17 : comparison of events rates, full scalswe model.

For most of the sequences, the model tests havisfygagly
represented the full scale measurements in ternmspdct frequency.
As the frequency of impacts is related to the nmiof the liquid free
surface, it can be concluded that the similarityhef global flow inside
the tank at full scale and model scale is confirmed

Nevertheless, two sequences show a significantatiemi Other
sloshing periods, which are not presented in thjgep, have also been
analysed, and similar deviation between full sese model scale have
been observed for several sequences. This shouldrter analysed
and explained.



Comparison between port side and starboard

During the selected sloshing period, the vessétdavith an average
static list angle of 0.52 degrees, and this angiei¢ed a dissymmetry
between both sides. This provides an additional twaheck the global
flow similarity, by comparing the number of impaatscorded at

starboard and portside.

The comparison of the frequencies of impacts irhhastrumented

tank corners concluded that at full scale, the &sveate at portside was
8% of the events rate at starboard. The same ci@oparas done with

the model tests results, and a ratio of 10% wasdou

This observation therefore confirms the relevantmodel tests: with
the same tank motions (including static list), ghebal flow at model
scale resulted in roughly ten times more impactstathoard than at
portside, similarly to the measurements made dt odle. It also
provides an illustration of the importance of stdist as an input in
sloshing studies.

Statistics: distributions and Weibull fit

The statistical distribution of the pressure peakgles obtained at full
scale and model scale were also compared. Forcthigarison, a
Weibull law was fitted to either sample.

Full Scale Weibull Fit
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Fig. 18 : impact strain distribution at full-scale
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Fig. 19 : impact pressure distribution at modelesca

The distribution at full-scale was based on thaistpeak recordings on
sensor CSS3 during the considered period, withraskold set at
70 uS. The distribution at model scale was builthwthe pressures

sample obtained with the 10 simulations of eachusece for the
considered period (threshold set at 50 mbar).

The shape factors of the Weibull fits are in thensarange on the
considered period, which tends to show that thiistital behaviour of
full scale strain values and model scale pressaitees is similar.

CONCLUSION

A first comparison of sloshing impacts recordingdul scale and at
model scale has been performed. For the model, tbstsactual ship
motions recorded at sea have been used as inpuhdosimulation

platform. This allows a direct comparison of futbte and model tests
results, without the bias induced by the use of enical sea-keeping
analysis to produce tank motions.

The results of the model tests — at scale 1/40ve lshown a good
correlation with the full scale measurements. Titemd in terms of
impact frequency over several days of navigation theen found fairly
consistent, as well as the comparison between thasarements in
both instrumented tank corners. This tends to contiat experimental
simulations of LNG sloshing at small scale provide correct
representation of the global flow inside the tanlkes expected
according to theory.

Nevertheless, the good correlation between modéd tesults and full
scale measurements needs to be confirmed for arwatege of
conditions, which could be obtained by simulatimgfurther model
tests new sloshing periods recently measured bgriHeoard system.
Furthermore, the full scale/model scale correlatias been analyzed
globally on the considered sloshing period; a dlaaealysis of the
results has shown that some sequences deviatetfremglobal trend.
This has also been observed for other periods regepted in this
paper, and will need to be investigated and expthie.g. by analyzing
the recorded signals with a focus on the natuteefmpacts.
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