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ABSTRACT

The growing environmental awareness during receatsy has led to a significant
increase in the use of natural gas as a greenyesepply. This, in turn, has increased
the demand for transportation bfjuefied natural gas(LNG) and therefore LNG
carriers are growing in both size and numbers.

This master’s thesis deals with a challenging dessgue for LNG carriers with
membrane type cargo tanks; the determination atttral response due to sloshing
impact loads. These loads are characterized bysherst durations and are thus likely
to inflict a dynamic amplification in the responsfethe hull.

This thesis covers a study consisting of FE analyperformed on a model
representing parts of an LNG membrane tank. Thexrabjective was to find and
guantify thedynamic amplification facto(DAF) for the structural response towards
sloshing impact pressures. The influence of vammetiin the load characteristics such
as load duration, extent of the loaded area, loeation as well as the influence of the
insulation system was evaluated. The analyses wertormed using an explicit
calculation scheme in the commercial finite elensaftware ABAQUS.

The study shows that the response in the studigimrreof the hull structure
experiences significant levels of dynamic ampliiila during impact loads with
specific durations. This has been found especipignounced for certain load
locations due to their excitation of structural nioems in the inner deck structure. The
outcome of the response sensitivity analysis algmws that the insulation system
(MARK 111 type) used for containing the cargo hadaage effect on the dynamic
behaviour of the hull structure. It has been fotmalter the magnitude of the stress
and deflection response for key structural membieralso changes the load time
durations for which the maximum dynamic amplificatioccurs and increases the
magnitude of the corresponding response DAF.

It has been found that dynamic response, suchrammal deflection modes of the

stiffeners and amplification effects from the irsidn system, gives DAF values of
up to 2. The effects have been found to be pre®serttmporal load characteristics

commonly occurring in sloshing model tests and-$allle measurements and are
therefore likely to occur for a vessel in operation

Key words: ABAQUS explicit, DAF, Dynamic amplifidah, Dynamic response,
Impact loads, LNG membrane carriers, MARK 1ll, Siog)
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SAMMANFATTNING

De senaste arens vaxande miljomedvetenhet hatilledn betydande 6kning av
anvandningen av natur gas bland annat fér eneogiugtion. Detta har i sin tur 6kat
efterfragan pa transporter aatur gas i flytande fornflLNG) och tankfartyg for LNG
vaxer i bade storlek och antal.

Detta examensarbete handlar om ett utmanande gesiem for LNG-fartyg
utrustade med membrantankar; berdkning av stridgponsen pa grund av
impulslaster som kan uppstd nar den fria vatskewldn emot den omgivande
tankstrukturen. Dessa laster &r karaktariseradenysket kort tidsvarighet och kan
darfor ge upphov till dynamisk forstarkning av respen i skrovstrukturen.

Avhandlingen presenterar en studie bestdende aanBEyser utférda pa en modell
som representerar delar av en LNG-membrantank. thuaglet var att hitta och
kvantifiera den dynamiska forstarkningsfaktorn icskespons mot impulstrycklaster.
Paverkan av variationer i lastegenskaper sasonaktighet, storlek pa lastomradet
och positionen av den palagda lasten samt pavefian isolationssystemet ar
utvarderade. Analyserna har utforts med explicifikeingsmetod i den kommersiella
mjukvaran ABAQUS.

Studien pavisar att responsen i den studerade stkuéturen upplever en betydande
nivd av dynamisk amplifikation da den utsatts f@pulslaster med vissa specifika
pulslangder. Detta har noterats som speciellt fréaainde for specifika lastpositioner
som har visat sig ge upphov till excitation av ktmelement i den inre
dackstruckturen. Studien av responskansligheteanr visksa att isolationssystemet (av
typ MARK 1Il) i tanken har en stor paverkan pa dbtnamiska beteendet for
skrovstrukturen. Det har observerats att storlgi@spanningar och deflektioner i de
studerade strukturelementen &ndras vid introdu&homv isolationssystemet. De
tidsintervall som gett upphov till de maximala dgmska forstarkningarna i dessa
struktursvar andras ocksa. Vidare okar &aven stenlekpd den dynamiska
forstarkningsfaktorn.

Slutsatsen fran analyserna &r att dynamiska fenors&nsom vridning av
longitudinella styvare och forstarkning av struktwaret i skrovet fran
isolationssystemet kan ge upphov till en dynamisktéirkningsfaktor av magnitud 2.
Dessa effekter har visat sig intréaffa for lastamsgheter vanligt forekommande i
modellférsok och fullskaleméatningar och kommer dééven troligen uppkomma fér
fartyg i anvandning.

Nyckelord: ABAQUS Explicit, Dynamisk forstarknin®ynamisk forstarkningsfaktor
Dynamisk respons, Impulslaster, LNG-membranfamy§RK Ill, Vatskelaster
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1 Introduction

This chapter presents the background and objeabifviee thesis. A brief overview of
the methodology and limitations of the work areoafgesented followed by the
outline of the thesis.

1.1 Background and motivation of work

Due to an increased environmental awareness tageitiemore stringent regulations
regarding emissions the use of alternative eneddytiens and fuels are gaining
ground. Natural gas has become one of the mostipemtnof such energy sources
and the need for transporting it has steadily imsee during recent years. To meet
this demand a large number lafuefied natural gagLNG) carriers have been built,
mainly with membrane-type cargo tanks. This vesges will be gone through more
extensively in Chapter 2.1. One of the challenglegign issues for these systems is
related to the determination of sloshing impactoe the tanks and its relation to the
structural response of the hull. The reason far ihthat these loads are dependent on
many different physical effects, giving them a btstic nature. The work of
Malencia and Kwon (2013) points out that gas cushimuid compressibility, gas
boil-off and hydroelasticity are examples of sutfieds.

It has become more and more important to get anraf estimation of sloshing
impact loads and their effect on the hull structdies is due to the fact that the ships
being built are growing in size and that their @b@nal requirements are becoming
increasingly demanding (Pastoor et al., 2005). iBusly, the typical LNG carrier was
in the size of 140 000 fwhile in later years sizes up to 260 00Dhave been built.
Furthermore, restrictions have previously limitée tallowable filling levels in the
cargo tanks to be either close to full or closentoty. The relocations of loading and
discharging sites to more weather exposed locat@wasincreasing and the coming
use offloating liquefied natural gas facilitie§-LNG) is contributing to a growing
need to operate with partial filling levels. Thisaynintroduce very violent sloshing
phenomena inducing high loads on both¢hggo containment syste(@CS) and the
supporting ship structure (Malencia and Kwon, 20IR3)erefore, the industry has
increased its focus on sloshing impact loads aedsues connected to it.

The current design methods are to a large extgrardkent on input from model tests
(DNV, 2014). Tanks in model scale are subjectedhttions in order to induce the
sloshing that is expected for the full-scale tankoperation. Pressure sensors are
arranged in clusters inside the model tanks intlooa where sloshing loads are
considered as frequently occurring. The measuradslare then recorded and used
for setting up long-term load distributions, whichturn form the base for calculating
design loads with extreme prediction methods (DR¥14). The test procedures are
highly advanced and aim at ensuring that the egpeed loads are within the limit of
the strength of the CCS. They are a result of exterdevelopment and are today the
most reliable input in terms of estimating the wadhich is why they are utilized as
input for hull design loads as well.

To compensate for the model scale the measuredyress needs scaling to be
representative for the full-scale design. Withie tised scaling methods there are,
however, some uncertainties. These originate frben random nature of sloshing
loads and natural limitations in the experimentatup. One of these natural
limitations is that LNG is not feasible to condutbdel tests with and therefore water
iIs most commonly used instead. Another examplieasthe local effects, such as the
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formation of entrapped gas pockets, have been fdtoublesome to scale in an
accurate manner, which is described by Lafeberl.e(2812) and Bogaert et al.
(2010a). Furthermore, the model tanks used canobsidered rigid, making the
hydroelastic effects that are expected in a reayjacaank hard to account for
(Malencia and Kwon, 2013). Finally, it should beaewthat the characteristics of the
full-scale sloshing loads are highly dependenthendensity ratio between liquid and
gas in the tank. Expected load durations have bmamd especially affected by this
factor, which is pointed out by Lee et al. (2008)e differences in liquid media used
in the model tests compared to LNG do thus add rnteiogies to the loads acquired
from these tests.

Another issue with being reliant on model tests floe hull design is that this
approach requires a significant engineering eféord is very time-consuming. This
gives rise to the need for simplifying the desigtecia currently in use. DNV GL is a
large actor in the work of developing proceduresergasy to use for the designers,
based on acquired knowledge from model tests,sttdle measurements and other
analyses. This thesis is thought to provide supiotithis process.

The stochastic nature of measured loads and thertanty of measurements
demands further investigation of how sensitive sheictures subjected to sloshing
loads are to load parameter variations. Extensiwestigations regarding the
structural response of the insulation system in brame tanks and how it is
influenced by such load variations have been ma@te.strength of the insulation is
lot less than that of its supporting structural rbens and thus considered the primary
structural issue when it comes to local responseal effects on the hull structure
will nevertheless be present (Graczyk, 2008). Tioeee the hull structure’s
sensitivity towards the temporal and spatial vaoret that are connected to sloshing
loads should be taken into consideration when desigthe hull. This is the major
underlying motivation for the work presented irstthesis.

Sloshing impact loads are highly dynamic scenawthk very short load durations.
Structures exposed to dynamic loadings with loa@titans that are in the order of the
structure’s natural period are likely to experiereelynamic amplification in the
structural response depending on the characterigtithe load (Graczyk, 2008). Such
amplifications from a dynamic load can lead to Higant increases, up to a
theoretical factor of a maximum of two, in the stural response compared to a
corresponding static load (Biggs, 1964). This afigaliion factor in response due to
dynamic loads is denotatynamic amplification facto(DAF). Previously performed
dynamic analyses of stiffened steel plate strustumee made by Tavakoli and
Kiakojouri (2013). The structure analysed in theiork is similar to the ones
commonly used in ship deck structures and it wasidothat the structure’s natural
periods were in the order of a few millisecondse3énatural periods coincide fairly
well with the most commonly occurring load durasoof sloshing impacts based on
model tests (Graczyk and Moan, 2008; DNV GL, 20T%H)s gives reasons to believe
that impact loadings from sloshing occurrences mdyce dynamic amplification in
the supporting hull structure, which possibly cob&dof significance for its design. A
large focus in this thesis has therefore been ptd how the response of the
supporting hull structure is affected by tempoi@iiations in impact loadings.
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1.2 Objectives and scope of work

The main objective is to quantify the dynamic arigaition factors, of the structural
response in the hull, which are expected to oca#  sloshing impact loads in
cargo tanks on LNG membrane carriers. This is tddree by numerically evaluating
the response sensitivity against temporal and apatriations in impact load
characteristics for a reference vessel.

The scope of work consists of the following:

Developing a model representing parts of a LNG nramd tank, where

sloshing impacts are likely to occur. The model Wwd based on realistic ship

design with basis in a 175 00¢ kNG membrane carrier.

Identifying critical structural members of the hwslructure with regard to

structural response in terms of stress and dedlectivhen subjected to

representative sloshing impact loads.

Evaluating the stress and deflection sensitivityaals temporal and spatial

properties of impact loadings for the identifiedustural members.

o Determining the influence from load location foramge of relevant load
durations.

o Determining the influence from load extent for age of relevant load
durations.

o Determining the influence from the cargo containtrerstem for a range
of relevant load durations.

CHALMERS, Shipping and Marine Technologyaster’s Thesis 2015:X-15/329 3



1.3 Methodology

The finite element(FE) software ABAQUS (Dassault systemes, 2014)tized to
numerically asses the structural response towandsamic impact loads. The
methodology used in this numerical study can bastithted by the workflow
presented in Figure 1.1. The analyses are based ddiscretised FE model
representing the geometrical and structural pragggextorresponding to parts of the
hull structure supporting the membrane tanks. Laadésdetermined and applied to
the model for each set of analyses. The desirepubulata from the FE analyses is
extracted through post processing in order to etalthe results. The method utilized
for each of the presented analyses steps is dedanlthe following.

Figure 1.1 Schematic workflow.

Drawings from a classification approval of a typichlG membrane carrier with a
cargo capacity of approximately 175 000° form the basis of the FE model
geometry. The geometry under consideration reptesesection of the hull structure
supporting a cargo hold, at a location prone tghsltg impact. DNV class note 30.9
is used as support in the modelling (DNV, 2014).

A series of explicit, linear dynamic FE-analyses ddferent load cases is performed
using the FE model. The studied load cases comespo a variety of impulse
pressure loads with different combinations of |ahdration, location and extent.
Experimental data is used as reference for thecehof the considered load
parameters. The experimental data under consideraimainly acquired from the
documentations of sloshing model tests performedhieycompanyGaztranport et
TechnigaZGTT). Report material from full-scale sloshingasarements on an LNG
carrier performed by DNV GL and other actors i®alensidered (DNV GL, 2015).

4 CHALMERS, Shipping and Marine Technologylaster's Thesis 2015:X-15/329



The maximum structural response for each of thdistuload cases is extracted from
the FE output data in the post processing. Thetstral responses that are considered
correspond to von Mises stress and deflection coaps in the stiffened inner deck
structure. The dynamic response behaviour is alsgally studied in the ABAQUS
graphical interface.

1.4 Limitations
The limitations of the scope of this master’'s these as follows:

Only one ship-specific design of the hull structstgporting the membrane
tank is evaluated.

The structural response assessment is limited ¢otamk location in the aft-
most located tank of a studied reference vessel.stidied region represents a
location especially prone to experiencing sloshingpacts. The aftmost
located tank also has a design that is relativalgsistent among similar
vessels.

Structural details such as welds and cut-outs ateimcluded in the FE
models.

Only linear elastic material behaviour is consideteroughout the study;
material plasticity and effects like strain hardenare not accounted for.
Geometric nonlinearity and non-linear contact folations are not considered
in the numerical analyses.

Only local loadings from sloshing impacts are addeel. Global loads such as
hull girder bending moments and hydrostatic presswithin the tanks are not
taken into consideration.

The choice of load location and area extent is da@sedocumentation from
previously performed sloshing model tests and sa#lle measurements held
by DNV GL. Due to the confidentiality of these refsoonly limited data can
be published in this thesis.

1.5 Outline of thesis

Chapter 2 presents a brief summary of sloshing NGLmembrane carriers. In
Chapter 3 the specifics regarding the FE modelthar load parameter study is
presented, followed by Chapter 4 with the specifesgarding the FE model for the
cargo containment system influence study. The a&eligesults are subsequently
presented and discussed in Chapter 5. Conclusimthgeecommendations for future
work are presented in in Chapters 6 and 7, respdygti
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2 Sloshing of LNG-cargo

This chapter provides a summary of sloshing loadkvehy LNG membrane carriers

are especially prone to experiencing these loadspaced to vessels carrying other
liquids. It introduces the fundamentals regardimg problem at hand and provides an
overview of the complex nature of the sloshing gmeena.

2.1 LNG membrane carriers

There are different types of LNG carriers in use one under consideration in this
master’s thesis is the type with membrane cargkstafihe most common design of
these vessels has 4 cargo compartments over tgth Jevhich is illustrated in Figure
2.1. The cargo tanks are separated by two trars\mrikheads and a cofferdam in
between.

Figure 2.1  Tank arrangement and numbering of adgipLNG membrane tank
carrier.

An example of a 4 tank LNG membrane carrier is gmésd in Figure 2.2. The upper
parts of the tanks are visible in the figure, sabove the main deck.

CHALMERS, Shipping and Marine Technologyaster’s Thesis 2015:X-15/329 7



Figure 2.2  Typical LNG membrane carrier, courte$ypdlV GL.

The tanks usually span over the greater part ofbtleadth of the vessel and have
chamfered side structures at the top and bottomnFggure 2.3. Typical dimensions
are 40 m wide, 40-50 m long and 30 m high. Tank lmemi or the forward tank is

typically smaller and has a different cross sectiompared to the other tanks.

Figure 2.3  Principle outlines of typical LNG membeatank cross sections. The
left cross section is typical for tank number 2#dahe right- hand
tank cross section is typical for tank number 1.

The boiling temperature of natural gas is -163 s, To maintain the gas
temperature below the boiling point and therebypksg the gas in its liquefied state,
the compartments have to be heat insulated. Thidoisee by different kinds of
insulation panels that limit the gas boil-off andis the hull structure to be cooled
down by the cargo. The reason that contact betwbhencargo and the hull is
undesired is that the steel hull will become vatiftle and experience thermal stresses
if exposed to low temperatures. The membranes serbarriers and isolate the liquid
from the hull. The membranes and insulation paned&e up the so-calledargo
containment systemnwhich hereafter is referred to as the CCS.

The two most common types of CCS are the Mark nd &0O96 systems, both of
which are designed and manufactured by GTT. Matkctinsists of a primary

8 CHALMERS, Shipping and Marine Technologylaster's Thesis 2015:X-15/329



membrane made out of corrugated plates in staistegt and a secondary membrane
made of a composite laminated material. The menasrame separated from each
other and the hull by loadbearing insulation pametzie of reinforced polyurethane
foam (GTT, 2012a). NO96 is built up somewhat ddfgty and consists of two
identical invar (nickel-steel alloy) membranes. Tthembrane closest to the cargo
acts as the primary barrier and the outer ondtegiffor redundancy reasons. They are
composed of non-corrugated and continuous strak@sgga flat inner surface with
the exception of the sheet joints. The membraneseaparated from each other and
the hull by loadbearing plywood boxes. In the NQBé insulation boxes are filled
with thermally insulating expanded perlite (GTT 120).

As stated in Chapter 1.1 a major design issuehidL NG membrane vessels and their
CCS are sloshing loads. These loads are not unaudlG carriers but are more or
less evident for most vessels transporting cargdiquid form. However, for the
greater part of other liquid cargo carriers there more means of limiting the
sloshing phenomena. An example is the tanks imaniliers, where there usually are
wash bulkheads fitted limiting the free surface it A higher degree of cargo
compartmentalization and pressure-filled holds atber ways of reducing or
eliminating the sloshing effects. For the membrape LNG carriers the properties
of the design and cargo puts restrictions on suohksipilities. The structural
composition of the tank wall does not allow for anternal bulkheads to be fitted.
This is partly because the CCS is too weak to stpgech structural members and
partly because any non-isolated connections tdtiiewould lead to significant heat
conduction and large stresses form temperatureiegad Due to the complex and
costly CCS and increased cargo capacity, fewer eomments are economically
advantageous; see Graczyk (2008). Since the cailfjaumavoidably suffer from
continues gas boil-off, a free liquid surface vaillvays be present in the tank. All in
all, the resulting large free liquid surfaces in@®Nnembrane tanks make them prone
to experiencing severe sloshing phenomena.

A parametric analysis aimed at investigating poatntelations between sloshing
design pressures acquired from model test and sbdeifics parameters of LNG
membrane carriers has been performed as part opritject. The study and the
conclusions drawn are presented in Appendix A isfttesis.

2.2 Sloshing loads

Sloshing loads is a common term for the loads otwayin enclosed compartments
containing liquids as a result of the relative rons between the free surface of the
liquid and the corresponding tank. This chapteviles a summary of these loads
and their characteristics.

2.2.1 Load types and load locations

There are several types of sloshing scenarios wvatk different load characteristics.
DNV GL categorises the design loads from the moviegids in tanks into sloshing
pressures and impact pressures, respectively; 8&e (R015). A common factor for
all types of sloshing occurrences is that theydmgendent on the filling level of the
tank together with the vessel’'s motions.

The sloshing pressures are dynamic pressure Ibatigtise from standing waves in
the cargo tanks (DNV, 2014). Depending on elevatibthe wave these loads can be
treated as more or less global, effecting largeiqnus of the tank. The load period is
represented by the period of the standing waveisatitus governed by the resonance
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behaviour of the liquid surface. This means thpadially filled tank that is put into
motion will continually be exposed to these loaflse resonance period depends on
the tank geometry and filling level and is normaltiythe order of several seconds.
The pressures exerted on the containment systenapgeximately in the same
magnitude as the hydrostatic pressures based omgtentaneous wave elevation
(DNV, 2014)

The impact pressures are caused by the fluid suifapacting on the containment
system at high velocities (DNV, 2014). This medmat foad duration for each event
is very short, usually in the order of a few mékends (Graczyk and Moan, 2008;
DNV GL, 2015). Contrary to sloshing pressures, ithpact loads are also in many
cases localized phenomena. This means that theedfarea during a sloshing impact
event is rather limited in extent. The violent matof the event can, however, produce
very high pressure peaks on the containment sydddi GL, 2015). The severity of
these loads depends on numerous factors, suchpastimngle, impact velocity, the
formation of gas pockets etc. (Malencia and Kwdi 3. Therefore severe sloshing
impacts can only be expected to occur on an octalsibasis.

Different types of impacts can occur dependinghanfilling level and motion of the
vessel. A couple of different cases can be idedtifas typically severe. For higher
levels of filling in combination with quartering teead seas, the tank roof will be
likely to frequently suffer from sloshing impacthis is due to diagonal resonance of
waves in the cargo impacting on the area aroundctineer where the transverse
bulkhead, tank top and the chamfer meet, see FRydrd~or filling levels below 90 %
down to the lower termination of the upper cham$ébwshing will typically occur in
the region where the upper chamfer meets the nodftle vertical part of the tank
side. In conditions with low filling levels the imapts are most likely to occur as
breaking waves impacting on the structure. A vewese case of this phenomenon is
called hydraulic jump or travelling bore and cafeetf large portions of the tank. This
Is characterized by a change in free surface leagklling at high speed and hitting
the longitudinal or transverse bulkhead (DNV, 2054e Figure 2.5.

Impact location

Figure 2.4  Schematic illustration of a typical ¢iasy event at high filling levels.
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Impact location

Figure 2.5  Schematic illustration of a hydraulienp or travelling bore hitting the
side structure.

2.2.2 Characteristics for sloshing impacts at high fillirg levels

As mentioned in Chapter 1.1, the properties of tsigs impacts depend on many
physical phenomena giving them a very stochastiareaSo far, the most utilized

method for the determination of these loads in LM@mbrane tanks is by using

model tests. Some full-scale tests and measurerhamésalso been conducted. In the
following, findings regarding the load charactecst for sloshing impacts are

presented. The focus lies on the sloshing impamtarang at high filling levels.

A common issue for sloshing model tests and fudlesaneasurements is that the
possibility to pinpoint the exact pressure disttibi is rather limited since the
pressure sensors have a finite spacing (ABS, 2006y 2014). This makes the
measurable footprints of the pressure distributionited to interpolation between
measurement points. A clear trend in the relatignbetween the averaged pressure
magnitude and the extent of the tank that the bxad upon can, however, be found
(DNV GL, 2015). For impacts occurring in the comer the tank roof the averaged
magnitudes decrease quickly with the load extehis Tndicates that the highest
registered pressure peaks are very limited in dkz®. this reason, CCS design
pressures acquired from model are usually preseasedverage pressures over a
range of area extents (DNV, 2014).

Sloshing impacts are characterized by load pulsdéls very short load durations.
Their temporal characteristics are usually desdrilmeterms of rise times. The rise
time is a measure of the time it takes for the sures pulse to reach its peak from the
point of exceeding a threshold pressure, see FigureModel tests for determining
the design pressures regarding the CCS have shuatnfrequently occurring rise
times for sloshing impacts range between approxip@.5-3.5 ms (DNV GL, 2015).
The work done by Graczyk and Moan (2008) has diswa that the most commonly
occurring impact rise time is approximately 1 ms.
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Pressur

Peak value

Thresholi

Figure 2.6  Schematic illustration of a typical diosy impact pulse, retrieved and
modified with permission from DNV (2014).

The ratio between rise time and total load duratmnsloshing impacts varies a lot
due to the stochastic nature of sloshing impadie formation of air pockets during
impacts is a phenomenon that greatly contributethéolarge spread. Boagert et al.
(2010b) have found this phenomenon to be very prooed for containment systems
of the Mark Il type, due to their dense corrugasicof the primary membranes.
Experimental model tests have, however, shown ttietioad rise time is less than
half the duration for most of the severe sloshingact occurrences giving a skewed
load pulse with a shorter rise time than decay (i@®czyk et al., 2007).

The magnitude of the sloshing impact pressuresstémdiary greatly depending on
the location of the impact. Closer to the transwdrslkhead and the chamfer the
impact is more violent and generates high pressuiés a rapidly decreasing
magnitude the further away from the vertical bouredaof the tank they act (Graczyk
and Moan, 2008). This claim has been strengthegdabth sloshing model tests and
full-scale measurements of a vessel in operationthe full-scale measurements
pressure peaks of approximately 1 MPa where foonactur close to the corner of
the tank ceiling and 0.2 MPa at a slight distans@yafrom the corner (DNV GL,
2015).
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3 FE model for load parameter influence study

As described in Chapter 1.2 this thesis aims astigating the dynamic response in
the supporting hull structure of an LNG membramk tdue to sloshing impact loads.
The sensitivity towards changes in load parametsrsanalysed numerically with an
FE model representing a local part of the tankcstine. The tank under investigation
is tank number 4 in an LNG membrane carrier. Tamkloer 4 has shown to be one of
the most sloshing-exposed tanks and has a geottietirys similar among existing

ships (DNV GL, 2015).

Previous studies have shown that a region frequenxibosed to sloshing impacts is
the upper corners where the chamfer meets thettgnéDNV, 2014). An example of

the sloshing impacts in this region is presentedCimapter 2.2.1, Figure 2.4.
Therefore, the model is chosen to represent tigisme

3.1 Geometric extent

The model used in this sensitivity study represemtpart of the hull structure
surrounding the membrane tank. The modelled partloated in a region

corresponding to the forward, upper parts of tmk.tén the transverse direction the
model is limited to the port side only. The spartha longitudinal direction is taken
from the aft transverse bulkhead at the borderank thumber 3 to the fourth web
frame from the forward bulkhead in tank number He Tull longitudinal span of the

cofferdam and the transverse bulkheads of tanksd34aare included in the model.
An overview of the global position of the model &héd extent is illustrated in Figure
3.1.

FE-model

Figure 3.1  Principle outline illustrating the tardrrangement in a 4 tank LNG
membrane carrier that outlines the location andeextof the studied
part of the tank.
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A more detailed overview of the structural extehtr® modelled part of the tank is
presented in Figure 3.2. Here the modelled path®transverse bulkhead is outlined
by the dashed red lines. Longitudinal elements amib frame sections under
consideration are outlined with continuous reddine

Figure 3.2  Principle illustration of an LNG membmarcarrier’'s midships section
that outlines the transverse extent of the considesupporting hull
structure, retrieved and modified with permissimnf DNV (2011).

As discussed in Chapter 2.2, sloshing impacts e tdnk top are usually highly

localized. This implies that any load representatiothe model becomes very small
compared to the tank dimensions. Only the maximespaonses of the structural
members under consideration are of interest forsthdy and they occur in a region
close to the applied load. The use of a local FElehds therefore assumed to be
justified. The choice is also supported from a penied size-dependency study where
the structural response, due to impact loadings;ommpared between models of
different extent. Results from this study show the maximum response differs

negligibly between the studied models for the séwad case. The details regarding
the size-dependency analysis can be found in Appdhd
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The model is based on drawings from a classificatipproval of the studied vessel
and is presented in Figure 3.3. As discussed inptleéace, these drawings are
confidential documents and can therefore not bealed in this thesis.

Figure 3.3  Overview of used FE model.
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3.2 Boundary conditions

Figure 3.4 illustrates the faces and edges of thdeisubjected to applied boundary

conditions (highlighted in red). The correspondmugles in all of these boundaries are
pinned against translation in all directions. Ie #ize dependency study presented in
Appendix B, two sets of boundary conditions for Bt model were also compared in

terms of structural response behaviour of the moides comparison showed that the

choice of boundary conditions have a negligibléuerfice of the structural response

relevant for the response analyses intended fofEheodel.

Figure 3.4  Faces and edges where boundary conditame applied (highlighted
in red).

3.3 Mesh

The FE model is discretized using small-strain Isbleiments under the assumption
that the deformations due to the investigated imfmmds will remain small. This is
justified by the fact that only linear elastic beiwaur of the structural response is
considered in this study. The default small-strgliement of this type in ABAQUS
Explicit is the four-node S4R element. These aosydver, known to perform poorly
when applied to problems where warping is presardh as twisting beams (Dassault
Systemes, 2014b). This shortcoming is eliminatedhim S4RSW element by the
introduction of additional terms to the strain-dés@ment equations. The added terms
couples the curvatures for warped elements to taalntranslations as described by
Belytschko (1991). Depending on the location of iended loads it is natural to
assume that the structural elements, especiallystiffeners, will experience some
degree of warping. Therefore, the more compreherSARSW element is used in the
analyses.
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The global mesh is generated by implementing ABAQi¢fault settings for mesh
density. It is dominated by quadrilateral elememtsl has an average element side
length of approximately 170 mm. A local mesh dgnsefinement is made in order to
achieve a model that is mesh-independent in tefrtiseostructural response relevant
for the dynamic response study. Figure 3.5 illusgdhe structural members that have
been discretized with the finer mesh. The choseshndensity in this refined region is
a result of a preformed mesh dependency study.ilBe&garding this study are
presented in Appendix C. A local mesh density aoading to an averaged element
side length of approximately 40-50 mm dependingtlom meshed geometry was
found to be sufficient. This gives a model thatasnputationally efficient yet capable
of giving acceptable solutions for the intendedyses.

Figure 3.5 lllustration of the tank region subjetteto mesh refinement
(highlighted in red).

3.4 Load cases

In order to reach the desired outcome of the dyoaesponse study, a significant
amount of data regarding the structural responseeésled for a variety of load cases.
This data is acquired through FE analyses.

A structure’s dynamic response is closely connetietie dynamic characteristics of
the loadings it is subjected to. The load durat®one of the most obvious of such
features and is one of the key factors for dynaamplification in structural response
(Graczyk, 2008). A number of different rise times thus considered for the applied
loads, and these are presented in Table 3.1. Tioebetween rise time and total load
duration is set to 1/3 for the analyses. This goekne with what is mentioned in
Chapter 2.2.2. An example of the used load shapgven in Figure 3.6. The load
duration is introduced into ABAQUS Explicit as abt#ated load history. The
motivation to the chosen rise times comes fromrabrar of sources. Model tests have
shown that rise times around 1 ms frequently ocsee Graczyk and Moan (2008).
Another reason for choosing these rise times i¢ tha dynamic amplification
decreases for rise times above 10 ms for the steicinder consideration, which has
been found in previously conducted numerical stidfesimilar ship structures (DNV
GL, 2015).
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Table 3.1 Rise times under consideration.

Rise Time Decay time [ms] Total load duration [ms]
[ms]

0.1 0.2 0.3
0.3 0.6 0.9
0.5 1 1.5
0.7 14 2.1
1 2 3
1.5 3 4.5
2 4 6

3 6 9

5 10 15
7 14 21
10 20 30
20 40 60

Figure 3.6  Principle illustration of pulse shape fine applied impact pressures,
1 ms rise time.
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It is very difficult to determine the exact dependg between load extent and
structural response and also between load locatoinstructural response since each
and every load case induces very different dynarmts the system. Instead, a
broader approach is undertaken, which aims at giwome guidance into which
combination of area size and location that givesléingest dynamic amplifications in
the hull structure. The studied tank region wheads are applied is the part of the
inner deck that is subjected to mesh refinementliissussed in Chapter 3.3. The
motivation for this load location is due to thetféicat severe sloshing impacts are
strongly present in the corner area close to tHkhlead and chamfer, see Chapter
2.2.1.

In general, the classification rules state requpeaperties of the stiffening elements
like plate and stiffeners for dimensioning agasisshing impact loads (DNV, 2013).
Therefore, the load cases are determined withithisind. The loaded areas under
consideration for the studied load cases are |daaatred under the first longitudinal
stiffener from the chamfer and in the middle of afjacent plate away from the
chamfer, see Table 3.2. The reason for not setethe plate segment closest to the
chamfer is that it contains a structural inconsisyein terms of plate thickness. Both
loads are located at a distance of 300 mm fromtrdnesverse bulkhead in order to
account for the non-modellezhrgo containment syste(@CS). For each of the two
locations three different sizes of the area arebé¢oanalysed. The areas under
consideration are presented in Table 3.2. The l@adsapplied in between two
stiffeners and underneath one stiffener, respdygtibecause these locations represent
extreme cases in terms of structural arrangemés. Jives the possibility to quantify
how the key structural members are affected byamgé in load location. The two
cases represent the largest possible differenéaash location within the spacing of
two adjacent plate fields.

For all six load cases presented in Table 3.2afiied load has a rectangular shape
and the load is applied uniformly over the wholaded area. The motivation to use
the rectangular shape is that it has been usedewigusly conducted numerical
studies of sloshing impact loads (DNV GL, 2015)eTimiform distribution of the
pressure is motivated by the fact that the stuthsait investigating the pure influence
of the load parameter variations under consideratlb the load intensity differs
within the load footprint this could influence tdgnamic behaviour. As discussed in
Chapter 2.2.2 model tests usually present the pressads as an average pressure for
a specific area extent and therefore the refer@nessure magnitudes are based on
uniform pressures. The peak magnitude of the appdiad is 1 MPa, which is in the
range of the highest magnitudes measured in falesaneasurements. This
corresponds to a force of 160 kN on the smallesd kurface of 400400 mm to put it
into perspective.

In order to calculate the non-dimensiodghamic amplification factofDAF) for the
studied responses, a static reference value ofsthdied responses is needed.
Therefore, additional static analyses are alscopekéd using ABAQUS standard for
all load cases with regards to load location aec.ar
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Table 3.2

Description of the load cases under amrsition for the FE model.

Web frame

Transverse
bulkhead

The loads are applied on the inner deck plate enctirner outlined by the transvel
bulkhead and the upper chamfer. The red rectanglees the zoomed-in sectio
displayed below. The three first ones are appledetween two stiffeners and the |
three are applied underneath one of the stiffeddr$oad cases are evaluated for |0
rise times of 0.1 to 20 ms and also for a statcllo

Se

hst
ad

Load casg Load extent Load lllustration

name | approximately location

[mmxmm]

LC Plate| 400x400 In betwee
400 stiffeners
LC Plate| 600x600 In betwee
600 stiffeners
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LC Plate| 800x800 In between
800 stiffeners
LC 400x400 Underneath
Stiffener stiffener
400

LC 600x600 Underneath
Stiffener stiffener
600

LC 800x800 Underneath
Stiffener stiffener
800
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4 FE-model for CCS influence study

The loads applied on the model described in Chaptare uniformly distributed
impact pressure loads with a rectangular area. Bneyapplied directly on the inner
deck. A real sloshing impact event will, howevaeilict a local pressure pulse on the
primary membrane and then translate througlc#iigo containment syste(@CS) to
the underlying steel hull structure. The CCS canstlbe seen as a load filter.
Furthermore, the physical properties of the CCS ewidently affect the dynamic
behaviour of the supporting hull structure. In artieget a measure of how large an
influence the CCS has on the dynamic responseeohtil, a separate smaller FE
model is set up. The model is presented in Figuteatd represents a part of the
supporting hull structure together with parts o# t68CS. In the following, this FE
model is referred to as the small model whilstkREemodel presented in Chapter 3 is
referred to as the full model.

CCs
Inner deck (tanl
Inner deck
(cofferdam I Transverse bulkhe.
Figure 4.1  lllustration of the small model includia part of the CCS.

Figure 4.2 illustrates which part of the hull stire in the full model that is included
in the small model. It covers the region of intésegh regard to previously described
analyses, though only including the inner deckcttme and plating of the transverse
bulkhead closest to the tank under consideratiororder to maintain most of the
dynamic behaviour in the structural members undasicleration the modelled part of
the inner deck structure is extended longitudinailypoth directions from the corner
plate field. It thus spans from the forward transeebulkhead to the second tank web
frame.
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Figure 4.2  Location of the small model within thé# model.

Considering the results from the size-dependenayystlescribed in Appendix B the
limited extent of this model is not to be considersufficient for accurately
representing the actual hull response. It is, h@neassumed as being adequate for
guantifying the influence that the CCS has on th# response during an impact
event.

4.1 Cargo containment system

The CCS used in this study is a simplified ver©bthe Mark Il system described in
Chapter 2.1. The modelled part of the insulaticstesy approximately covers a 3 m x
3 m surface of the inner deck. The extent of theleled CCS is chosen so as to
cover most of the stiffened plate field closestte transverse bulkhead. This is to
assure that the area of interest with regardsaa &pplication and response extraction
is assigned with the properties of the CCS in otdemake a fair judgement of the
containment system’s influence on the hull respoiigesave computational effort,
the extent is limited to three secondary insulapanels, each 3x1 m.

In the boundaries where the inner deck meets #msvers bulkhead and the chamfer,
respectively, the Mark Il system shows a more cemgomposition than in the flat
areas. In order to simplify the modelling procedtirese parts are excluded from the
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small model. The contact connection between thaergpanel and the flat panels in
the tank roof are limited in terms of load transf€herefore the influence of this
simplification is assumed to be very small in terohgesponse in the hull structure.
Furthermore, the secondary triplex membrane istethifrom the model as well due
to its small contribution to the global stiffnegsdanass (DNV, 2014).

The modelled CCS is built up in layers by a numifeseparate parts tied together at
surfaces in the normal direction. Both solid, shell membrane elements are used for
representing the different layers. The complete musiiion of the stack-up is
illustrated in Figure 4.3. The figure also presehtsdimensions of the separate parts
in each layer together with their correspondingegahelement type.

Inside of cargo tank

Stainless steel membrane (membrane complete ttarsir

Primary plywood layer (Shell 340x340x12 mm)

Primary insulation panel (Solid 340x340x100 mm)

Secondary insulation panel (Solid 1000x3000x170 mm

Secondary plywood layer (Shell 2000x3000x9 mm)

Mastic supports (Solid 40x3000x10 mm)

Hull plating (Shell, thickness: 13 mm)

Stiffener web (Shell, thickness: 9 mm)

Stiffener flange (Shell, thickness: 14 mm)

Figure 4.3  Detailed view of insulation system crsesstion.

Material properties for the different layers arsigsed according to the recommended
practice described in DNV GL classification note.[186.9 (DNV, 2014). The element
types and layer connections are also assigneddordance with the classification
note. A summary of the used material propertiegiven in Appendix D. Insulation
panels and plywood plates are modelled with a h@mogs linear elastic orthotropic
material behaviour and the mastic supports with dgenous linear elastic isotropic
behaviour. Since the stiffness parameters for Ipdyivood and insulation foam is
temperature-dependent two sets of parameters mwebd tonsidered. The ambient
temperature inside the tank during operation ig@pmately -163 °C, which is why

CHALMERS, Shipping and Marine Technologyaster’s Thesis 2015:X-15/329 25



the primary plywood layer and insulation panel amedelled with material stiffness
parameters corresponding to this temperature. Boenslary plywood layer and
insulation panel are assumed to experience a tewyperof 20 °C and are thus
assigned with material properties accordingly. Fynahe choice of discretizing the
stainless steel membrane with membrane elememtssafior a simplified geometry.
By doing this, the layer's bending stiffness is tted and thus provides a
representation of the membrane’s multidirectiomattuwgations while still maintaining
its inertial effects on the structural dynamics (Q014).

4.2 Mesh

Figure 4.4 illustrates the degree of discretizatiothe small model. The seemingly

dense mesh is a consequence of the large amoysdrbtonnections. In order to

assure that the modelled joints between parts endifferent layers of the CCS is

behaving in a desired way, nodes in joining sudam® made sure to coincide to as
large a degree as possible. In the current modekia scope of this thesis the most
effective approach to realize this is found to ib@ting the mesh element size. This
allows for having the same degree of discretizatwthin each part and, in turn, the

possibility of a good node coincident, see Figueke Fherefore, the average element
size is set to 20 mm throughout the model.

Primary insulation panels

Secondary insulation pang

Figure 4.4  Mesh of small model.

The hull structure is discretized with the samepivay compensated small-strain shell
elements (S4RSW) as in the full model in orderdivesthe warping of the stiffeners
in an accurate manner. Standard small-strain sthethents (S4R) are used for the
plywood layers in the CCS. The reinforced foamhie insulation panels is modelled
with first-order reduced integration solid elemen@3D8R). Finally, general
membrane elements (M3D4R) are used to represeek stembrane. For further
information with regard to the element types, ongymefer to ABAQUS manual
(Dassault Systemes, 2014b).

4.3 Boundary conditions and contact formulations

The coinciding surfaces between the layers in t@SCare tied together by
constraining the nodes in adjacent surfaces to ettedr. Since a tied constraint in
ABAQUS Explicit is not interpreted as a contactniiiation, no contact pressure
output is provided in the simulation results. Tlumtact pressure in the interaction
between the CCS and the underlying hull structstehbwever, considered as a
desirable output for the current study. Thereftie, joint between adjacent surfaces
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of the mastic supports and inner deck plate areeffexti with a cohesive contact
formulation. Other surfaces subjected to contaetaasigned with frictionless contact
behaviour to assure that no penetration will occur.

In Figure 4.5 the chosen boundary condition is gmesd. All the outer boundaries of
inner deck and transverse bulkhead plates (higigldglin white) are pinned in all
translation directions but free to rotate. The webghe longitudinal stiffeners are
pinned in transvers translation at web frame amadstrers bulkhead locations; as
indicated in Figure 4.5 (highlighted in red). TlaBows for a representation of the
interaction between stiffeners and structural el@sieomitted in this model.
Furthermore, a pinned boundary condition in theie@rdirection is assigned in order
to take the limitation in translational motion dtree first web frame into account
(location highlighted in blue). Finally, the vemdicsurface closest to the transverse
bulkhead in the secondary insulation panels ar&ddnin longitudinal translation.
This is meant to represent the interaction withléfieout corner panels and to avoid
undesired contact with the transverse bulkhead.

Figure 4.5 lllustration of boundary conditions fttre small model.

4.4 Model versions

Three versions of the small model are set up ferdbmparative study. These are
presented in Table 4.1 and described in the follgwiComparing the response
behaviour from SM v.1 and the large model is naisodered possible due to their
geometrical differences. Therefore SM v.3 is thdutgh be a reference case for
determining the influence of the CCS. The motivatio also compare the response
with SM v.2 is in order to determine if it is pdsi& to get an accurate representation
of the CCS by only including the CCS mass.

Table 4.1 Explanation of versions of the small nhode
Model version Description
SMv.1 Hull with modelled CCS mass and stiffness
SMv.2 Hull with CCS mass
SMv.3 Hull
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SM v.1 is illustrated to the left in Figure 4.6idtludes discretized representations of
both the hull structure and CCS according to spetibns given in Chapters 4.1 to
4.3. The modelled CCS contributes with both stgg@nd mass to the structure. To
reduce computational time the modelled part ofGI&S only covers part of the inner
deck corresponding to the roof of the tank. Theeefan order to account for the
inertial effects from the excluded parts of the C&iSadjustment in material density is
made on the steel plates on the inner deck andvieas bulkhead. The plate regions,
where this adjustment is made, are coloured rgotesented in the figure. Based on
the separate layer thicknesses (see Figure 4.3)hairdcorresponding densities (see
Appendix D) the average distributed weight of th€SCcan be calculated to
approximately 65.4 kg/fn By increasing the density of the 13 mm steelgsldtom
7850 kg/ni to 12880 kg/mthe mass of non-modelled parts of the insulatictesn is
accounted for.

In the two other versions of the small model themgetric representation of the CCS
is excluded. This gives models where the CCS si#fnis not accounted for. The
geometry of these models is presented to the imghigure 4.6. SM v.3 only accounts

for the hull structure whilst SM v.2 includes thass of the omitted insulation panels
in the same manner as in the full model versiore Jteel plates with adjusted density
are again illustrated in red in the figure. Mesimgigy and hull boundary conditions

are kept identical for these versions as for SM v.1

SMv2/SMv.:

Figure 4.6 Comparison of the model versions, redeg$aindicate plates with
increased density for SM v.1 and SM v.2.
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4.5 Load cases

The load cases set up in the analyses of the snmalel are limited to only one area
extent and two different load locations. The geoit&t locations are applied in
similar locations as for the full model, see TaBl&, where one corresponds to a
position centred under a stiffener and the other ionbetween two stiffeners. The
distance from the transverse bulkhead is in thge daken as 350 mm. Rise times,
ratio between rise time and total load duration ameulation durations are kept the
same as the previous analyses with the full modes. motivation behind the chosen
load parameters is discussed in Chapter 3.4.

The load case where the load is applied in betwaenstiffeners is presented in
Figure 4.7. The size of the area corresponds t&¢4@® mm. The position of the load
cases for the small model without the hull is pctgd though the CCS and applied on
the hull, but with the same horizontal coordinatsncipal sketches and descriptions
of the load cases are outlined in Table 4.2.

SMv2/SMv.:

Figure 4.7  Structural members subjected to the iapgploads for the different
versions of the small model. The red rectanglescaid the loaded
areas to one of the load cases.
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Table 4.2 Load cases for small model.

Load case number Load area Load location| Comment
[mm x mm]

LC SM Plate 400 | 400x400 In between| The cargo containment system is
stiffeners only present foSM v.1

Load case number Load area Load location| Comment
[mm x mm]

LC SM Stiffener | 400x400 Underneath | The cargo containment system is
400 stiffener only present fo6M v.1
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5 Results and discussion

In this chapter, the results from the FE analyses pgesented and discussed. It
outlines the most relevant findings regarding hbe structural response is affected
by variations of impact load parameters. Each pataminfluence is dealt with
separately in the following. Results from the irtigetion on how thecargo
containment systeCCS) influences the studied response behaviagarprasented in
Chapter 5.4.

The major part of the results is presented in teoindynamic amplification factor
(DAF) versus rise time charts. They are based @xtracted values of the maximum
observed response variables from the FE analysgsutsuat specific structural
members, described in Chapter 5.1. The responsables under consideration are
von Mises effective stress and vertical deflectidfon Mises stress is strongly
connected to the strength capacity of the struatnder consideration and is therefore
a key measure for design criteria of marine stmastDNV, 2015). For some of the
considered structural members the deflection corapisngive a clearer representation
of the structural dynamic behaviour, which is whgoathe vertical deflections are
evaluated. Deflections in the inner hull structame furthermore relevant for the
design criteria of the CCS membranes in termslofvalble strain (DNV, 2008). The
considered stresses are based on calculated strése element integration point,
having the largest stress value. The vertical defia corresponds to nodal
deflections.

Static values for the studied response variablesobtained from static analyses for

all of the investigated load cases as describedhiapter 3.4 and Chapter 4.5. These
static values are then used for normalizing theimar stress or deflection acquired

from the dynamic analyses with a different loa@ tisne for each corresponding load

case. This gives sets of DAF values, correspontiinipe studied range of load rise

times, for the stress or deflection response depgrah what is sought for. These sets
of DAF values allow for comparison between theat#ht load cases.

As mentioned in the preface, the information remey@bsolute values of the studied
responses cannot be presented. This implies tloaviah:

The static reference values used for obtainingpifesented DAF charts are
not disclosed in this thesis.

All contour plots showing stress and deflectionfibes in the structure are
normalized against the maximum response value doh ease, respectively.
Contours are thus presented in a scale from 0.to £1

Charts showing the relative difference in respomsagnitudes between
separate load cases are normalized against a comefesence value for the
compared load cases. This reference value is takethe largest observed
response value for the compared responses. Thesalimed charts are thus
presented in a scale O to 1 or -1 to 1. Responsabl@s corresponding to
these results are referred to as normalized stredsnormalized deflection,
respectively.

A discussion regarding observed levels of stressdmflection and what this implies
for the outcome of this thesis is provided in Cleapt5.4.
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5.1 Output locations

According to DNV (2014) the design criteria for thall structure with regards to
sloshing impacts only covers the structural properof the plate in the inner tank
shell and its corresponding stiffening members. rétoee, a focus in the output
extraction is put to these structural members. &ithe sought structural responses
correspond to maximums of von Mises stress andceagrtleflection, the output
locations are required to be in close proximitythe applied loads. The localized
nature of the applied loads gives reason to beltbae the maximum response will
occur close to the load location. Furthermore, tloe case of the stiffener the
maximum normal stresses from lateral bending losifisoccur in the flange. This
can be explained by the location of the neutras &xi stiffener and plate system. The
studied stiffener response is thus limited to #sponse in the flange. This also allows
for a more fair distinction between plate and stifr response.

In accordance with the previous discussion the wufpcations under consideration
are located in the inner deck structure at theoregubjected to mesh refinement, see
Chapter 3.3. They are represented by a stiffeaeg# and a plate field limited by the
natural boundaries of two adjacent stiffeners. dhgput locations correspond to the
structural members subjected to the applied loadthe two analysed load locations,
as described in Chapters 3.4 and 4.5. In the fatligwext the two output locations are
referred to as stiffener flange and plate, respelsti The geometries corresponding to
the studied locations in the full model are presédnh Figure 5.1 and for the small
model in Figure 5.2.

Transverse bulkheac

Chamfer Chamfer

Inner deck Inner deck

Figure 5.1  Area under consideration for responsal@ations in the full model
(highlighted in red).

Figure 5.2  Area under consideration for responsal@ations in the small model
(highlighted in red).
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Since the analyses are dynamic the specific elememiode where the maximum

response appears within a structural member candegpending on the rise time of

the applied load. Unless otherwise stated, theaetdd response value is taken from
the local position that experiences the highessstor largest deflection.

5.2 Effect of load location

In order to determine the influence on the striadtuesponse behaviour from the
location where the load is applied, it is prefertedtudy the load cases with smaller
load area extents; LC Plate 400 and LC Stiffendd, 48spectively. A load with a
smaller area extent is more localized and theretdlews for better distinction
between the two loaded locations. The specificeantigg these load cases are
presented in Table 3.2 in Chapter 3.4.

Figure 5.3 presents the DAF with regard to theiwa@rdeflection of the plate for the

studied set of load rise times and load locatidins. shown that the plate experiences
a dynamic amplification with a maximum DAF valu@and 1.3 for both of the load

cases under consideration. The curves represetméngynamic deflection behaviour

of the studied inner deck plate for the two différéoad cases coincide well, only
showing slight deviations in maximum DAF. This sagts that the load location has
a minor influence on the dynamic behaviour of ttetgy The explanation behind this
observation is further elaborated in Chapter 5.3.

il —— — -

Figure 5.3  DAF corresponding to the maximum vettdeflection of the plate for
two different load locations.

LC Plate 400 gives a significantly higher dynamapdification of the maximum von
Mises stress in the stiffener flange compared taStiener 400, see Figure 5.4. The
maximum dynamic amplification also occurs at a Iowse time for this load case.
Worth noting are also the rather steady DAF valuesurring for LC Plate 400 for
rise times of 2-5 ms. These large differences magyic behaviour for the stress in the
stiffener flange due to change in load location iaterpreted and discussed in the
following.
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Figure 5.4  DAF for von Mises stress for the stiéieflange for two different load
locations.

The relative difference in actual stiffener respometween LC Plate 400 and LC
Stiffener 400 are presented in Figure 5.5. Alse, skatic values for this structural
response are significantly larger for LC Plate 408is could be considered as being
unexpected by just looking at the location of tpeleed load. The reason behind this
behaviour of the structure is that the load actingthe plate generates a torsional
moment in the stiffener. The design of the stiffisneith a high web and relatively
narrow flange implies that their stiffness towamisre bending, in the vertical
direction, is great. It does, however, make thestaptible to horizontal deformations
due to torsional moments. The stress contributimra these horizontal deformations
are therefore several times larger than the carttabs from pure bending when the
load is applied between the stiffeners. When thd s centred under the stiffeners no
torsional moment is generated for the stiffeneranrabnsideration and the von Mises
stress is thus dominated by contributions from feneding.

R
y __

—— - -
—— - -

Figure 5.5 Normalized von Mises stress for thdestdr flange for two different
load locations.
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Figure 5.6 presents the von Mises stress contautteeiinner deck structure as a result
of an impact load corresponding to LC Plate 400e figure shows the previously
discussed horizontal deflections of the stifferessa result of the load location and
how these influence the stress profile in the feanithe deflection behaviour produces
in-plane bending moments in the flanges of thefestdrs, which results in high
normal stresses in their edges. It should be nibisdthe stress contours in Figure 5.6
correspond to a time of 9 ms after the applied loasl reached its peak and that the
maximum von Mises stress occurs at a locationrtanfthe point of load application.
The reason for this is that the load induces aillatson where the stiffener oscillates
in a specific deflection pattern. The maximum sré®n occurs at the location where
the amplitude of these oscillations is largest. thar presented case this location is
approximately % of the stiffener span from the $kaarse bulkhead.

Max stress in
stiffener flange

Figure 5.6  Von Mises stress profile for the stiffieflange corresponding to LC
Plate 400 with a load rise time of 3 ms. Scaleefbtmation: x20.

The previously discussed dynamic deflection pattefnthe stiffener is highly
dependent on the load rise time, which is showrigire 5.7. The contours represent
horizontal deflections and deformations are scajedhy a factor of 40. These results
show that different rise times result in differémtsional deflection modes. Rise times
around 3 ms excite the stiffener in a deflectiottgya corresponding to a full sine
wave. A rise time of around 5 ms, on the other hamdites the stiffener in a
deflection pattern corresponding to a half sine evaAs described by Fadini (2014)
all structures can vibrate in several different suajhese vibration modes have their
own corresponding natural frequency. If the striecia forced into an oscillation with
a frequency close to one of the natural frequenitsesorresponding vibration mode
will become dominating. It is therefore reasonaioleassume that the applied loads
with a rise time of 3 ms and 5 ms excite the stmgctin oscillatory motions with
frequencies close to two such resonance frequen@spectively. This can explain
the high levels of dynamic amplification for a widpan of rise times, corresponding
to the flat part of the curve in Figure 5.4.
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Figure 5.7  Torsional deflection modes of stiffenditse left-hand side represents a
load rise time of 3 ms and the right-hand side esents a load rise
time of 5 ms. Scale of deformation: x40.

The periods corresponding to the frequency of #oited vibrations can be estimated
by studying the time series of the horizontal dsftexs of the stiffener. The

horizontal deflection throughout the analysis tifoe the two different rise times

under consideration are shown in Figure 5.8. Thase extracted at specific
longitudinal positions on the stiffener flange @sponding to the largest oscillation
amplitude. The figure indicates that the oscillatgeriod is approximately 11.4 ms
for the 3 ms load rise time and 16.9 ms for the $load rise time. These rough
estimations are based on trough-to-peak valuethéofirst oscillation. They confirm

that the two different load rise times induce vibrg motions with a different

frequency of oscillation.
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Figure 5.8  Normalised horizontal deflection of fetifer for two different load rise
times.
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5.3 Effect of load area extent

In order to determine the influence of the loadaaeztent all load cases have to be
compared. The load cases are described in Tablen3hapter 3.4. The response
DAF for von Mises stress in the stiffener flangegrssented in Figure 5.9. The load
rise times that result in dynamic amplification ganfrom 1.5 ms to 10 ms. For the
load cases where the load is applied underneatistitiener the larger load extent

gives a higher dynamic amplification. The reasanttiss behaviour is that the load is

distributed to a greater extent in the directiorthed stiffener further away from the

transverse bulkhead. Since the stiffness of thecttre is lower in this direction the

dynamic response is also more sensitive to dynamidification.

For the case when the load is applied in betweerstiffeners the smaller load extent
gives the higher dynamic load amplification. Theirmaason for this behaviour is
related to the torsional deflections and their epsbility to dynamic amplification as

described in Chapter 5.2. The larger area, segréen line in Figure 5.9, results in a
more distributed load and thus acting closer to stifeners. This reduces the
torsional dynamic effects on the stiffeners, whichturn reduces the dynamic
amplification of the maximum stress in the flange.

_ |
. N N

' 4

Figure 5.9  DAF for von Mises stress in the stiffeftenge.

The comparison of DAF for the maximum vertical deflon of the plate is presented
for all load cases in Figure 5.10. The dynamic dfcption behaviour of this
response is very similar for the analysed load axants when the load is applied in
between the stiffeners. On the other hand, foldhd cases when the load is applied
under the stiffeners the DAF curves for the diffeérlbad area extents deviates for
high DAF values. The vertical deflection of thetpléor LC Stiffener 400-800 is to a
greater extent dependent on the deflection behawibthne stiffener than for LC Plate
400-800. Based on these results it is reasonablassume that the dynamic
amplification behaviour of the plate is non-depeniden the load area extent.
Deviations observed in DAF values for the platdedgion for the load cases with the
load applied underneath the stiffener can be exgthby the dynamic behaviour of
the stiffeners. This is based on the similaritylmstn the stiffeners DAF of von Mises
stress and DAF values of the plate deflection oleskfor these load cases.
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Figure 5.10 DAF for vertical deflection of the mat

Although the dynamic amplification can be of greatportance from a design
perspective the relative stress magnitude shogldl laé taken into consideration for
the structural members. Figure 5.11 presents naethimagnitudes for the studied
responses for all load cases. The response valudsef different load area extents are
normalized against the corresponding load footpanet. In practice this means that
the absolute values of the response are dividetthdyoad area extent of the applied
load. The values are then normalized against thleelsi response value for all of the
three load cases under consideration in order tairolan easy comparison of their
relative difference. The reason for normalizingiagiathe load area is that it allows
for a more accurate estimation of the pure infleeatthe load area extent. A larger
area would otherwise mean that a higher amounhefgy is introduced into the hull
structure if the load magnitude is maintained. 8irthe analyses are linear the
introduced energy is directly proportional to tbad area this normalization approach
is considered feasible.

Both the relative von Mises stresses and defleqii@sented in Figure 5.11 show a
higher response for the smaller load area extdns. Means that the larger area extent
gives lower values of the actual responses compareéde smaller areas, based on
that the same amount of energy is induced intstheture. This can be explained by
the fact that the pressure load is distributedhéodtiffening elements in the structure,
which contributes to decreased stress and deffeftsicels.

The motivation to compare the normalized resporiseshe von Mises stress and
deflection is that in the case of sloshing impaetds with the same amount of energy,
the DAF values show an independency of load aréenexHowever, by looking at
the normalized values the load cases with a smaties extent gives considerably
higher levels of stress and deflection in the $tna members, which is worth taking
into consideration when studying the dynamic betawi
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Figure 5.11 Normalized von Mises stress in thiester flange (left) and vertical
deflection of the plate (right).

5.4 Effect of cargo containment system

Results and discussions from the performed comparagésponse study aimed at
investigating the influence of the CCS are preskmehe following. The compared
structural responses are von Mises stress in iffienstr flange and vertical deflection
in the plate. The studied locations are describgdhapter 5.1.

Figures 5.12 and 5.13 present the DAF for the studesponses for a range of load
rise times corresponding to LC SM Plate 400 asnéefiin Table 4.2 in Chapter 4.5.
The figures show that the largest DAF for both ®ddesponses are higher for the
small model with the containment system includedhe Trelative difference is
especially pronounced for the maximum von Misessstin the stiffener flange. DAF
values of up to 2.04 are observed for this stratttesponse for the SM v.1 case. It
can also be seen that the introduction of the CRiissthe point of largest DAF
towards lower rise times. This is an interestingesbation since the introduction of
only the CCS mass in SM v.2 shows the oppositedtoempared to SM v.3. Adding
the mass of the CCS without accounting for itsfrets increases the inertia of the
system, which in turn increases the natural perafdbe system (Biggs, 1964). The
fact that the DAF peak for SM v.1 is present fowvdo rise times indicates that the
stiffness of the CCS plays a more significant folethe dynamic behaviour of the
studied hull responses than the CCS mass.

CHALMERS, Shipping and Marine Technologyaster’s Thesis 2015:X-15/329 39



—_—— 1" "} 1" e-—-

Figure 5.12 DAF for the vertical deflection of tpéate for versions of the small
model, LC SM Plate 400.
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Figure 5.13 DAF for the von Mises stress of stdfeflange for versions of the
small model, LC SM Plate 400.

The relative difference in actual response betwtberversions of the small model is
presented in Figure 5.14. The magnitude of bottepdaflection and stiffener flange

stress is a lot lower for SM v.1 than for the otheo versions of the small model.

This can to a great extent be explained by the-thsilibuting effect of the CCS. The

translated load acts on a larger area on the lmmipared to the applied load. As
presented in Figure 5.15, the load footprint intidain the figure has a much smaller
extent than the contact pressure between the C@$hanhull. The contact pressure
can be considered as the filtered load acting enhilll and is represented by the
contours in Figure 5.15. The contour of the confaessure naturally follows the

contact area between the mastic supports and theThis significantly reduces the

torsional moments on the stiffeners. Furthermdrshould be said that the modelled
CCS together with the cohesive connection betweethd hull adds stiffness to the
inner deck. This restrains the deflection of thetgal which in turn also contributes to
less torsion of the stiffener.
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Figure 5.14 Normalized maximum plate deflection atitfener flange von Mises
stress for versions of the small model, LC SM Rla@

Stiffeners

Load perimeter

o

Z X

Figure 5.15 Example of the contact pressure fieetwieen the CCS and hull
structure for LC SM Plate 400 (1.5ms).

Even though the above results indicate that the G@Bs the magnitudes of the
torsional deflection behaviour of the stiffenere ffhenomenon is still present. Figure
5.16 presents the deflection mode of the stiffearet the location of the maximum
stress in the stiffener for the rise time corregjiog to the maximum dynamic
amplification. The explanation behind this behaviand its impact on the dynamic
behaviour of the stiffeners is discussed in Chapt2r For this case the maximum
stress in the stiffener flange occurs 13 ms afterpgeak of the applied pressure, in
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contrast to the case discussed in Chapter 5.2 whemmaximum stress occurs after 9
ms.

Max stress in
stiffener flang

Figure 5.16 Von Mises stress due to the torsiomdledtion of the stiffener for SM
v.1 due to 1.5ms rise time impact. Scale of defoomax100.

In Figure 5.17 the DAF for von Mises stress in $tiffener flange corresponding to
LC SM Stiffener 400 is presented. Similar to theviwusly discussed load case the
largest DAF for the response is higher for SM hant for SM v.2 and SM v.3. This
confirms that the introduction of the CCS increatesdynamic amplification of the
response in the structural members. Also, the ghiftthe maximum dynamic
amplification towards rise times around 1 ms isnem@re pronounced compared to
Figure 5.13. This verifies that the CCS contributes dynamic amplification for a
range of rise times close to 1 ms.

L 1"

Figure 5.17 DAF for the maximum von Mises stresstiffener flange for versions
of the small model, LC SM Stiffener 400.
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The relative difference in actual response betwiberversions of the small model is
very different for LC SM Stiffener 400 comparedi© SM Plate 400. In Figure 5.18,
the normalized von Mises stresses in the stiffdlagrge is presented for the three
versions of the small model. The figure shows thatactual response is significantly
higher for SM v.1 than for the two other casesis¢ times from 0.7 to 2ms. This
phenomenon is discussed further in the following.

—— | "# = | "# 1 "#

Figure 5.18 Normalized maximum von Mises stresghm stiffener flange for
versions of the small model, load case LC SM 8&ffé00.

The contact pressure for two locations betweennrtastic supports and the inner deck
plate is evaluated in terms of dynamic amplificatidhis is done in order to identify
the relationship between the dynamic behaviouhef@CS and the dynamic response
in the stiffener flange. The mesh nodes evaluatithl nggard to contact pressure are
located as presented in Figure 5.19. The reasoevi@uating the contact pressure in
the intersection between the stiffener web and plae is that these locations
experience the highest level of contact press@e,centours in Figure 5.19. Node 1
corresponds to the point of the maximum contacsgaree centred under the applied
load. Node 2 is evaluated in order to investigathheé same dynamic behaviour is
present for more than just one location.
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Figure 5.19 Evaluated nodes for contact pressureveen the mastic supports of
the insulation system and the hull.

Figure 5.20 shows the DAF of the contact pressoretlie two evaluated node
locations. Load pulses corresponding to 0.7-2 sestimes result in high DAF values.
This indicates that the transferred load throughGICS onto the hull structure is to a
great degree dependent on the dynamic behavicineo€CS. A resonance period in
the CCS would explain the large relative differenteesponse magnitudes between
the versions of the small model that is presemdegure 5.18 for the set of rise times
around 1 tol.5 ms. This hypothesis is supporteduyerical analyses on a MARK
[l FE-model that have been performed by the R&Bucural department at GTT
(Pillon, 2009). Here it was found that rise timesusmd 1 ms for uniform pressure
impacts resulted in DAF values around 1.5 for ndramal shear stresses in the bottom
plywood layer of the CCS. The relationship betw#en shear force and the contact
pressure is elaborated further in the following.

N !
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Figure 5.20 DAF for the Contact pressure in twoations, LC SM Stiffener 400.
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A principle illustration of the region of interacti between the CCS and hull is
presented in Figure 5.21. It indicates the principaation where Pillon (2009)
evaluated the shear stresses. A dynamic increabe shear force at this location will
give a simultaneous increase in the reaction faatang on the mastic support. This
will in turn result in an increase of the contaceégsure, as has been shown in this
study.

Location of measured shear stresgs

Bottom plywood

Mastic support

Hull plate
Contact pressure

Figure 5.21 Principle outline of the interactiongien between the CCS and the
hull.
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5.5 General observations and concluding remarks

The following aims at outlining general observatianade throughout the study. It
also covers a comparison between the obtained dgnamplification values and
measured data from previously conducted model sastisfull-scale measurements.
Furthermore, a discussion regarding limitationgha used method and how these
influence the outcome are provided. Finally, a mkms included about the absolute
values observed with respect to the material yigid.

5.5.1 Dynamic behaviour of the structure for short rise times

The applied loads with shorter rise time have fosttases given a very low DAF on
the studied responses. A general trend in theteesublso the steep increase in DAF
values as the rise time approach approximately .1Tims main reason for this is that
the inertia forces counteract the pressure forcervthe load duration is a lot shorter
than the natural period of the structure. This eauke maximum strain to occur first
after the load has decayed, which in turn leadbdbthe structural response becomes
less dependent on the load magnitude (Graczyk..e2@D7). In Figure 5.22 a time
series of the von Mises stress is seen, where dBponse pulse travels in the
longitudinal direction and decreases as the vibmatiare decaying. The left-hand
picture (a) in the figure represents the time instawhen the stress is at its maximum,
which approximately occurs 1 ms after the load tesayed. Worth noting are the
very small deformations.

Figure 5.22 A time series of the von Mises stréderoLC Plate 400 rise time 0.1
ms, output taken at three sequential times repteseoy a), b) and c),
respectively. Scale of deformation x200.

5.5.2 Dynamic amplification compared to measurements

In order to put the results of the study in perfipeco what is likely to occur in a
vessel in operation, they must be compared withtwlaa been established through
model tests and full-scale measurements from DNV (@015). The range of rise
times that have been seen to commonly occur forstbshing impact loads are
indicated in Figure 5.23. The orange area in thetandicates the rise times that are
most likely to occur and the blue area indicates rdmge of rise times that also are
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present although at a much lower event rates. ifjueef shows that the higher values
for the DAF coincide with a range of rise timesttli@ve a high probability of
occurrence. This indicates that there is a higlbaidity that the hull structure will
experience these levels of dynamic amplificatiomergfore this should be considered
in the further development of class rules.

%% &' —— %% ()

Figure 5.23 Comparison between DAF for the von Bisteess in the stiffener and
ranges frequently occurring for sloshing impactShl v.1. Load cases
under consideration are LC SM Plate 400 and LC $ieSer 400.

5.5.3 Concluding remarks

The following provides a discussion regarding thethndology used and the archived
results. Limitations and other possible factorst tteght influence the results are
presented in the following.

As the study is limited to one reference vessethibuld be said that the results
presented are to be treated as trends in the dgnasponse behaviour of the hull
structure. It is reasonable to assume that theilpjesgresence of brackets or other
additional structural members in other vessels #itr the stiffness profile of the
structure will influence the dynamic response béhav Since class rules do not
require any additional elements it is likely thhe tstructural arrangement is similar
for other LNG membrane carriers. It is thereforédved that the trends in dynamic
response could be considered as being representativ

The studied location in the tank is limited to Ungper tank corner. This means that
the observed results can only be considered valithis region. The main reason for
this is that the loads acting in other regions eoasiderably different in their
characteristics. An example of this is the lowdlinfy level phenomena, such as
hydraulic jump and travelling bore mentioned in Qtea 2.2.1.

Throughout the study, deformations are assumedetcsrball so that geometric
nonlinearity in the applied loads can be negleciHite magnitude and geometric

CHALMERS, Shipping and Marine TechnologMaster’s Thesis 2015:X-15/329 47



extents of the applied loads have been based dimdjs from previously performed
model tests and result in small deformations. Tioeee the effects of geometric non-
linearity should be small.

The load cases have been limited to the sloshiqpgaanphenomena. Stresses due to
global loads like still water bending moment, etare thus not considered. The

presence of such loads would influence the absehitees of the structural response.

Whether or not they influence the dynamic behavioluthe structural response has

not been evaluated in this study.

In the FE-models, cut-outs for the longitudinalffesiiers in the web frames and
bulkheads have been excluded. It has been obs#raedtress concentrations occur
in the intersection between stiffener and web frase® Figure 5.24. These effects
have been excluded from the results. The simptiboain the model could, however,
also influence the dynamic behaviour of the stéfsndue to the fact that they are
more rigidly fixed in the FE-model compared to #wtual vessel. It should, however,
be mentioned that the intersection between théeséf and the web frame in the
small model are modelled with a boundary conditiwat allows for free rotation. The
two different boundary conditions do show similayndmic behaviour, which
indicates that the effects most likely are of mimaportance to the overall dynamic
behaviour of the system.

Figure 5.24 Stress concentrations in the intersgctbetween stiffener and web
frame.

5.5.4 Discussion regarding absolute values and yield sss

The results presented in this thesis do not comgradsolute values as discussed in
the preface. It should, however, be mentioned fimasome of the analyses the von
Mises stresses have exceeded the material yiadsstThe influence on the method
and how the results most likely are affected bys tisi discussed further in the

following.

In general it can be concluded that the highesel$¢ewf von Mises stresses are
observed in the plate segment in the full FE model for investigating the influence
of load parameter variations. When the largest aént is applied in between two
stiffeners the plate segment experiences maximuess&s that are several times
greater than the yield limit of the material, which the studied case is 235 MPa. For
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the stiffener, the studied von Mises stresses tmaneh lower magnitudes and the
most severe load case results in values that atteeilorder of the yield stress limit.
Exceeding yield in a real structure will influentiee dynamic behaviour due to
several factors. The method used, however, is baisddlly linear analyses, which do
not take any post-yield effects into account. Tallews for linear scaling of the
achieved results making the observed dynamic stredsdeflection behaviours also
representable for lower response magnitudes. Theltseregarding the dynamic
amplification behaviour of the studied stresses @aiftbections obtained from the FE
analyses throughout this study can thus be coreidealid for the linear elastic
region.

Considering the results from analyses performethersmall model, the stress levels
are shown to be significantly reduced when intranigithe structural properties of the
CCS. When the insulation system'’s stiffness andsnesicluded in the analyses the
maximum observed von Mises stress lies on the lnithe yield stress for the plate
segment for the most severe load case. For thessgen the stiffener flange there is
quite a large margin to the yield limit. It shoulldpwever, be mentioned that the
analyses performed on the small model are basddaohcases corresponding to the
smallest load footprint. Increasing the load argger@ whilst maintaining the load

magnitude will most likely increase the stress leve the hull structure, which has
been the case for the full model. On the other h#dredload-distributing effect of the

CCS might limit this effect to some degree.

The applied load magnitudes are chosen to représeels of pressure magnitudes
that have been measured in model tests and fu#-seaasurements. As described in
Chapter 2.2.2, full-scale measurements have irelicditat pressures of up to 1 MPa
can be expected in the corner region studied m tthesis. Design pressures from a
model test that is based on extreme predictions antannual exceedance probability
of 103 shows even higher pressure magnitudes, espeda@ilgmaller load area
extents (DNV GL, 2015). The method used in thissiheéhus indicates that local
stresses in the hull structure may exceed the Yimld as a result of sloshing impact
loads. Therefore, it should be discussed what &ffde exceedance of the material
yield limit could have on the dynamic behaviourtloé structure or more specifically
the dynamic amplification of the responses analysed

One effect from exceeding the yield limit is thatal plasticity in the structural
members would redistribute the stresses. Thisdithié maximum stress by spreading
the stresses across a larger area extent in el members. The results in this
thesis regarding dynamic amplification in maximumess would most likely to some
degree be impacted by this phenomenon. The laigast values in stress would
probably be reduced due to a larger amount ofstesdistribution compared to static
conditions. This is something that is accountedifoguidance from classification
societies when considering linear FE analyses.

Strain hardening is also an effect that is likelyotcur when approaching the yield
limit when high strain rates in the structure arespnt. Due to the short duration of
the sloshing impact pressures, the strain raté&e$ylto be high and thereby also the
strain hardening effects. This phenomenon can teaa significant increase in the
materials yield limit, which would expand the rangjestress levels for where the
material can be treated as linear elastic.

Another example where yield might have a greauerite on the results is the high
DAF values observed for the von Mises stress instifeener flange due to excited
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torsional deflection behaviours. A small amountptdstic strains occurring in the

initial stages of the oscillation motions would rmdikely limit this resonance
phenomenon.

As a final remark, the results obtained in thisstheregarding the trends in dynamic
behaviour should be considered representative. Menvéhe values of the DAF of the
studied responses might, in some cases, be infideihy previously mentioned
nonlinear material effects when the yield limiteisceeded. As discussed, all results
are linearly scalable and thereby considered v#didthe linear elastic region.
Furthermore, it should be noted that the yield @faliscussed in this chapter would
most likely result in lower levels of the dynamimjglification. The results from this
study are therefore considered conservative inabpect.
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6 Conclusions

The objective with this study has been to quantifg dynamic amplification in

structural response expected to occur from slosinpgct loadings in the cargo tanks
of LNG membrane carriers. In the following, condlus from the study are

presented.

For the load rise times and load cases under ceraidn the presence of a dynamic
amplification has been shown. The rise times thxgtegence this phenomenon lie
within the range of 0.7 to 10ms. For these riseeippbserved values diynamic
amplification factor (DAF), of stress and deflection, range betweerb 1a@d 2
depending on load case and whether or not theatenl system is present in the
model. These values are valid for the linear edastterial region.

This conclusion together with previously conductdshing model tests and full-
scale measurements points out that sloshing inlpads are likely to generate high
levels of dynamic amplification of the responsette hull. The highest levels of
dynamic amplification have been shown to be prefmna range of load rise times
that have a high probability of occurring in LNG mmigrane tanks, see Figure 6.1. The
orange area indicates the frequently occurringtrimes and the blue area represents
less frequent, but still occurring rise times sltherefore recommended that dynamic
amplification from sloshing impact is taken intonsaderation in the continued
development of classification rules.

S " W NS . A
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Figure 6.1 A comparison between DAF for the voneMlistress in the stiffener
and ranges frequently occurring for sloshing impactSM v.1. Load
cases under consideration are LC SM Plate 400 a@dSIM Stiffener
400.
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The influence of temporal and spatial propertieghefimpact loads are as follows:

It is concluded that the load location has a grefiience on the dynamic
response of the stiffeners in the inner deck. $tlbeen shown that the torsional
deflection of the stiffeners, when the load is &ipin between two stiffeners,
gives high levels of dynamic amplification of sges in the stiffeners.

In general, the increased area has been founcctease the maximum DAF
of the structural members under consideration. Aoeption is, however,
when considering the stiffener and the load cadesrevthe load is applied in
between two stiffeners. For these load cases ttreased area extent gives
lower maximum values of dynamic amplification oé tktiffener stress.

Two different excitation modes have been identif@dseveral load cases for
key structural elements under consideration. Itdee shown that there is a
strong connection between the highest levels oadya amplification and the
occurrence of these deflection modes.

Thecargo containment systef@CS) has been concluded to have the following

influence:
The cargo containment system filters the load apdbiefore it reaches the
hull. The impact load area that reaches the hutioge widely spread
compared to the load applied to the cargo contamisystem.
It has been observed that the translated predsuregh the CCS is amplified
for rise times in the range of 0.7 to 2 ms, renglin a high DAF for the
studied responses. The actual values of the resg@ssbeen observed to be
higher when the CCS is included compared to whennot for certain load
cases.
The most critical load case has been found to hdvAF of magnitude 2. It is
close to the maximum theoretical value as discubgegiggs (1964). It
should be noted that the reason for the high DA&eves due to torsional
moments acting on the stiffeners. In order to iasecthe resistance against
these amplified loads, stiffening by increasingwheb height is not
recommended since this would increase the torsiogiaviour. Instead,
torsional limiting members such as tripping braskae a better option.
It has been concluded that the stiffness of the 6&Sbeen found more
significant than the mass of the CCS in terms ofadtyic behaviour of the
hull. Therefore it is not recommended to model@@&S only by its mass in
order to give a good representation of the dyndmalaviour.

52 CHALMERS, Shipping and Marine TechnologMaster’s Thesis 2015:X-15/329



7 Recommendations for future work

This study has investigated the influence of a remdf load parameters and load
cases. In order to give a more extensive knowledgbe dynamic behaviour of the
structure, the following is recommended as futuoekw

Determine how the results and conclusions from stusly could be used for
the continued development of requirements fromsdiaation societies.
Expand the study to cover tank parts that are ylikel experience sloshing
impact loads for lower filling levels since theyeaquite different in their
characteristics.

Evaluate how non-linear material properties infeeethe dynamic response of
the structure. This could be important information order to determine
whether or not the high levels of dynamic amplificas found in this study
should be considered as a concern when designiamsagsloshing impact
loads.

Evaluate if local stress concentrations could loerecern for the design of the
structure in areas such as cut-outs or brackets.

Consider to implement actual pressure magnitudddaad footprints that are
measured in sloshing model tests and full-scalesnrements.

Investigate the influence of the ratio between tilsee and total load duration.
It has been observed in the study that the loadacaas a dampener when the
structural response oscillates with periods shadhi@n the load duration.
Consider the possibility of applying global loads the model in order to
determine if this has an influence on the dynameigaviour of the hull.
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Appendix A — Parametric analysis on sloshing impact
loads

Before fitting a cargo tank with a membrane-typatammment system model tests are
performed in order to estimate the loads actinghensystem. The output data of a
sample of model test reports are analysed in daé@nvestigate if any relationship

between the design loads and basic parameters eofvéissel and/or the tank

dimensions can be found.

The data sample under consideration consists abd@eirtest reports where 5 of them
have differences in dimensions both for vessel tan#ls. The redundant vessels are
left out of the study. The capacity of the vessatgges from approximately 160 000
to 174 000 ri

The reports contain information of sloshing imppssures of high (95%) and low
(10%) filling level of the tanks for different lelgeof exceedance probability. The
pressures are meant to serve as validation thaixbected loads fall within the CCS
strength. They are based on long-term distributiohsneasured sloshing impacts
acquired from model tests. The methodology behitahing model tests and
treatment of the measured data are described in BN classification note No.
30.9 (DNV, 2014). The tank closest to the bow hd#farent shape compared to tank
number 2, 3 and 4 due to a different hull crosdi@edor all studied vessel. The
reports therefore take tank number 1 and 4 undesideration.

Study of ship specific parameters

The goal with this study is to conclude whethernot any simple relationship

between the design pressures given from the medtd and ship particulars could be
found. The parameters evaluated are the basic gaocah@imensions such as length
and breadth of both the ship and tank under coratida. Chamfer angles in the

tank’s sides, tank height, the shipgtacentric heighfGM) and period of roll are also

parameters that are included in the study.

In order to investigate any possible relationsbgatter diagrams are used to plot each
vessel's design pressure against the correspopdiragneter under investigation. This

is performed for all the abovementioned ship spepdrameters and at three different
impact areas; 0.04, 0.48 and 0.96, mespectively. Both tank number 1 and tank
number 4 at high and low fillings are evaluatethis study.

The main conclusion from this parametric studyhiattthe amount of relevant data
contained within the available test reports hav@dansufficient to say if any direct
relationship is present. The limited sample sizé @e relatively small variations in
the studied dimensions (within 10%) are the maintrdouting factors to this issue.
GM is, however, a parameter that poses as an eandpt the above stated and are
thus treated further in the following.

The variation in GM for the vessels under consitienashould be considered as
significant since the values varies from approxghal to 4 m when sailing at design
draught (DNV GL, 2015). Furthermore, the resulirthe parameter study show
that a potential correlation between the desigsqunee and GM is present, at least for
vessels with GM > 2 m, see Figure A.1l. The figulesirates normalized values of

model test design pressures expected to occumkartamber 4 during high fillings

plotted against the GM for the corresponding vesséhe values are normalized
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against the highest presented pressure. This reanltbe considered as reasonable
since GM is proportional to the ship motion accaiens, which in turn is believed to
be a driving factor for sloshing occurrences (DN@15). It should be noted that the
GM values used in this study are based on avaikthlglity data from the vessels as
operational, whilst the pressure data are basemhaatel tests performed during the
design stage of the vessel. This implies that tM V@lues used in this study may
vary from the ones used in the seakeeping calomstduring the model tests. It is,
however, considered as negligible in the currentlyst since such variations are
believed to be consistent for all studied casestlamsl not effecting potential trends.

Figure A.1 also presents a set of data points spamrding to sloshing impact design
pressures that are calculated in accordance toldiss rules. These are based on the
averaged dimensions and geometric specificatiorieeofnvestigated vessels and are
scaled up in order to be comparable with the laesdign loads as given from the
model tests. Even though the available data isidmutef the valid range of GM
according to (DNV, 2015) the results suggests thate is a strong correlation in
trend between model tests and class rules for ¢éssels with GM exceeding 2 m.
This holds true for all studied impact areas. far two vessels corresponding to the
GM values lower than 2 m the trend in relation todgathe pressure is inconsistent.

.
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Figure A.1  Scatter plot illustrating trends betweemodel test design impact
pressure and GM for tank no. 4 at high fillings.

An observation worth noting is that the spread he evaluated design pressures
increases for a decreasing impact area. The sthl@aration in available samples of
design pressure has been calculated and showgead|g trend with an increasing
impact area. This supports the fact that the higbaict pressures during sloshing is a
highly localized phenomenon.
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A study of heading and liquid period relationship

A simple relationship between basic parameters saghank length or breadth
compared to sloshing impact pressure is hard @. f®dne of the theories discussed
early in the project is the possibility that the @itude of the pressures is highly
dependent on the tank breadth-to-length ratiooalgh this correlation could not be
shown from the data extracted from the model &gsbnts. Developing this concept, a
hypothesis concerning the impact of heading dioectompared to tank fluid Eigen
period is considered, where the aspect ratio ofté#mk length to breadth has a
contribution. From the output data in the modet teports the liquid Eigen period
can be extracted for different filling levels. Thgpothesis can also be supported by
DNV GL classification note NO. 30.9 (DNV, 2014). dmote states that the most
severe cases of sloshing impact takes place wkeemthion of the vessel is close to
the resonance period of the fluid in the tanks.

Due to limitations of input data in some of theadp and also a limitation in the
output data for filling levels, the hypothesis wasluated by only considering tank
number 4 and with a 95% filling level. The shapehi$ tank was most consistent and
data was available for all studied vessels, whiglent the most suitable to use. Only
one of the reports contains tmesponse amplitude operatdRAO) of the tank
motions with regard to the heading angle and sate,sthough the comparison
between Eigen period and sloshing event rate cbeldhade for all 6 of the reports
under consideration.

Available data is given as a transverse and lodgitd fluid period for the different
tanks of the vessel. In order to estimate the danoother directions than transverse
and longitudinal direction, assumptions were mdug they could be approximated
with Pythagoras theorem. This assumption was cersidto be more valid for
heading angles of the vessel, which was closeeadtio between length and breadth
of the tank under consideration.

The investigated correlation between the liquidiquerand the magnitude of the
sloshing impact pressures could not be found aacetbre these parameters cannot
be used in order to evaluate the expected impasspres that will act on the hull
structure.

In general no simple correlation between the stgghimpact load magnitudes and
ship-specific parameters could be found, excepnhftbe GM of the vessels. With
more extensive data and possibly a larger intenfalparameters it could be
advantageous to establish such relations, if tlkest.e
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Appendix B — Size-dependency study

The initial FE-model that was produced for the gernty analysis presented in this
master thesis covered the full breadth of the taele Figure B.1. This requires a
significant amount of computational effort to beabssed dynamically. The extent of
this model was based on the assumption that trshislp impact loads are a highly
localized phenomenon. In order to save computdiime a size-dependency study
was therefore performed. Here the model is redigedalf the beam and thus only
covers the port side of the tank partition and tb@mpared against the initial model.

|
,\J\g\L\‘\J\‘L\L\L

Figure B.1  Overview of initial FE model.

The reduced model is taken as half of the breafitheoinitial model. In the centre
line there is a need to introduce boundary conditithat represent the stiffness of the
tank side that is taken away in the reduced modet. boundary conditions that are
introduced in two versions of the reduced model seeto represent two extreme
cases with regards to structural stiffness. In cage the centre line boundaries are
fixed, in the other one they are simply supportedhe boundaries of the inner deck
plate and the plates of the transverse bulkheallisti#er boundary conditions are set
as fixed for both the initial model and the reduceddels. Figure B.2 illustrates the
reduced model and location of the boundary conustio
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Centre line boundary

Fixed conditions

Fixed

Fixed Fixed

Figure B.2  Overview of the reduced FE model incigdiocations for applied
boundary conditions. The centre line boundary cbods are altered
between the two versions of the reduced model.

In order to get a fair comparison between the ngpdbke mesh is identical for both
cases. The full beam model is discretized with ARFSEXplicit default mesh with
specifics as presented in Table B.1. In the hadfrbenodel the calculation domain is
simply reduced by removing the mesh elements onsthsboard side of the tank
symmetry line. This procedure assures an identiezgh, in the area of interest, for
both models.

Table B.1 Mesh specifics used in the size-depegpdeady

Element type: S4R/S3R (standard shell elements)

Element shape: Quad Dominated

App. element side length:] 170 mm

To evaluate if the reduced model is of sufficiemeswith regard to capturing similar

dynamic response behaviour compared to the inialdel, four analyses are
performed. Two different load cases for each mddek Table B.2) are analysed
using an explicit solver. The load cases repreaanimpact load with two different

rise times and are meant to cover the span ofdgadmics that is of interests for the
main study.
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Table B.2 Evaluated load cases in the size-depaydgndy

Model Rise Time [ms] Decay time [ms]
Initial model 1 2

Reduced model 1 2

Initial model 10 20

Reduced model 10 20

The load amplitude and loaded area extent are takearbitrary values, which are
kept constant throughout this comparative analydig. full corner plate field is used
for load application as presented in Figure B.3e Tdaded area thus spans from the
transverse bulkhead to the first web frame in tregitudinal direction and from the
chamfer to the first girder in the transverse dicec This is significantly larger than
the exposed area during a typical sloshing evdmg.ldad amplitude is set to 1 MPa.

Figure B.3  Loaded areas for the comparative studiycated in red for both model
extents.

The compared responses are the deflection iwveheal direction(U3) and thdirst
principle stresqS11). U3 is recorded from a specific node in glae field and S11
in a specific element on a stiffener flange. Thaatxocations are the same for both
models and are indicated in Figure B.4.

The motivation behind these responses and theatitots is that they represent areas
that will experience high response levels. Theefdhey can be seen as a good
indication to whether or not the response behaviswimilar for the two models.
Furthermore, the stiffener flanges and the platestle structural members under
consideration in the main study, and thereforesitcrucial that the model can
accurately describe the response in these. Theommetmat stress and deflection
components are evaluated instead of effectivessead multiaxial deflection is that
these give a more representative description oflyimamic behaviour.
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Figure B.4  Anillustration of the locations for mnse extractions.

Table B.3 presents the relative difference of tteximum values for the investigated
responses between the reduced models and thd mibdel. The results from the
analyses with a load rise time of 1 ms are idehtmathe compared model whilst for
the case with a load rise time of 10 ms the reshitasv a minor difference in peak
value. The effect of the boundary condition canbet totally neglected but the
differences in the results are not more than 1.5wHich is considered as being
sufficiently accurate.
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Table B.3 Relative difference in maximum respomsepared to the full model
from investigated time series.

Model Rise time [ms] Relativefterence in maximun

deformation U3 from full modsgl

Fixed boundaries 10 0,60 %

Simply supported boundaries 10 -0,40 %

Fixed boundaries 1 0,01 %

Simply supported boundaries 1 -0,01 %

Model

Rise time [ms]

Relative difference in maximu
stress S11 from full model

Fixed boundaries 10 -0,40 %
Simply supported boundaries 10 -0,2 %
Fixed boundaries 1 0,008 %
Simply supported boundaries 1 0,006 %

Table B.4 illustrates the full time series of tesponse during the analyses. The table
shows that difference in response behaviour is @stneases very small between the
models. A significant difference can, however, lsidguished in the later parts of
the studied time series, especially for the analygel0 ms load rise times. This is of
minor importance for the main study, since it is thaximum response (initial peak)

that is of interest.
Table B.4

for the studied loadings.

A comparison of response time seriesdstwhe different model cases
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From this we can conclude that the half breadthehedll be sufficient to give an
accurate description of the structural response.cimputation time is approximately
linear to the number of elements which is halvedhgychange to half breadth model.
Unless stated otherwise, the reduced model willubed in the main study. The
boundary conditions are found to play a minor rébe the studied response
behaviours.
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Appendix C — Mesh dependency study

The solution accuracy that an FE model can prosdeghly dependent on its degree
of element discretization. Therefore, the mesh itleptays a vital role for achieving
acceptable solutions. A denser mesh contains mudeckser allocated calculation
points than a coarse one, generally yielding mooeii@te results; see Liu (2013). A
mesh convergence study is therefore performeddardp assure acceptable solutions
for the main analyses. This is done by iterativelgreasing the mesh density by a
factor of 4 on structural members in the area tarast, which is highlighted in Figure
C.1. Each refinement is analysed and compared reglard to structural response.
The mesh density outside the refined area is kepitered from the automatically
generated mesh according to ABAQUS default settimgsch for this case has an
average element side length of approximately 170 Figure C.2 illustrates two of
the different meshes.

Figure C.1  An illustration of the tank region suffied to mesh refinement
(highlighted in red).

Before After

Figure C.2 A comparison between mesh densitiesrferrefinement step

The convergence study is limited to one load cadg, avhich is represented by an
applied impact pressure. The load shape is idebhbzea triangular load pulse with
characteristics matching the loads intended for rth@n sensitivity analysis, see
Chapter 3.4. The considered load rise time is Iths.pressure field is applied on the
full corner plate field. The loaded area thus sgam® the transverse bulkhead to the
first web frame in the longitudinal direction arrdrh the chamfer to the first girder in
the transverse direction as presented in Figure T3 is significantly larger than the
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exposed area for a typical sloshing event. Foistiope of this project it is, however,
assumed that the load area used for the converggtndg is adequate for verifying
the mesh in the area of interest. The load amm@itsdet to 1 MPa.

Figure C.3  Loaded area for the mesh dependency stalicated in red.

The dynamic response behaviour of two geometriations in the stiffened plate
field corresponding to the inner deck structurenferthe criteria for the desired
convergence in dynamic behaviour. In order to stheydynamic response behaviour,
time series of the studied responses are considerede comparison. The locations
under consideration represent the nodal coordinaitbésthe greatest response values
for the model with the initial mesh density at tdifferent structural members. The
studied responses are the first principal stresgpoment in one of the stiffeners (S11)
and the vertical deflection in one of the plateldge (U3). An overview of the
approximate response locations are presented iard-i§.4. Due to the localized
nature of sloshing impacts, the inner deck platkitmstiffeners are assumed to be the
structural members most affected and thus moratsen®wards these loads. This is
a reasonable assumption since the surrounding mepdiech as girders, web frame
and transverse bulkhead, are a lot stiffer thaninher deck structure. The desired
convergence in response is considered to be achieben both studied response
behaviours show insignificant deviations betweea taesh refinement steps.
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Figure C.4  An illustration of the locations for pmnse extractions in the mesh
convergence study.

The time series of the studied responses are gléatreall mesh cases in Figure C.5
and Figure C.6, respectively. Both of the presetited series correspond to the load
case with 1ms rise time. Mesh 1 represents thenatignesh, Mesh 2 a factor 4 in
mesh density increase, Mesh 3 a factor 16, etc.fifluees show that the response
curves coincide very well for the three finest messhrhe greatest relative difference
in both stress and deflection amplitude betweesethaeshes is 0.6 % and 0.7 %,
respectively. Hence the model with a local meshsitgril6 times higher than the
ABAQUS standard mesh is considered to yield sohgtivith an acceptable accuracy.
The average element side length for this mesh terssiapproximately 40-50 mm
depending on the meshed geometry.
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Figure C.5 A comparison of the time series for Weetical deflection at studied
plate location for the different meshes. Rise tinmas.
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Figure C.6 A comparison of the time series for firg principal stress at studied
stiffener location for the mesh refinement casese Rme 1 ms.

In order to assure that the convergence is vaid &r longer rise times, the three
finest mesh cases are analysed with a rise tini® ahs. These analyses show that a
slightly greater difference in response is evidentlonger pulse times. A maximum
deviation of 2.6 % in peak deflection for the thif@®est mesh cases is observed.
These deviations are considered to be within aabégptimits

The results from this mesh convergence study h&wesvis that deviations in the
studied peak stresses and deflections become itdglfgr finer mesh densities than
that corresponding to Mesh 3. The differences dtsoot show any clear increase or
decrease for the peak values for finer meshes. Aeinwith a local mesh density
corresponding to Mesh 3 or finer is therefore cde®d mesh-independent for
stresses in the stiffeners and deflections inrheri deck plates in the area of interest.
In order to limit the computational effort mesh, Mioer 3 is thus chosen for the
analyses discussed in the thesis.
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Appendix D — CCS material data

Material properties for the MARK 1l cargo contaiemt system in accordance with
DNV classification note No. 30.9. For material otition, refer to the classification
note.

Integrated orthotropic material stiffness properties for plywood plates
Parameter 20C -163C
Em,1[MPa] 9450 13 200
Em,2 [MPa] 8000 11 200
Em,3[MPa] 820 1800
Gm.12[MPa] 790 2900
Gm.13[MPa] 325 700
Gm,23[MPa] 260 550

V12 0,1 0,1

Vi3 0,1 0,1

V23 0,1 0,1
Eb.19mm [MPa] 10 950 15 350
Eb29mm [MPa] 6550 9150
Eb.112mm [MPa] 10 450 14 650
Eb212mm [MPa] 7000 9800
Density [kg/ni] 680 680
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Material stiffness properties for reinforced polyurethane foam

Parameter 20C -163C

E1 [MPa] 135 170

E2 [MPa] 180 215

E3 [MPa] 65 95

G12 [MPa] 7 11

G13 [MPa] 7 11

G23 [MPa] 7 11

v12 0,4 0,4

v13 0,2 0,2

v23 0,2 0,2

Density [kg/ni] 125 125

Material stiffness properties for mastic

Parameter 20C -163C

E [MPa] 2900 Not applicable
% 0,3 Not applicable
Density [kg/ni] 1600 Not applicable
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