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Abstract

Sloshing problems in partially filled large LNG oars are of increasing concern because
sloshing loads may endanger LNG carriers in opamati Currently, most investigations on
sloshing problems mainly focus on the analysis igfifls in rigid tanks which omitted
fluid-structure interactions. Based on a mixed kdispment—pressure finite element method
developed, the authors recently investigated theralavibration of an internal liquid—elastic
structure—external water interaction system. Theukation demonstrated the significance of
the interactions between internal liquid sloshingpies and floating modes of LNG tanks on the
external sea water. This paper further studieslyimamic responses of this integrated system
subject to sea waves and earthquake excitatioresss@& wave loads are modelled by pressure
waves with different frequencies applied to a bargdf the external water domain and the
ground motion data recorded from El-Centro earthgua used as an earthquake load to the
system. The numerical analysis on the dynamic resgo of this coupled system further
confirms the necessity to consider fluid-structimteractions for safe LNG ship designs.

1. INTRODUCTION

Sea-wave and earthquake induced sloshing problemartially filled large LNG carriers are
of increasing concern because of the following aaas 1) the rapid growing LNG market
demands new LNG carriers with larger cargo capaaiy flexible filling levels in partially
loaded conditions; 2) the increasing size of a LN&rtier consisting of thin metal membrane
and flexible materials decreases the system ndi@@liencies approaching to wave exciting
frequencies which may cause resonances producitrgneady large dynamic loads and
affecting ship's motion and stability; 3) the dewhaior floating production storage and
offloading (FPSO) units designed to withstand sewsa states during operation. To address
these developing requirements, naval architectdvasnsider a dynamic design of LNG ships
to understand the natural dynamic behaviours of I9H{Bs operating in sea-ways.

The dynamic analysis of liquid filled LNG tank shipn the sea is a typical fluid-structure
interaction problem which necessitates interdiseguly studies relating to the fluid and flexible
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structure as well as their physical coupling medms. Due to the complexities of the
problems, the earlier studies mainly involved thesising problems of the liquid in a rigid
container where the fluid-structure interactionseuwseglected [1-3]. The detailed descriptions
on theory of sloshing dynamics in various rigid @aners as well as historic publications can
be found in a review paper by Faltinsen [4] andakiby Ibrahim [5].

For the safety of the designed tank operating mglex marine environments, designers
are required to accurately predict the dynamic belas of an integrated liquid — tank
interaction system including the effect of fluidstture interactions. For almost all problems
involving fluid-structure interaction dynamics, &teal solutions are not available and
recourse to numerical solutions or experimentatlisgiis the only way forward. With the
development of computational techniques, more gWfecumerical methods on sloshing
simulations have been reported [6-12]. For examiple,book [7] presented some detailed
methods leading to the numerical modelling of Imeatural vibration analysis of elastic
structures coupled to internal fluids. Based oredmapproximations, a wide selection of
fluid-solid interaction problems have been wellnfolated and solved using a mixed finite
element approach [10-11], in which the displacemerthe elastic solid and pressure in the
fluid are adopted as variables. Based on this makieal model and the software FSIAP [13],
our previous investigations on the sloshing medmasiof liquid-container interaction systems
[14-17] have shown that the sloshing frequencieshefliquid are almost not affected by
structures having a first natural frequency mughér than that of liquid sloshing frequency.
However, for larger and flexible tanks as occut MG ships, the floating frequencies of the
ship are normally of a similar low value to thes$limg frequencies of the liquid in tanks.
Therefore, the coupling between the sloshing ligthe floating structure and seaway is of
importance in characterising the dynamic behavafuthe total system. To examine this, a
numerical study on natural dynamic characterist€san integrated liquid- elastic LNG
tank-water interaction system was carried out [IBje present paper intends to further
investigate into the dynamic responses of thisgratied system subject to sea waves of
different frequencies and earthquake loads to tdtiezeffects of the complex interactions on
the dynamic loads.

2.NUMERICAL MODELLING

A generalized LNG liquid-elastic tank-water intetfan system investigated in [18] is shown in
Fig.1. It consists of a flexible tank of mass dgng, within a domainQ_ and boundary

S, 0 §, U 2 with unit normal vectov, as shown. The internal liquid and external water a

considered as two fluid subdomains identified pyesundex (= 1,2) . The fluid ) is in a fluid
domainQ{’ enclosed by its boundaiy” O " OT " 0" with a unit normal vectoy”. In

A

general, the system may be excited by external rdige forcesT, fl p and ground

accelerationv, (i = 1, 2, 3). Using the displacement of solid swoes and the dynamic

pressure of fluids, the papers [10,11] presenteatiational principle describing the dynamics
of complete coupled fluid-structure interaction teyss. The derivation of mathematical
equations and finite element formulation are neéglberein. The interested readers may refer
to the original publications or to a short summairyhe model given in the papers [19]. Based
on this variational principle and finite elementthals, a mixed finite element — substructure /
subdomain method as well as the computer code FEl1BPwere developed and validated
[11]. Further validations can be found in previpapers [14-19] in which sloshing frequencies
of a 2-D section of a LNG tank, a spherical shatikt and a 3-D rectangular tank were
calculated and compared with the available themaktiexperimental and other numerical
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results. The comparison demonstrates that theislp$tequencies obtained using FSIAP are
more accurate than other numerical approaches [18].

3.NUMERICAL ANALYSIS

Figure 2 shows the geometrical size of a liquitkediltank which is incorporated into an
integrated internal liquid-elastic tank-externaltevainteraction systendealized by a finite
element mesh shown in Fig.Bhe data used in the simulations are as follaxsernal water
domain Hs= 64m,L = 120m;tank- internal water domaird = 30m,h = 4m,h,= 9m, B, =
32m, By = 22m,b = 40m. The tank is treated as a uniform elastigctiire of equivalent
thickness 0.30m, Young's modulis= 981x10°N /cm?’, Poisson ratigu = 031 and mass

density p. = 24x10°Kg /cm’ . The internal fluid is a Liquefied Natural Gas ofass
densityp, = 474x10°Kg /cm® and speed of sour@, =1700n/s. The external fluid is
considered as the sea-water of mass dengity1.025x10°Kg/cm’ and speed of

soundC, =1430m /s The draught is 4m for the empty tank and 11naf60% filling levelh; -

15m, respectively. Fig.2 also indicates the locwtiof the selected displacement response
points 13, 45,105 and 172 on the tank and the presssponse points P335, P367, P374 and
P541, P547 and P551in the internal and externial lamains, respectively.
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Figure 1. A general LNG ship-water interaction syst  Figure 2. Geometrical size of a filledktan

Figure 3. The finite element idealization of aremmial liquid — LND tank — external water system.

The tank is modelled using 104 four-node planerste@ments involving a total of 208
solid nodes. The internal liquid domain is dividetb 336 four-node plane pressure elements
with a total of 375 nodes and the external watenala is idealised by 384 four-node plane
pressure elements with a total of 429 nodes. Omibternal and external fluid-solid interaction
interfaces, the corresponding interface couplingmeints are used to realise fluid-solid
interaction conditions.
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3.1 Natural Vibration Characteristics

As shown in Fig.3 the integrated internal liquielastic LNG Tank - external water interaction
system includes two separate free surfaces inntieenial liquid and external water domains,
respectively. As a result of this, a large numbesloshing modes exist. As presented in the
paper [18], the frequency of the 25-th mode of thisgrated system is only 0.281Hz. For the
obtained modes, Mode 2 shows the tank and extesatalr in an out-of-phase rolling motion.
Mode 3 represents a symmetric system motion oirttegnal liquid, external water surface
having two nodes together with the tank in verticehve motion experiencing little elastic
deformation. Similar symmetric patterns are obsgrivethe 6th, 10th 14th and 17th modes.
Fig. 4 shows four selected modes in which Mode & dra anti-symmetric pattern with both
sloshing motions of internal liquid and externakevavhereas Mode 9 describes a tank rolling
motion coupling with sloshing effect of internajuiid. Mode 16 shows a deformation of elastic
tank in the type of horizontal expansion and vatteontraction. A high order sloshing mode,
coupling with the tank rolling motion, in both thternal and external liquid domains are
observed in Mode 21.

Mode 7 (0.118Hz) Mode 9 (0.127Hz)

Mode 16 (0.196 Hz) Mode 21 (0.243Hz)
Figure 4. Selected modes of internal liquid-tanteexal water interaction system.

3.2 Dynamic Response to Regular Sea Waves

To study dynamic responses of the integrated systemmit amplitude sinusoidal pressure
wavep = cos274t is uniformly distributed along the left verticaddindary of the external water

domain to excite the motion of the system. To exanthe sloshing dynamic response, we
choose two lower frequencies 0.5 Hz and 0.1 Hzotwdact the numerical simulations. The
chosen excitation pressure wave is applied to ygtes at the initial timé = 0 at which the
amplitude and the first time derivative of the eéatton function p = cos274t take the value

p=1and p = Oas an impulse load to simulate possible suddersleating in complex sea

environments. The calculated dynamic responsesigranation of the responses of all modes
of the system produced by the initial conditionsl éime forced dynamic responses having a
same frequency of the excitation pressure. Thalniésponses tend to zero if damping is
considered. For the case of excitation frequensyHz damping is neglected whereas for the
excitation frequency 0.1 Hz, which is near to thstfsloshing frequency 0.127 Hz of the
system and hence results a very big dynamic reggahge to the resonance, the mode damping
coefficients of value 0.2 [21] is added to all @ained modes to suppress this resonance.
The selected points to obtain the time historieslyfamic displacement or pressure
responses are indicated in Fig.3. Figure 5 showsvtrtical and horizontal displacement
responses at the selected points on the tank systbran added mode damping factor 0.2 and
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excited by the pressure wave of frequency 0.1 He @ the damping effect, the response
components caused by the initial conditions arephout and stable forced responses are
reached. As shown in Fig. 5, the tank vertical ldispment amplitude of the stable forced
response at Point 45 is about 4 m which could atfex safe operation of the LNG tank. As
indicated in paper [18] that the first sloshingjuency 0.127 Hz of the system is produced due
to the external water coupling with the internajuid of the filled tank. Therefore, it is
necessary to consider the integrated system ini@nacin the design of a LNG ship. To
examine the transient dynamic pressure responssedalby the initial impulse load and
damping effect, Fig.6 shows the dynamic pressurdbeaselected points on the tank wall
during the first 20 seconds with different mode garg factors. As mentioned previously, due
to the initial conditions, a higher frequency trian$ component of about 0.8 Hz is observed in
Fig.6a), which corresponds to the first elastiktarode in which the tank bottom experiences
an obvious deformation [18]. The damping effectsh®e pressure responses can be easily seen
in Fig.6, i.e., sloshing pressures on the side vaalkare greatly reduced as damping increased.
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Figure 5. Vertical and horizontal displacement oeses at chosen points of the tamk (0.1Hz).
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Figure 6. Dynamic pressure response curves aetheted points on the internal tank wall at frequyen
f =0.1Hz: mode damping factor a) 0.05 ; b) 0.2 .

Figures 7 and 8 present the dynamic displacemehpeessure responses at the selected
points of the system, with no damping consideradited by the pressure wave of frequency
0.5 Hz. Comparing with Figs.5 and 6, we find thaththe amplitudes of the displacement and
pressure responses are small due to no resonaisbeuld be noted that only unit amplitude of
wave excitation is used in this example. For pcattcases, the dynamic responses will be
amplified proportionally to the amplitude of exd¢itan forces and therefore large dynamic
forces to LNG tanks might be experienced altholmgine is no resonance. It is also observed
from Fig.7 that the horizontal displacement respsrat two opposite points 45 and 105 of the
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tank walls, as well as the vertical displacemespoases at the top point 172 and bottom point
13 are all out of phase, respectively. This is edusy the response components of the Mode 16
of the coupling system. This mode shows a tankieldeformation in the type of horizontal
expansion / contraction and vertical contractiexgansion.
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Figure 7. Vertical and horizontal displacement oes@s at chosen points of the tafik (0.5 Hz).
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Figure 8. Pressure responses at selected poiitsepnal tank wallf(= 0.5Hz).
3.3 Dynamic Response to Earthquake Excitation

As an example, the time history data of EHle&Centro East-West horizontrthquake [21], shown

in Fig. 9a), is used as a boundary acceleratiohieapfo both left and right vertical boundaries
to simulate earthquake excitation to the systenighvimay be considered as a practical case of
a LNG ships in a port. The maximum peak accelematsoabout 0.22g and the dominant
frequencies are 3.9 Hz, 9.8 Hz, 37 Hz and 48 Hzhasvn in the power spectrum in Fig. 9b).
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Figure 9. El Centro East-West earthquake data E1jme history; b) power spectrum.

The dynamic displacement and pressure responses s¢lected points of the system are
shown in Figs.10 and 11, respectively. It can mm$eom these two figures that the amplitudes
of the displacement and the pressure are relatsreigll compared with the case of harmonic
pressure wave excitations in section 3.2, becduesedtural sloshing frequencies of the system
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are much lower than the dominant frequencies araumdh the main earthquake energy is
distributed.
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Figure 10. Horizontal and vertical displacemenpogses at the chosen points of the system exgited b
the earthquake ground motion.
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Figure 11. The dynamic pressure responses at eglpoints on internal a) and external b) tank walls
due to the earthquake ground motion excitation.

4. CONCLUSIONS AND DISCUSSIONS

This paper deals with sloshing dynamics of an irattsgl internal liquid—elastic tank—external
water interaction system subject to regular presswaves and earthquake excitations. It has
demonstrated that due to the complex interactietwden the external water, internal liquids
and elastic tank, the mode density of natural feegies of the system is greatly increased.
There exist a large number of sloshing modes irfrdguency range of sea waves, therefore
possibilities of sloshing resonances are increabBled.calculation on the dynamic response of
the system excited by the pressure wave of frequ@rcHz near to the first sloshing frequency
of the integrated system shows this possible resmmavhich produces larger hydrodynamic
forces and tank displacements. For safe designopedations of LNG ships, to avoid any
natural frequencies with hidden sloshing resonasan essential problem to be addressed
early in the design stage.

The numerical simulations have demonstidhat the developed mixed displacement
and pressure finite element method and the cornebpg software provide an essential mean
to investigate the detailed natural characteristéiod dynamic responses of the integrated
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liquid-tank-sea water interaction system. This ée®mhNG ship designers to foresee possible
sloshing resonances and to investigate methodg#oid these resonances in the stage of LNG
ship designs.

Nonlinear free-surface effect is not coasdl in the present study. To predict the impact

loads on LNG carriers operating at sever sea stateslinear analysis may be needed.
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