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Abstract. This paper discusses the Smoothed Particle Hydadycs (SPH) method as
an integral part of the explicit finite element (Flerogram PAM-CRASH and its
application to free surface waves. Some of theiegipdn areas include the interaction
of waves with floating objects and the water endfydropped objects into both
quiescent and wavy sea states. The Lagrangian eatuthe SPH method facilitates the
modeling of large changes in the geometry and ¢epaology both of the free surface
and of the structural interface. This makes theho@tsuitable for the simulation of
ships and other floating structures in water everihe presence of breaking waves. A
numerical technique that creates regular waves witlow amount of dispersion or
other numerical losses has been developed andatatid' % Its combination with
periodic boundary conditions will be shown, usireyeyal case studies, to yield a
powerful method for the generation of regular wastaeng a sufficiently long period of
time to study the response of a vessel subjectesich waves. Armed with such a
numerical tool to model fluid-structure interact®f one can investigate slamming,
sloshing and water entry. The application to olgaetnging from very simple geometry
through to complex engineering structures such e ffall lifeboats, ditching
helicopters with flotation devices and a disabladrearine, will be discussed.
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1 INTRODUCTION

There are many physical scenarios where the coridamaef free surface waves and
fluid-structure interaction has to be considered &r which numerical simulation
provides greater engineering insight. However, dffective simulation of free surface
waves is a challenge for most numerical methogse@ally when the wave amplitude
may no longer be considered small compared to #neevlength. This is often the case
when potentially damaging waves hit ships or offt@aiting structures and especially
true when slamming occurs. The numerical challermgpE®me nearly insurmountable
when structural deformations have to be considered.

Herein the authors discuss the Smoothed Partictirddlynamics (SPH) method that
can simulate dynamic flow including large changethtin the free surface geometry
and in the deformable interface. The SPH method hseein is implemented within the
PAM-CRASH * general purpose, finite-element (FE) based, comialestructural
dynamics code. Sections 2 and 3 respectively lotkthe numerical methodology and
the specifics of the generation of waves. The imp&a@ flexible cylinder onto water
used to validate the method is discussed in sedtiavhile the remaining sections deal
with practical engineering applications such asrésponse of a frigate in high seas, the
ditching of a helicopter and the behavior of a blisd submarine in the ocean.

2 NUMERICAL METHODS EMPLOYED

2.1 Overview

The SPH method is an interpolation method in wheelech “particle” describes a
fixed amount of material in a Lagrangian referefregne. Despite its appearance as a
collection of points, SPH is aimed at solving coatim mechanics of fluids and solid
materials. Since the method does not require a n®BRH handles the motion and
topology changes of material surfaces quite simphe evaluation of the relevant field
variables such as density and velocity at the looaif a selected particle is conducted
by interpolation over all neighbor particles in egion of influence as illustrated in
Figure 1. The size of the sphere (or circle in 2i)this region, is defined by a
smoothing lengthh. A key advantage of the SPH method is that spd&alatives of
the unknown field variables may be evaluated ugimg known derivative of the
smoothing kernel.

Figure 1: Two-dimensional representation of theae®f influence of particle ‘i’
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Unless mentioned otherwise, the SPH method disdussee is basically similar to
that of Monaghafl °. Within the SPH method, the derivative of the dgrfsr particlei
may be solved from the continuity equation 1:
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where the sum extends over all neighbor particied W is the smoothing kernel
evaluated at the distance between particlasdj. Optionally, renormalization of the
density field may be performed.

The updated velocity may be obtained from the mdorarequation 2:

ny® . a_a,.s a3\ aw;;
v Z::.":lmj( -+ L )—F+F 2)
Dt feH ey /) dx;

Additionally, the artificial viscosity needs to beluded as:
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The valuesa and B determine the strength of the artificial viscosigquired to
suppress numerical shocks. If there are no shoadsept, these parameters should be
set to low values to prevent the flow becoming ¥@®zous. Regular particle positions
are achieved when the particle motion correctioramti-crossing option (XSPH)is
employed, as expressed in Equation 4.
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For a non-zerce parameter, equation 4 is used to update the [eanigsitions,
whereas the strains remain based on the uncorréidpthcements. The cubic spline
kernel is used for the smoothing kernel, wherestine@othing length, h, is proportional
to the particle radius.

The flow will be assumed to be nearly incompressibhplying that the pressure
field is obtained from an equation of state (EO®gdel. For water, either a polynomial
EOS, or the Murnaghan model as shown in Equatiés ised.

p=ro+8((2) -1) ®)

Ao
A cut-off pressure may be included as a simple @ppration to cavitation.

Particles are assumed to interact mutually onlynéfy are sufficiently close to each
other; this being established by a nearest neiglidt) search algorithm that, for
efficiency reasons, does not need to be repeatedcdit computational cycle. Second-
order accurate leap-frog time stepping is usedtierexplicit time integration of the
above rate equations. The numerical time steptiatsa fraction, usually about 0.7, of
the well-known CFL criterion based on the curramé ©f, and sound speed within, all
the particles and finite elements present in thdeho

2.2 Coupling with Finite Elements for fluid-structure interaction

The general purpose FE code used is build arounekplicit solver optimized for
the analysis of highly non-linear structural dyneahibehaviour, and contains element
formulations for thin shells, solid elements, meant@as and beams with material models
for plasticity and failure for metals, plasticspbers, foams and composites. The code
contains robust contact, including sliding integaalgorithms to model the dynamic
contact between various parts within a model. Ttiges allows both finite elements
and (the SPH method’s) particles to be used simedtasly within the same model,
with optimal performance achieved by using either Distributed Memory Parallel
(DMP) or the Shared Memory Parallel (SMP) version.

Interaction between particles representing a flalwd moving or deformable
structures may be modelled by one of the contagpbrithms just mentioned. Such
algorithms, while allowing sliding at the interfaggevent penetration between selected
structures. Their implementations are based onwtbké known penalty formulation,
where geometrical interpenetrations between sedallave nodes and adjacent master
faces are penalized by counteracting forces thatessentially proportional to the
penetration depth. The contact algorithm will audtically detect when a particle
(slave) penetrates any segments (master) of tkee sutface of the finite element model
of the structure. The contact thickness indicatesdistance away from a contact face
where physical contact is established. For SPHabestas slaves, the contact thickness
should be representative of the particle spacihis flype of contact has been validated
by the vertical motion of floating bodies. It haselm found that the correct position is
reached when the thickness defined for the conmgalealf the particle spacing and the
artificial viscosity coefficients are significantgmaller than the values normally applied
for shocks. In that case the upward force is atscect. The use of coupled SPH-FE has
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been used for many applications such as sloshitig opening of a heart valVethe
impact of birds onto aeronautical structufesr lifeboat drop onto water.

In addition, it is possible to define a tied comtimcwhich virtual spring elements are
automatically defined between particles that arféicsently close to segments in the
initial configuration. Such a contact acts as ara@pnnection between the two parts.

2.3 Hydrostatic pressure initialisation

For many hydrodynamic simulations involving a feegface, a significant amount of
computer time may be expended to reach hydrostgudibrium under gravity in the
water before the event of interest can start. Aioaphas been implemented that allows
initializing the hydrostatic pressure at the stdrthe simulation. This may be done for
an assembly of particles representing a singleityeliguid in which case the position
of the free surface is evaluated automaticallyfpofinite volume elements in which the
free surface location has to be provided by the. ls&r each particle, or the centre of
gravity of each solid element, the distance to ftiee surface in the direction of the
gravity as specified by the user is evaluated &edinitial density is multiplied by an
exponential function of this distance. It must Isswaned that the reference density is
the same along the line in this direction and thate exists a unique location of the
free surface. Although the hydrostatic pressurkkedy to change when the water is
settling into a container acting as a boundanaféinite volume of water, these changes
are small with respect to the changes requiredowiththis option. Hence, computer
time may be reduced when this option is exploited.

2.4 Gauges for pressure and free surface level

For hydrodynamic simulations with SPH, it is cones to define the concept of
gauge nodes. These gauges may be defined as madeimg with the structure (as FE
nodes), given a fixed motion (as free nodes), orpagticles. Their use enables
information about the pressure to be obtained yadasired location. Note that since the
pressure will be averaged over a number of neaaloyctes, it will not suffer from the
strong spatial fluctuations typical for the presstor individual particles. For many
hydrodynamics applications it is interesting, andrecritical, to know the current free
surface location. Gauges are defined as a spegial df particles for which no force
calculation is made and which also do not conteliatthe evaluation of SPH properties
of regular particles. This is accomplished by tledirdtion of a flag for the particles.
The pressure at the gauges is located by takingwaege using the smoothing kernel
over the current neighbouring particles within aosthing length defined by the user.
Tests have indicated both that the pressures dedlu®y gauge points have the same
smoothed appearance as the particle pressures hmtdthtey correspond to the
hydrostatic values in the case of equilibrium. Tiee surface level is evaluated by an
iterative procedure that searches for the cooréiirag given direction where the SPH
particle density equals one half. This definitisrthe most appropriate one to determine
the location of singly-defined free surface forigeg direction, although in the case of
over-turning waves or splashing, this definitionynmat be unique.

2.5 Periodic boundary conditions

For studies involving undisturbed flow or free-sué wave propagation in extended
domains, the option of periodic boundary conditisigmificantly reduces the number of
particles required. For SPH, a rectangular boxeigndd where, as soon as a particle



Paul H.L. Groenenboomand Bruce K. Cartwright

crosses a boundary face, it is injected at the sippdace with the same velocity and
material properties. When due care is taken suah tte neighbour search of all
particles extends over the faces of the domainflokeremains undisturbed.

3 WAVE GENERATION FOR SPH

A novel method of wave generation is employed tieafelops a free-surface wave in
a fluid domain of arbitrary size and shape. Théhaust have previously demonstrated
that with the SPH method, it is possible to gereefast-order waves that may be used
for ship motion in both severe conditiof'sand more benign sea statésThe waves
used in this paper will be considered to be degemmaves for which the water motion
at a depth beyond the limit of about half a wavgtbrhas become small enough to be
neglected. Second-order Stokes’ waves will be asdum

To reduce computer resources, the domain depthbeilthosen to be less than this
limit. In that case, the domain floor can no longerassumed to remain at rest but will
be assigned the displacement field corresponditige@nalytical approximation for the
undisturbed waves. Another reason to assign thiestumbded wave motion to the floor is
to counteract any losses in the wave amplitude llysohserved when a wave series
traverses an extended domain of sufficient depthdaum still be represented by a
computationally acceptable number of particles.il@ingdisplacement conditions will be
assigned to all other walls enclosing the domaincdse the waves are disturbed by
floating or dropped objects, the location of theumdaries needs to be chosen
sufficiently far away from the objects that theleetion of any wave disturbance can
safely be ignored. For obvious reasons of consigtethe boundaries are defined in the
same Lagrangian reference frame as the particles.

The wave field within the domain is developed bgdyrally increasing the domain
boundary displacements from zero to the fully depetl displacement amplitudes as
governed by the specific boundary node locatioarirotherwise fully developed wave
field of infinite domain. The particles within thdomain boundaries subsequently
acquire displacements through the SPH interacaars. The time to fully develop the
wave field by this technique is typically less tham periods.

An interesting feature of this mode of wave genemabccurs when the domain
length is many wavelengths long. In this case itme to fully develop the wave field
throughout the domain is less than the time takertife slowest wave to traverse the
domain. In addition, and relevant to a domain of siae, the time to develop the wave
field may be eliminated entirely if each SPH eletwithin the domain was assigned
an initial displacement and velocity that coincideith the fully developed wave field.
In this case the ramp-up period is not requireduceng the CPU time. This feature has
been demonstrated in a development version ofdherercial code.

In a test case for second-order deep water wavestwo-dimensional section, the
wave length was set to 294m. The domain length 2@8n also. The model had an
initial depth of 24m, filled with particles on amitially spacing of 0.5m. Contours of the
pressure for 16m high waves are shown in Figuish shown in this figure are a few
particle paths that display the combination of wiac motion with the Stokes’ drift in
the direction of wave propagation. Although notwhpthe velocity distribution within
the wave correlates well with the theoretical disttion.
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For a similar test case of regular, 4.0m high aBdm long waves the computed
vertical velocity profile of a selected particlethe domain is compared to the analytical
result in Figure 3. Even for this case with itsH@égwave steepness, there is an excellent
agreement between simulated and analytical sokition

From these results, the wave dynamics are conclagd@wrrect within the domain of
interest and hence are suitable for the studyefeésponse of floating objects.

Figure 2: Pressure contour and selected partigjectories for the 16m high 294m long wave
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Figure 3: Time histories of the vertical velocitiyeoselected particle compared to the second-order
analytical solution. For clarity the initializatigghase is deleted in this figure

4 IMPACT OF AFLEXIBLE CYLINDER

To demonstrate that the coupled SPH-FE approaghlésto simulate fluid-structure
effects relevant for hydro-elasticity as may oaduring ship slamming, the results from
a simulation of an aluminium cylinder falling froinm onto calm water are presented.
Experimental results for this case and its numesggaulation including the effects of
hydro-elasticity have been reported by Atai Numerical simulations by a coupled
Euler-Lagrange approach, including the effects afew compressibility and entrapped
air, have been reported by Bereznitski using MSCFRXN, a coupled Euler-Lagrange
code’®. A comparison is made here between a fully FEtssitand a combined FE and
SPH solution. The combined solution employed SPHhe inner fluid region where
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splash is anticipated, and FE elements in the msgiorther from the impact site. The

tied contact between the SPH and FE elements mot@ection 2.2 maintains continuity

throughout the domain. The simulation was doneDn &d not include air and used

elastic shell elements for the cylinder with a matanodulus of 75GPa and a Poisson’s
ratio of 0.34. The 3mm thick aluminium cylinder headl outer diameter of 306mm.

Initial simulations revealed a relatively small noal size of 4.1mm for the particles
and finite elements was required in the impactaedo maintain stability and capture
transient events. It was also found that a firsieopolynomial equation of state (EOS)
for the water gave better results than the Murnagbquation of state used in the
previous examples. Using the actual compressibditywater, the polynomial EOS
revealed propagation of compression waves following impact. The same EOS
material model has been used for particles and exlesirepresenting water. Artificial
viscosity parameters far andf of 0.005 and 0.0 respectively were found to preduc
proper splashing. The fluid viscosity correspondimghese values is higher than that of
water, but viscosity is believed to be a less irguur effect during slamming”.
Simulation results showing the location of the mgér and the outline of the free
surface, as well as contours of the velocity mamglatin the upper part of the
computational domain, for the mixed, as well asphee FE computations, are shown in
Figure 4. The equivalent stresses at the bottomezie of the cylinder for the pure FE
model and the combined SPH-FE model were founatm lygood agreement with each
other. For the cylinder deformation of Figure % #greement in amplitude with that of
Arai and that of Bereznitski is quite good, althbube period of vibration is different.
A suggested reason for this difference is posshting and separation of the water
along the cylinder which is treated differently thg various numerical approacHés

It may be concluded from these results that theethibSPH-FE enables the
interaction between water and deformable, thin®dlktructures to be modelled
accurately, provided that the particle distributimsnreasonably fine and that some
parameter recommendations are adhered to. In #nticplar case, there is no specific
preference for either model, but for cases withencomplex (3D) geometry or more
violent interaction, the finite element model wdkfinitely break down due to element
tangling, whereas SPH would have no problems coimin

Figure 4: A segment of the FE (left) and SPH andridht) simulations in PAM-CRASH. Contours
indicate velocity magnitudes, showing good corietatvith each other.
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Figure 5: Time history of the deformation of theilgter bottom for the FE simulation (purple) and
SPH model (light blue) vs. the numerical resultsirArai and Bereznitski (MSC-Dytran) for a drop
height of 0.75 m.

5 GENERIC FRIGATE IN HIGH SEAS

This feasibility study focuses on the fluid-struetuinteraction (hydro-elasticity)
related to the global deformation of the hull afemeric frigate subjected to high waves.
Although the software is capable of utilising alyfudeformable FE model of a frigate,
such an FE model was not available to the autlidre. model used here represents a
greatly simplified tow-tank model technique used aocquire global loads with a
segmented rigid body hull modg| except that here the vessel is modelled at éalles

The model developed is of a fast naval mono-hull4fm LOA and approximately
5800 tonne displacement. The hull has been modbileshell elements that are divided
into 7 rigid-body segments along the length. Thégid body segments are connected
to a deformable backbone structure modelled bya6tiel shell elements. The flexible
backbone begins at the centre of gravity of therfarst rigid body section and extends
to the centre of gravity of the aftmost rigid boslsction. The backbone stiffness is of
constant section and was deliberately chosen tadre flexible than that of a similarly
sized “real” vessel. This greater flexibility eneblthe hog and sag bending to be
observed more readily in the graphical output. itess and moments of inertia of the
model are believed to be reasonable for a vesgbiobize. To investigate the effect of
the backbone flexibility on the resulting forcegpexenced by the hull sections, two
models have been developed, a ‘flexible’ model andtiff’ model with twice the
stiffness of the ‘flexible’ model. More details tfe numerical model and additional
results may be found in Groenenboom et‘&IThe simulation period began with the
frigate above the mean water level, from whereigyacted on the vessel and the water
to bring the vessel to a floating equilibrium pasit A small amount of nodal damping
was applied during the initial stages to suppresealistic responses from the settling
process. The wave motion was developed over aihsisc

Two simulations have been conducted, one for eamtkbdobne stiffness. Both
simulations have been performed over a simulatieriod of at least 60 seconds.
Comparing the water level at the two gauges fairont and behind the ship for the
flexible and stiff model reveals that the vessexitbility has no discernable effect on the
waves at remote locations. This is encouraginghasetshould be minimal effects of
vessel flexibility on the wave profile at thesetdisces away from the vessel.
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Near the end of the simulation period, the flexibiedel shows large sag motions
with some green water coming over the bow, as showfigure 6. Whilst this green
water is not anticipated for the real vessel in @awves of this length, it must be
appreciated that although this vessel has simikssnand inertias to a full size vessel, it
has significantly less bending stiffness. Consetiyéinis expected that the hog and sag
for this model will be greater than that of thelreassel, and hence the presence of
green water on deck is likely.
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Figure 6: Contours of the velocity magnitude ugtb m/s of the frigate and t
and 60 seconds.

Figure 7 compares the hydrodynamic forces with tinerigid body segments 1
(bow) and 5 (mid-ship) for the flexible and stiféssels. It is observed that the stiff
model experiences higher loads than the flexibldehand that the bow segment of the
stiff model is out of the water for a longer duoatithan for the flexible model.
Conversely, the flexible model experiences lowercds, with the bow remaining
submerged for longer, as would be expected intlitiv
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Figure 7: Time histories of the hydrodynamic foroesthe first and the fifth segment for the stiff
(PG1R) and the flexible model (PG1).
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6 HELICOPTER DITCHING

Helicopters are an essential transport mechanismmamy civilian and defence
scenarios, often flying over water. In civiliaresarios, the helicopter is often acting as
a ferry service for workers to offshore structusash as oil platforms. Even though in
this situation the passengers and crew are trameadUET (Helicopter Underwater
Emergency Training), the survival rate is stillradangly low for the (thankfully) low
number of crashes or ditchings into the ocean.isHita from helicopter accidents
occurring into water’ indicate that most fatalities occur from drownimmt injury
attributable to the structural failure of the hefiter. Following drowning, the next
most likely cause of death in accidents over wedyy hypothermia. It is also noted
from the number of accidents that in nearly 60%hefaccidents, the helicopter inverted
and sank “almost immediately”. Such a responsehieyhelicopter in water provides
very little opportunity for egress of the crew aisda contributor to the high rate of
drowning fatalities.

External Flotation Systems (EFS) for helicoptergehbeen used operationally since
the mid 1990's*® These provide a vast improvement in crew sunifigbof a
helicopter ditching. The current situation is tBE®S are seldom deployed. Even when
required to do so, they do not always deploy aenihtd and consequently do not
operate successfully when needed. Recent develdprimethe numerical simulation of
airbag systems for automotive applications andueeof SPH technology for maritime
studies has enabled a marriage of the two techieslom simulate the impact of a
helicopter on a water surface, complete with thigation of the EFS device. This
provides a capability to simulate EFS systems &w melicopters, and the virtual try-
out of new EFS systems that may be lighter andfeneffective than current designs.
A generic implementation of the technology is shownFigure 8. The simulation
consists of a generic helicopter that is fallingl@ngravity, a body of water, a tank for
containment of the water, and the airbags fittedht helicopter. The simulation is
conducted at full size and in real time. The loglter mass was 8800 kg.

The simulation of the helicopter without airbagspdays the reported characteristics
of initially floating whilst upright, subsequentiglling over, and finally sinking®. The
loss of watertight integrity by the helicopter thgh doors and windows results in a
rapid ingress of water, a loss of buoyancy andsihking of the helicopter within 10
seconds of impact. The novel application of airbagulation technology to provide the
buoyancy is now described.

The helicopter EFS consists of four independefiagirchambers, each folded into a
compact format for stowage during flight. In pieet inflation of the airbags is
triggered just prior to, or on contact with, theterasurface. The sliding interface noted
in Section 2.2 acting between the flexible airbagd the particles ensures the particles
remain on the outside of the airbag, thus providiogation. A similar interface is
defined between the SPH and the body of the hekcofhe doors are not part of this
contact as typically the doors will be removed ompact to allow egress of the
occupants. So obviously, the doors do not retaiwagertight seal on immersion.
Windows are typically not designed to be watertightimmersion. Hence, water
ingress through the doors and windows is likely haddled in this simulation scenario.

11
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Model configuration includes the initial folding tfe airbag, such that it will unfold
on inflation to the correct shape. An airbag fotdalgorithm is employed within the
software?®. This algorithm adjusts the geometry of the utated flat airbag according
to user-defined ‘folds’. The result is a re-mesfieide element model of the airbag in a
folded arrangement. It is important that the ajrbl@es not tangle with the helicopter
structure during inflation. Similarly, incorrectlinflated or punctured airbags will
influence with the buoyancy provided to the helteop Thus, simulation of the
inflation process allows an assessment of the desithe total EFS system.

igure 8: Generic Helicopter with inflating flotati devices

The airbag model used for the flotation devicea igrge version of that used for
automotive safety airbag simulatidn Membrane elements are available to model the
anisotropic behaviour of common airbag materiats] &0 enable modelling of the
wrinkling of the fabric-based materials. The meama material has stiffness that
results in a small increase in volume when thegiegpiressure is achieved. Specific
CFD algorithms have been developed for gas flowthe complex geometry of
unfolding airbags, but in this case, the assumpti@t pressure and temperature are
uniform in the bag may be assumed to be adequatendbility of the fabric material
model may also be included to simulate the effédbss of gas. The inflation of the
flotation devices is controlled by a function thlafines the flow rate of the gas. Figures
9a and 9b show the respective time histories ofpitessure in the airbags and the
volume of the airbags. Chamber 1 is an aft flotatievice, and Chamber 4 is a forward
flotation device. The x-axis is the time from thersof the simulation.
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Figure 9.a and 9.b: Chamber pressure and Charoheng for the rear and front EFS.
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A few stages of the EFS unfolding is shown in Fegu0. Figure 8 shows the
successful deployment of the EFS, resulting inadlstand upright floating helicopter
from which occupant egress can be managed edsiiseliy increasing occupant safety.

Emergency Flotation System Simulation, Pacific ESI, Australia. 170000 Emergency Flotation System Simulation, Pacific ESI, Australia.

31/3.001

Emergency Flotation System Simulation, Pacific ESI, Australia 4114000005 Emergency Flotation System Simulation, Pacific ESI, Australia —

s

Figure 10: Inflation of the EFS on a helicopter.

7 DISABLED SUBMARINE

When a submarine loses all or some of its operaticapability, it usually floats on
the surface to undergo repairs or wait for asstganThe roll response of a surfaced
submarine is notably worse than a naval ship oflainsize, largely due to the low
righting moment in roll and the circular hull sexts required for the pressure-hull.
Consequently there is high likelihood of crew iBsedue to excessive roll motions of
the disabled submarine wallowing on the surface.

A submarine with 6 degrees of freedom and zero doiwspeed was placed at 45
degrees to a single frequency wave system to obsbe/response of the vessel. The
submarine was 110m long, with an external hull of5én diameter, and a nominal
displacement of 6100 tonne. The submarine was raddats a rigid body of shell
elements. The location of the centre of gravity vi@sd by trial and error until the
vessel floated with a level trim in calm water.

The wave was modeled with SPH using the movingrfieehnique discussed in
Section 3, and hence, no paddles were requireériergte the wave. The wavelength
was 147m and wave height 2.5m. Periodic boundamngitions were placed at the one
wavelength limit. The nominal depth was 15m, afedi using 128,000 SPH elements

13



Paul H.L. Groenenboomand Bruce K. Cartwright

in an initially close-packed hexagonal arrangeméitte top view of the model setup is
shown in Figure 11.

Disabled Submarine
14 0.000000

..

Figure 11: General arrangement of the submaringubto the waves. The waves travel from right
to left. The squares elements are the floor setgnen

Figure 12 shows the submarine after 300 secondsraflation. The colour gradient
is the coordinate of the surface SPH elements dramgive the impression of a wave
with dark colour being the trough and the lightesde the wave crest.

Disabled Submarine Study

Coordinate_T
min=-0.509 &t MODE 6017420
max=16.352 at NODE 6042920

497 /300.799988
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23333
22500
21867
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14.167
12333
1%.500

-

Figure 12: Top view of the submarine after 30(ses of simulation
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The submarine displays a corkscrewing motion, #ipiof a roll-pitch coupled
response of a vessel. The vessel drifts with thees/alowly as shown in the coordinate
of the CG with time shown in Figure 13. The firdd Seconds of the simulation is
required to achieve a dynamic equilibrium in thevevdrain. The progressive yaw
rotation from the initial position is shown as thexis rotation in Figure 14. This shows
a steady turning of the vessel into the waves.

NODE

| ----- CG Rotational Angle_Z<rad>\

— CG Coordinate_X<m>
----CG Coordinate_Y<m>
CG Coordinate_Z<m>

ROTATION(rad)

O NN
N RPN

COORDINATE(m)

o
1<}
o

50 100 150 200 250 300 o 50 100 150 200 250 300

TIME(sec) TIME(sec)
Figure 13: Coordinate of the CG of the Figure 14: Yaw of the submarine is increasing
submarine with time, showing the gradual drift in with time indicating a bow-to-the wave position |s
the X and Y directions. being adopted.

Of these results, it is Figure 14 that is most aéimg in terms of designing passive
devices that may improve the roll motions of thérearine. Beam-on seas would
typically result in the most severe roll motions #vessel in a seaway, and bow-on
would produce the most comfortable roll motionsenkke, the passive reduction of the
yaw angle shown in Figure 14 suggests the shatresofubmarine is working to reduce
the yaw angle of the vessel. For more dramatiecésfon yawing the vessel into the
waves, and thus reducing roll motions of the sulmearsimulations of deployable
features could be simulated with the aim of makimgyvessel more comfortable for the
crew until assistance has arrived.

8 CONCLUSIONS

The coupled FE-SPH approach has been shown togableaof simulating fluid-
structure interaction in a variety of dynamic maré phenomena. Cross-industry
exploitation of mature software tools, such as ¢hased to investigate airbag
behaviour, and even the SPH, method itself bringture simulation capability to new
industry sectors. The real-world applicationslang&ed only by our imagination and to
some extent, the computing power at our disposal.
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