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Abstract. A Volume of Fluid (VOF) technique has been develogd and coupled
with an incompressibleEuler/Navier Stokessolver operating on adaptive, unstructured
grids to simulate the interactions of extreme wavesand three-dimensional structures.
The presentimplementation follows the classic VOF implementation for the liquid-gas
system, considering only the liquid phase. Extrapolation algorithms to obtain velccities
and pressue in the gasregion near the free surface have been implemented. The VOF
technique is validated against the classic dam-break problem, as well as series of 2-D
sloshing experiments and results from SPH calculations. These and a series of other
examplesdemonstiate that the present CFD methd is capable of simulating violent free
surface ows with strong nonlinear behaviour.

1 INTR ODUCTION

High seastates, wavesbreaking near shoresand moving ships, the interaction of extreme
waveswith oating structures, greenwater on dek and sloshing(e.g. in LNG tankers)
are but a few examplesof ows with violent free surface motion. Many of these ows
have a profound impact on marine engineering.

The computation of highly nonlinear free surface ows is di cult becauseneither the
shape nor the position of the interface between air and water is known a priori; on
the cortrary, it often involves unsteady fragmertation and merging processes. There
are basically two approaces to compute ows with free surface: interface-tracking
and interface-capturing methods. The former computesthe liquid ow only, using a
numerical grid that adapts itself to the shape and position of the free surface. The free
surfaceis represerted and tracked explicitly either by marking it with special marker
points, or by attaching it to a meshsurface. Various surface tting methods for attaching
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the interface to a meshsurfacewere dewveloped during the past decadesusing the nite
elemenn method. In the interface tracking methods, the free surface is treated as a
boundary of the computational domain, where the kinematic and dynamic boundary
conditions are applied. Thesemethods can not be usedif the interfacetopology changes
signi cantly, asis contemplated here for overturning or breaking waves. The second
possibleapproad is given by the so-calledinterface-capturing methods. Theseconsider
both uids asasinglee ective uid with variable properties; the interfaceis captured as
aregion of suddenchangein uid properties. The main problem of complexfree surface
ows is that the density jumps by three orders of magnitude betweenthe gaseousand
liquid phase. Moreover, this surface can move, bend and reconnectin arbitrary ways.
The di culties that can ariseif onetreats either the complete systemor just the liquid
phasecanbeillustrated ontwo small examples. The rst oneconsidershydrostatic ow,
wherethe exactsolutionisv = O;p= g (X Xp), wherexg denotesthe position of the
free surface (seeFigure 1). Unlessthe free surfacecoincideswith the facesof elemerts,
there is no way for typical nite elemen shape functions to capture the discortinuity in
the gradient of the pressure. This implies that one hasto either increasethe number of
Gauss-ints [Cod02] or modify (e.g. enrich) the shape function space[Cop05]. Using
the standard linear elemen procedureleadsto spurious velocity jumps at the interface,
as any small pressuregradient that "pollutes over' from the water to the air region will
acceleratethe air considerably This in turn will leadto lossof divergence,causingmore
spurious pressures. The whole cycle may, in fact, lead to a complete divergenceof the
solution.

open boundaries
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Figures 1,2: Hydrostatic PressureDistribution and Communicating Tubes

Faced with this dilemma, most ows with free surfaceshave been solved neglecting
the air. The shortcomings of this approac can be illustrated in the secondexample,
sketched in Figure 2. A tubeis lled with a column of uid which is interrupted by
a pocket of air. Neglecting the air would never allow the higher column to push the
lower column up. In the presen case,we have followed this approad, fully aware of
the limitations.

The remainder of the paper is organized as follows: Section 2 summarizesthe basic
elemerns of the presert incompressible o w solver; Sections 3,4 describe the temporal
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and spatial discretization; Section 5 describes the volume of uid extensions; some
examplesare shown in Section 6; nally , someconclusionsare given in Section7.

2 BASIC ELEMENTS OF THE SOLVER

In order to x the notation, the equations describing incompressible,Newtonian o ws
in an arbitrary Lagrangian Eulerian (ALE) frame are written as

Vit Varv+rp=r rv+ g ; (2)

r v=20 : 2

Here denotesthe density, v the velocity vector, p the pressure, the viscosity and
g the gravity vector. The advective velocity if given by va = v w, wherew is
the meshvelocity. We remark that both the gaseousand liquid phasesare considered
incompressible,thus Eqn.(2). The liquid-gas interface is described by a scalar equation
of the form:

t+Vva r =0: 3

For the classic VOF technique, represents the total density of the material in

a celllelement or cortrol volume (see [Nic75, Hir81, Sca99, Che99, Fek99, Bia04,

HuiO4]). For pseudo-concetnation techniques, represeits the percenage of liquid

in a cell/element or cortrol volume. For the level set approach  represelits the signed

distance to the interface [Enr03].

Since over a decade[Loh90, Mar92 , Ram96, Loh99] the numerical schemeschosento

solve the incompressibleNavier-Stokes equations given by Egns.(1,2) have beenbased

on the following criteria:

- Spatial discretization using unstructured grids (in order to allow for arbitrary
geometriesand adaptive re nement);

- Spatial approximation of unknowns with simple nite elements (in order to have
a simple input/output and code structure);

- Temporal approximation using implicit integration of viscous terms and
pressure (the interesting scalesare the onesassaiated with advection);

- Temporal approximation using explicit integration of advectiv e terms ;

- Low-storage, iterativ e solvers for the resulting systemsof equations (in order to
solve large 3-D problems); and

- Steady results that are indep endent from the timestep chosen(in order to have

con dence in corvergencestudies).
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3 TEMPORAL DISCRETIZA TION

For most of the applications listed above, the important physical phenomenapropagate
with the advectiv e timescales. We will therefore assumethat the advective terms
require an explicit time integration. Di usiv e phenomenatypically occur at a much
faster rate, and can/should therefore be integrated implicitly . Given that the pressure
establishes itself immediately through the pressure-Risson equation, an implicit

integration of pressureis also required. The hyperbolic character of the advection
operator and the elliptic character of the pressure-Rissonequation have led to a number
of so-calledprojection schemes. The key ideais to predict rst a velocity eld from the
current o w variableswithout taking the divergenceconstraint into accourt. In a second
step, the divergenceconstraint is enforcedby solving a pressure-Rissonequation. The
velocity incremert can therefore be separatedinto an advective-di usiv e and pressure
incremert:

vt = vy va+ yP=v + WP (4)

For an explicit (forward Euler) integration of the advective terms, with implicit
integration of the viscousterms, one complete timestep is given by:

- Advective-Di usiv e Prediction: v"'! v

— T (v vM+v] rvl+rp’=r rvh+ g ; (5)
- PressureCorrection: p" ! p"*1
r vi*tl=0; (6)
v+t n+1 n .
Tt p)=0; (1)
which results in
1 rv
ror et o= ®)
- Velocity Correction: v | v+l
Vn+1 = v _tr (pn+1 pn) . (9)
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At steady state, v = v" = v"*1 and the residuals of the pressurecorrection vanish,
implying that the result doesnot depend on the timestep t. denotesthe implicitness-
factor for the viscousterms (= 1: 1st order, fully implicit, = 0:5: 2nd order, Crank-
Nicholson). One can replace the one-step explicit advective-di usiv e predictor by a
multistage Runge-Kutta scheme [Loh04], allowing for higher accuracyin the advection-
dominated regionsand larger timesteps without a noticeable incremert in CPU cost.
A k-step, time-accurate Runge-Kutta schemeor order k for the advective parts may be
written as:

vi= v+ ot vk e rpher o rv ik 1 (10)
— T VARV V] S VA S O e LI S VAN (11)
Here,the ! arethe standard Runge-Kutta coe cien ts e 1=(k+ 1 1i). As compared

to the original scheme given by Eqn.(5), the k 1 stagesof Eqn.(10) may be seen
as a predictor (or replacemen) of v" by vk 1 The original right-hand side has not
beenmodi ed, sothat at steady-statev" = vk 1 preserving the requiremert that the
steady-state be independert of the timestep t. The factor denotesthe local ratio
of the stability limit for explicit timestepping for the viscousterms versusthe timestep
chosen. Given that the advective and viscoustimestep limits are proportional to:

h h?
ta ik tv — (12)
we immediately obtain
- _:; Vb e (13)
or, in its nal form:
= min (1;Rey) : (14)

In regions away from boundary layers, this factor is O(1), implying that a high-
order Runge-Kutta sdheme is recovered. Conversely for regions where Rey, = O(0),
the scheme reverts badk to the original one (Egn.(5)). Projection schemes of this
kind (explicit advection with a variety of schemes,implicit di usion, pressure-Risson
equation for either the pressure or pressureincremerts) have been widely used in
conjunction with spatial discretizations basedon nite di erences [Kim85, Bel89, Bel92,



Rainald Lohner, Chi Yang and Eugenio Orate.

Ale96], nite volumes[Kal96], and nite elemerns [Gre82,Don82, Gre90,Loh90, Mar92,
Ram96, Loh99, Tak01, Eat01, Kar01, Cod01, Li02, Kar02, Loh04, Cam04].

One complete timestep is then comprised of the following substeps:
- Predict velocity (advective-di usiv e predictor, Egns.(5,10,11);

- Extrap olate the pressure(imp osition of boundary conditions);

- Update the pressure(Eqn.(8));

- Correct the velocity eld (Eqn.(9));

- Extrap olate the velocity eld; and

- Update the scalar interface indicator.

4 SPATIAL DISCRETIZA TION

As stated before, we desirea spatial discretization with unstructured grids in order to:
- Approximate arbitrary domains, and

- Perform adaptive re nement in a straightforward manner, i.e. without changesto
the solver.

From a numerical point of view, the diculties in solving Egns.(1-3) are the usual
ones. First-order derivatives are problematic (overshaots, oscillations, instabilities),
while second-order derivatives can be discretized by a straightforward Galerkin
approximation. We will rst treat the advection operator and then proceedto the
divergence operator. Given that for tetrahedral grids solvers based on edge data
structures incur a much lower indirect addressingand CPU overheadthan those based
on elemen data structures [Loh01], only thesewill be considered.

4.1 The Adv ection Op erator

It is well known that a straightforward Galerkin approximation of the advection terms
will lead to an unstable scheme (recall that on a 1-D mesh of elemens with constart
size,the Galerkin approximation is simply a certral di erence sdheme). Three ways have
emergedto modify (or stabilize) the Galerkin discretization of the advection terms:

- Integration along characteristics [Huf84], [Gre85];

- Taylor-Galerkin (or streamline di usion) [Kel80], [Bro82]; [Don82], and

- Edge-basedupwinding [L©h99].

Of these, we only considerthe third option here. The Galerkin approximation for the
advection terms yields a right-hand side (RHS) of the form:

where the f; are the ~ uxes along edges'

) o g ) —
fi= S¢FF 1 ¢ =g 1 DY = didy (16)
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Fi =fi+f ;fi= (S vivi ; f=(S) vjk)vj ; (17)

and the edge-ce cien ts are basedon the shape-functions N I as follows:

Z
dy = > (NANT NANDyd (18)

A consistert numerical ux is given by

Fig =fi+f Vv vy) ;v = %s;g RV (19)
As with all other edge-basedupwind uxes, this rst-order sdeme can be improved
by reducing the dierence vi vj through (limited) extrapolation to the edge certer
[Loh01l]. The same sdheme is used for the transport equation that describes the
propagation of the VOF fraction, pseudo-concetration or distance to the free surface
given by Eqgn.(3).

4.2 The Div ergence Op erator

A persistert dicult y with incompressible ow solvers has been the derivation of a
stable schemefor the divergenceconstraint (2). The stability criterion for the divergence
constraint is alsoknown asthe Ladyzenslkaya-Babuska-Brezzior LBB condition [Gun87].
The classicway to satisfy the LBB condition hasbeento usedi erent functional spaces
for the velocity and pressurediscretization [For79]. Typically, the velocity spacehas
to be richer, containing more degreesof freedom than the pressurespace. Elemerts

belonging to this class are the pl/pl+bubble mini-elemernt [Sou87], the pl/iso-pl

elemen [Tho81], and the p1l/p2 elemern [Tay73]. An alternative way to satisfy the

LBB condition is through the useof arti cial viscosities[Loh90], "stabilization' [Fra89],
[Tez90],[Fra92] or a "consisterh numerical ux' (more elegar terms for the samething).

The equivalency of these approades has beenrepeatedly demonstrated (e.g., [Sou87],
[Loh90], [Loh01]). The approad taken here is basedon consistert numerical uxes,

asit ts naturally into the edge-basedramework. For the divergenceconstraint, the

Galerkin approximation along edgei; j is given by

Fij=fi+f ; fi= SE Vik ; fy = Sli(j ij : (20)
A consistert numerical ux may be constructed by adding pressureterms of the form:
Fi =fi+f ilim m) (21)

wherethe eigervalue I is given by the ratio of the characteristic advective timestep of
the edge t and the characteristic advective length of the edgel:
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. til
= lT . (22)

Higher order schemescan be derived by reconstruction and limiting, or by substituting
the rst-order dierences of the pressurewith third-order di erences:

i

o |
Fi =fi+f % p+t S(rpi+rp) (23)

This results in a stable, low-di usion, fourth-order damping for the divergence
constraint.

5 VOLUME OF FLUID EXTENSIONS

The extension of a solver for the incompressibleNavier-Stokesequationsto handle free
surface o wsvia the VOF or level settechniquesrequiresa seriesof extensionswhich are
the subject of the presern section. Before going on, we remark that both the VOF and
the level set (LS) approac wereimplemerted aspart of this e ort. Experienceindicates
that both work well. For VOF, it is important to have a monotonicity preservingscheme
for . ForLS,it isimportant to balancethe costand accuracylossof reinitializations vis
avis propagation. Giventhat the advection solversusedare all monotonicity preserving,
and that the VOF option is lessCPU-demanding than LS, only the VOF technique is
consideredin the following.

5.1 Extrap olation of the Pressure

The pressurein the gasregion needsto be extrapolated properly in order to obtain the
proper velocities in the region of the free surface. This extrapolation is performed using
a three step procedure. In the rst step, the pressuresfor all point in the gasregion
are setto (constant) values,either the atmospheric pressureor, in the caseof bubbles,
the pressureof the particular bubble. In a secondstep, the gradient of the pressurefor
the points in the liquid that are closeto the liquid-gas interface are extrapolated from
the points inside the liquid region (seeFigure 3). This step is required asthe pressure
gradient for thesepoints can not be computed properly from the data given. Using this
information (i.e. pressureand gradient of pressure),the pressurefor the points in the
gasthat are closeto the liquid-gas interface are computed.
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Figures 3,4: Extrap olation of the Pressureand Velocity

5.2 Extrap olation of the Velocity

The velocity in the gasregion needsto be extrapolated properly in order to propagate
accurately the free surface. This extrapolation is started by initializing all velocities in
the gasregionto v = 0. Then, for ead subsequen layer of points in the gasregionwhere
velocities have not beenextrapolated (unknown values), an averageof the velocities of
the surrounding points with known valuesis taken (seeFigure 4).

5.3 Imp osition of Constan t Mass

Experienceindicates that the amount of liquid mass(as measuredby the region where
the VOF indicator is larger than a cut-o value) doesnot remain constart for typical
runs. The reasonsfor this loss or gain of mass are manifold: loss of steepenessin
the interface region, inexact divergenceof the velocity eld, boundary velocities, etc.
This lack of exact consenation of liquid mass has been reported repeatedly in the
literature [Sus00,Enr03]. The recoursetaken hereis the classicone: add/remove mass
in the interface region in order to obtain an exact consenation of mass. At the end of
ewvery timestep, the total amount of uid massis comparedto the expectedvalue. The
expectedvalue is determined from the massat the previoustimestep, plus the mass- ux
acrossall boundariesduring the timestep. The di erences in expected and actual mass
are typically very small, so that quick corvergenceis achieved by simply adding and
removing massappropriately. The amount of masstaken/added is made proportional
to the absolute value of the normal velocity of the interface:

r
Vn=V —— . 24
=V o (24)
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In this way the regions with no movemert of the interface remain una ected by the
changesmade to the interface in order to imposestrict consenation of mass.

5.4 Deactiv ation of Air Region

Giventhat the air regionis not treated/up dated, any CPU spernt on it may be considered
wasted. Most of the work is spert in loops over the edges(upwind solvers, limiters,

gradients, etc.). Given that edgeshave to be grouped in order to avoid memory
contention/ allow vectorization when forming right-hand sides [Loh93, Loh98], this

opens a natural way of avoiding unnecessarywork: form relatively small edge-groups
that still allow for e cien t vectorization, and deactivate groups instead of individual

edges[Loh01]. In this way, the basicloops over edgesdo not require any changes. The

if -test whether an edgegroup is active or deactive occurs outside the inner loops over
edges,leaving them una ected. On scalar processors.edges-groupsas small as negrp=8

are used. Furthermore, if points and edgesare grouped together in sud a way that

proximity in memory mirrors spatial proximity, most of the edgesin air will not incur

any CPU penalty.

5.5 Treatemen t of Bubbles

The treatment of bubbles follows the classicassumptionthat the timescalesassaiated
with speedof soundin the bubble are much faster than the timescalesof the surrounding
uid. This implies that at ead instance the pressurein the bubble is (spatially)
constart. As long asthe bubble is not in cortact with the atmosphericair (seeFigure 5),
the pressurecan be obtained from the isertropic relation:

D b (25)
Pro b0

where py; , denote the pressureand density in the bubble and pyy; y the reference
values (e.g. those at the beginning of the simulation). The gasin the bubble is marked
by solving a scalar advection equation of the form given by Eqn.(3):

bt+va rb=0: (26)

At the beginning of every timestep the total volume occupied by gasis added. From
this volume the density is inferred, and the pressureis computed from Eqgn.(25).

10
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Air

Bubble

Figure 5: Bubble in Water

At the end of every timestep, a ched is performed to seeif the bubble has reached
contact with the air. Should this be the case, the pressurein the bubble is set to
atmospheric pressure. One then typically obsenesa rather quick collapseof the bubble.

6 EXAMPLES

6.1Breaking Dam Problem: This is a classictest casefor freesurface o ws. The problem
de nition is shown in Figure 6a.

3.5

R E——

r=0.9982
m=0.01 9=(0, 1,0)
7.0

10.0

14.0
Figure 6a: Breaking Dam: Problem De nition

This casewas run on a coarse mesh with nelem=16,562 elemeris, a ne mesh with
nelem=135,869 and an adaptively re ned mesh(wherethe coarsemeshwasthe basemesh)
with approximately nelem=30,000 elemens. The re nement indicator for the latter was
the free surface,and the meshwas adapted every 5 time steps.

11
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Figure 6b: Breaking Dam: Discretization for the CoarseMesh
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Figure 6¢: Breaking Dam: Horizontal Displacemert

Figure 6b shownsthe discretization for the coarsemesh,and Figures 6d-gthe developmert
of the ow eld and the free surfaceuntil the column of water hits the right wall. Note
the mesh adaptation in time. The results obtained for the horizontal location of the
free surface along the bottom wall are comparedto the experimental values of Martin
and Moyse [Mar52], aswell asthe numerical results obtained by Hansbo [Han92], Kolke
[Kol05] and Walh(arn [Wal02] in Figure 6¢c. The dimensionlesstime and displacemen

aregivenby =1t 2g=aand = x=a, wherea is the initial with of the water column.

12



Rainald Lohner, Chi Yang and Eugenio Orate.

As one can see,the agreemen is very good, even for the coarsemesh. The di erence
between the adaptively re ned mesh and the ne meshwas almost indistinguishable,
and therefore only the resulsfor the ne meshare shown in the graph.

Time=0.000000e-+00 Time=1.000000e-+00

Time=2.000000e-+00 Time=3.000000e-+00

Figures 6d-g: Breaking Dam: Flow eld at Dierent Times

6.2 3D Dam-Break Wave Interacting with a Circular Cylinder The previous example
validated the accuracy of the numerical model for studing dam breaking. This example
considersa three-dimensionaldam-break wave interacting with a circular cylinder. The
tank is 20 m long, 5 m wide, and 10 m high. The volume of water initially contained
behind a thin gateis4m 5 m 7 m. The circular cylinder, which has a radius
r = 1 m and height h = 5m, is placedin the middle of the tank. The problem de nition

is shovn in Figure 7a. The ertire tank is selectedas the computational domain with

13
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nelem=1,315,224 elemens. Figure 7c shows a sequenceof snapshotsof the free surface
wave elewation, and Figure 7b the time history of the horizontal force acting on the

cylinder.
10m
am 2.5m
1 5m

20m

4m

10m

7m
5m

Figure 7a: 3D Dam-Break Wave With Circular Cylinder: Problem De nition

80000 - . . .

' cyIinder 1
60000 1

40000

20000

x-force
o

-20000

-40000

-60000 ]

_80000 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

time

Figure 7b: Wave Impact Force on Cylinder

14
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Time=4.096600e-01 Time=1.801100¢+00

Time=4.203000¢+00 Time=5.401800¢+00

Time=_8.404100¢+00 Time=9.200500¢+00

Time=1.100200¢+01 Time=3.340500¢+01

Figure 7c: Free Surface Wave Elevation

15
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6.3 Sloshingof a 2D Tank due to Sway Excitation : This exampleconsidersthe sloshing

of a partially lled 2D tank. The main tank dimensionsareL = H = 1m , with tank
width B = 0:1m. The problem de nition is shown in Figure 8a.

Y
A A 50mm
—~—— —— -
Al
—
— X
h=0.35m
L=1m

Figure 8a: 2D Tank: Problem De nition

Experimental data for this tank with a lling level h=L = 0:35 have been provided by
Olsen [OIs70], and reported in Faltisen [Fal74] and Olsen and Johnsen[OIs75], where
the tank was undergoinga sway motion, i.e., the tank oscillateshorizontally with
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law Asin (2 t=T). A wave gagewas placed0:05m from the right wall and the maximum
wave elewation relativeto atank- xed coordinate systemwasrecorded. In the numerical
simulations reported by Landrini et al. (2003) using the SPH method, the forced
oscillation amplitude increasessmoothly in time and readesits steady regime value
in 10 T. The simulation continuesfor another 30 T. and the maximum wave elewation
is recorded in last 10 periods of oscillation. We followed the same procedure as
Landrini et al. [LanO3] in our numerical simulation for 32 cases,which correspond
to 2 amplitudes (A = 0:025, 0:05) and 16 periods, ranging from T = 1.0 1:8 secondsor
T=Tp = 0:787 1:42,whereTq = 1:27seconds.When h=L = 0:35the primary resonances
of the rst and the third modesoccurat T=Tq = 1:0and T=T1 = 0:55, respectively. The
secondaryresonanceof the secondmode is at T=T; = 1:28 (seeLandrini et al. 2003).
The present VOF results for the time history of the lateral force Fx when T = 1:2;1:3
and A = 0:025 0:05 are shawvn in Figure 8b. The corresponding time history of the
wave elewation at the wave probe Al (seeFigure 8a) are shown in Figure 8c. Somefree
surfacesnapshotsare shavn in Figure 8d. The presert VOF results for maximum wave
elewation at the wave probe Al (seeFigure 8a) are comparedwith the experimental
data and SPH results [Lan03] in Figure 8efor A=L = 0:025 0:05.

VOF, T=1.2, A/L=0.025—— VOF, T=1.2, AIL=0.05——
0.6 0.6

04 0.4

0.2 0.2
0 0

02 2 02

ave elevationz /L)
ave elevationz /L)

we
we

-0.4 -0.4

-0.6 -0.6

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
v uT

VOF, T=1.3, A/L=0.025—— VOF, T=1.3, A/L=0.05——
0.6 0.6

04 04
0.2 0.2

02 2 02

ave elevationz /L)
ave elevationz /L)

we
we
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Figure 8c: 2D Tank: Time History of Wave Elevation (Probe Al)

The predicted lateral absolute values of maximum forces are compared with the
experimental data and SPH results [Lan03] in Figure 8f for A=L = 0:05 (there is no
force data available for A=L = 0:025). Figure 8g shawns the comparison of predicted
lateral absolute values of maximum forcesfor A=L = 0:025 0:05. It can be seenfrom
Figures 8e-fthat both maximum wave height and lateral absolute values of maximum
forcespredicted by presert VOF method agreesfairly well with the experimental data
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and SPH results, with a small phase shift among the three results. Figures 8b,c are
typical time history plots. It should be noted from these gures that even after a long
simulation time (40 periods), steady state results are not generally obtained. This is due
to very small damping in the system. Landrini et al. [Lan03] noted the samebehavior
in their numerical simulations. As a result, the predicted maximum wave elewation and
the lateral absolutevaluesof maximum forcesplotted in Figure 8eare averagemaximum

valuesfor the last few periods for the caseswhen the steady state is not reached.
Time=4.771200e-+01 Time=4.790500¢-+01

Time=4.966200e+01 Time=4.985500e-+01

Figure 8d: Snapshotsof Free SurfaceWave Elevation for T = 1:3 and A=L = 0:05
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Figure 9a: Sinking Tank:
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Figures 9b-f: Sinking Tank: Flow eld at Dierent Times
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6.4 Sinking Tank: This test caseis included to show the combination of the preser
techniques with mesh movemernt and remeshing. The problem de nition is given in
Figure 9a. The tank is assumed lled with air, and a hole opens up at the bottom
of one of the compartments. The massof the tank was estimated by assumingthat
when oating empty, half of the tank is outside the water. This yielded approximately
m = 15700kg. The momert of inertia was estimatedat , = 80000kg m2. The lling
of the tank, and the ensuingmovemert, can be seenfrom Figures 9b-f, which shaw the
free surface, velocity and meshin the plane of symmetry as the calculation proceeds.
Note the deformation of the mesh during the run, as well as the e ect of the (only
4) automatic global remeshingsrequired to guarantee a proper mesh. The mesh had
approximately nelem=530,000 elemens. The position and velocity of the certer of mass
as a function of time, aswell asthe trajectory are summarizedin Figures 9g,h.

0
_1 .
2+
2 05 3b
S Of 1 2 s 7
= S B L
@ % g -5
<] a
o -2 -15 > > 6 I
4 X_¢C -2 Tr
y_C
8t
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6 _ -2.5
vy 9l
-8 L L L L -3 10 L L L L L L
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Figures 9g-h: Sinking Tank: Trajectory of Center of Mass

Figure 10a: Bubble Collapse: Problem De nition
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Figures 10b-g: SurfaceMesh and Evolution of Bubble

6.5 Bubble Collapse Beneath Generic Ship: This example shavs the use of the presert
methodology to predict the e ects of bubble collapsecloseto structures. The problem
de nition is givenin Figure 10a. The ship is a genericferry. The referencevaluesfor the
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bubble, which waslocated at mid-ship and approximately 4 m from the hull, were setas
follows: volume Vg = 128 m3, density = 1:25 kg=m3, pressurepg = 1:.0e+ 8 N=m?,
polytropic coe cient: = 1:4. The initial radius for the bubble wassettor = 2m. The
meshhad approximately nelem=1,530,000 elemens. Figures 10b-g show the ewlution of
the ow eld. Note the changeof shape for the bubble, rst into atorus and subsequetly
into a rather complex shape. The pressurerecordedat midship on the hull is shown in
Figure 10h.
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T T T T
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Figure 10h: Pressureand Impulse Recordedat Midship on Hull

7 CONCLUSIONS AND OUTLOOK

A Volume of Fluid (VOF) technique has been deweloped and coupled with an
incompressible Euler/Na vier Stokes solver operating on adaptive, unstructured grids
to simulate the interactions of extreme waves and three-dimensional structures. The
presert implementation follows the classic VOF implementation for the liquid-gas
system, consideringonly the liquid phase. Extrap olation algorithms to obtain velocities
and pressurein the gasregion near the free surfacehave beenimplemented. The VOF
technique was validated against the classicdam-break problem, as well as seriesof 2-
D sloshing experiments and results from SPH calculations. Other examplespresered
include violent wave interaction with a column, a leaky tank lling with water and
sinking, and a bubble collapsing under a genericship.

When taken together, theserecert advancesin CFD, which include:

- Accurate, fast incompressible Navier-Stokes solvers operating on adaptive,
unstructured grids;

Robust Volume of Fluid (VOF) techniquesfor free surface o ws;

Deactivation techniquesto speedup calculations; and

Extensive parallelization of solvers
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have made it possibleto simulate ows with violent free surface motion with a high

degreeof accuracy allowing decision-makingbasedon them.

Like every human endeaour, numerical algorithms are subject to continuous

improvemerts. Presern researt is directed at the proper treatment of:

- Surfacetension;

- Incoming and outgoing wavesfor 3-D VOF-basedfree surface o ws;

- Freesurfacewall boundary conditions for RANS, NS caseq(i.e. those casesvherethe
velocity v = 0); and

- Multiple bubble interaction (splitting, merging, etc.).
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