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SUMMARY

Finite element analysis of �uid �ow with moving free surface has been performed in 2-D and 3-D.
The new VOF-based numerical algorithm that has been proposed by the present authors (Int. J. Numer.
Meth. Fluids, submitted) was applied to several 2-D and 3-D free surface �ow problems. The proposed
free surface tracking scheme is based on two numerical tools; the orientation vector to represent the
free surface orientation in each cell and the baby-cell to determine the �uid volume �ux at each
cell boundary. The proposed numerical algorithm has been applied to 2-D and 3-D cavity �lling and
sloshing problems in order to demonstrate the versatility and e�ectiveness of the scheme. The proposed
numerical algorithm resolved successfully the free surfaces interacting with each other. The simulated
results demonstrated applicability of the proposed numerical algorithm to the practical problems of large
free surface motion. It has been also demonstrated that the proposed free surface tracking scheme can be
easily implemented in any irregular non-uniform grid systems and can be extended to 3-D free surface
�ow problems without additional e�orts. Copyright ? 2003 John Wiley & Sons, Ltd.

KEY WORDS: free surface; volume of �uid (VOF) method; orientation vector; baby-cell; cavity �lling
problem; sloshing problem

1. INTRODUCTION

Fluid �ow with moving free surface has many engineering applications. Examples include
manufacturing processes such as metal and glass forming, injection and compression molding
of polymeric resins, crystal growth, and so on. Since the �uid �ow implies many physical
aspects in such processes, a throughout analysis using a proper method is necessary. However,
di�culties arise from the fact that the domain of interest has unknown boundary that should
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be determined as a part of the solution. To treat free surface numerically, it is required to
adopt an accurate and e�cient scheme that can resolve the free surface moving continuously
with time. Being faithful to the physical phenomena on the moving free surface, the scheme
should be able to depict actual free surface con�gurations. In addition to simple structure, the
scheme should be equipped with extensibility to 3-D free surface �ow problems.
With these requirements satis�ed, a new free surface tracking scheme based on the VOF

method [1] has been proposed by the present authors [2; 3]. The proposed free surface tracking
scheme can trace the free surface with minimal numerical smearing. Also, the scheme was
devised so that it can be applied to 3-D problems without additional e�orts and can be
implemented in irregular non-uniform grid systems. Novel features of the proposed scheme
are characterized by two numerical tools. One is the orientation vector to represent the free
surface orientation in each cell and the other is the baby-cell to determine the �uid volume
�ux at each cell boundary [2]. E�ciency of the proposed numerical algorithm as well as its
accuracy in tracking of free surface has been demonstrated through simulation of broken dam
and solitary wave propagation problems [2].
Cavity �lling and sloshing are typical free surface �ow problems that accompany large

deformation of free surface. Cavity �lling is commonly encountered in the manufacturing or
forming processes where molten metal or polymeric resin is injected into the mold cavity, then
solidi�ed and separated. Analyses of cavity �lling problems have been done through various
methods by many researchers. In general, due to complex shape of mold cavity, most analyses
have been based on �xed grid systems. Especially, many analyses have resorted to the VOF
method [4–15]. Dhatt et al. [4] simulated two-dimensional casting processes using the penalty
method and Taylor–Galerkin formulation. They applied the shear stress boundary condition
using a wall function. Chan et al. [5], Minaie et al. [6], Usmani et al. [7] and Rice [8]
carried out �lling and heat transfer analyses in the die casting process. Among them, Usmani
et al. [7] and Lewis et al. [9] analysed the two-dimensional casting processes using Taylor–
Galerkin formulation with the solution of pseudo-concentration transport equation. Hetu and
Ilinica [10] analysed the mold �lling and solidi�cation processes using the level-set method
and adopted a mixing length turbulence model. They applied the boundary condition of surface
traction and used a Chezy law for surface traction. Gao [11] analysed three-dimensional mould
�lling processes using the mixed formulation and a PLIC-type free surface representation. Gao
applied an unstructured element (P1+=P1) and adopted a zero equation model for turbulence.
On the other hand, some researchers applied the turbulence model, usually, k–� model to
casting processes [12; 13]. Swaminathan and Voller [14] have presented a ‘time-implicit �lling
algorithm’ while Shin and Lee [15] have presented a selective VOF method and analysed
cavity �lling under the e�ect of gravity. However, many analyses were limited to the case
of simple �lling where mold cavity is �lled with the �uid advancing unidirectionally and
free surface advances with con�guration nearly perpendicular to the �ow direction (i.e. �lling
direction). In most cases, free surface location was traced approximately. Therefore, large
deformation of free surface, especially 3-D cavity �lling problems could not be dealt with
accurately.
Sloshing is a liquid motion with free surface in a container. Analysis of �uid motion is

necessary to prevent detrimental situations such as over�ow of �uid or overturn of structure
during �uid–structure interactions. In a number of numerical studies, Lagrangian method such
as Lagrangian FEM [16; 17] or ALE method [18; 19] has been adopted to describe free surface
motion. Ramaswamy et al. [16] and Okamoto and Kawahara [17] analysed 2-D sloshing
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motion using Lagrangian FEM. However, in Lagrangian methods, it was impossible to simulate
the free surface undergoing large deformation or moving abruptly. On the other hand, using
VOF method, Partom [20] simulated sloshing motion in a partially �lled cylindrical container.
Jun and Spalding [21] also employed VOF method for 2-D analysis. However, most sloshing
analyses were limited to 2-D problems. Besides, numerical smearing on the moving free
surface was present.
In this article, the new free surface tracking algorithm that has been proposed by the present

authors [2] was applied to 2-D and 3-D cavity �lling and sloshing problems. The simulated
results demonstrated versatility and e�ectiveness of the new free surface tracking scheme as
well as the overall solution algorithm.

2. CAVITY FILLING PROBLEMS

In this section, the numerical simulation was done for 2-D and 3-D cavity �lling problems.
The algorithm for the calculation is based on the new free surface tracking scheme that has
been proposed by the present authors [2]. Also, the simulated results were compared with
the results obtained using commercial CFD package FLOW-3DJ that has been widely used
in the simulation of various free surface �ow problems. In the following simulations, the
number of baby-cells was chosen as 1600 (=40× 40) in 2-D and 1000 (=10× 10× 10)
in 3-D. Although the e�ects of the number of baby-cells on the accuracy of solution were
not investigated in this study, simple consideration shows that the maximum error in the
estimated wet-out fraction is 2:5% (=1=40) for 1600 baby-cells in 2-D and 1% (=1=10× 10)
for 1000 baby-cells in 3-D. Therefore, the number of baby-cells chosen in the present study
is reasonable from a consideration that the overall accuracy in the numerical solution of free
surface �uid �ow is in�uenced by the computational accuracy of the �ow �eld (especially,
pressure �eld), time integration method of the transport equation of f, determination of free
surface orientation in a cell and the size of time increment.

2.1. 2-D cavity �lling problem

Filling of 2-D mold cavity under the e�ect of gravity has been simulated. De�nition of the
problem is illustrated in Figure 1(a). Mold cavity is a square (L×L; L=0:4m). Inlet of the
cavity is located in the middle of upper wall and is one third of cavity dimension (d=L=3).
Density and viscosity of the �uid are 1000 kg=m3 and 1 Pa:s, respectively. The ambient �uid
is air. The acceleration of gravity is g=9:8m=s2 and acts in downward direction. Initially the
inlet of mold cavity was assumed to be �lled with a small amount of �uid (d× l, l=L=10)
such that the initial �lled fraction of the cavity is 3.33%. The mesh used is composed of
uniform 21× 21 grids, which has 400 �nite elements and 441 nodes (see Figure 1(b)). A
parabolic velocity distribution was assumed at the inlet with an average velocity of Vavg = 1m=s.
No-slip boundary conditions at the wall would lead to a very sluggish and unrealistic �ow.

This is because the relatively coarse mesh used in this study cannot e�ectively resolve the
thin boundary layer at the wall. This problem can be remedied by allowing the �uid to slip
at the wall with some surface traction. In this simulation, therefore, slip boundary conditions
were assumed on the wall, where the surface traction was modeled as an equivalent volume
force [3; 22].
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Figure 1. De�nition sketch for 2-D cavity �lling. (a) Square mold
cavity and (b) a uniform 21× 21 mesh.

In order to approximate tangential tractions at the mold wall in simulations of metal casting,
Usmani et al. [7] and Lewis et al. [9] used von Karman’s law of the wall, which has been
usually applied to the turbulent �ow problems. Rice [8] evaluated the surface traction in an
explicit manner from the previous iteration in the mold �lling analysis. In RIPPLE program
[22], on the other hand, surface force (e.g. surface tension e�ect) was modelled as body
force acting on the elements that is lying within a �nite thickness transition region. In a
similar manner, in the present study, unknown surface traction on the wall was modeled as
volume force acting on the element adjacent to the wall boundary. Surface traction term in
FE formulation of momentum equations can be reshaped into an equivalent body force term
as follows [3]:

1
�
�ti dA∼

(
1
�
�ti
1
�

)
dV ∼fti dV (1)

where �ti denotes the surface traction on the wall and � denotes the boundary layer thickness.
dA and dV are the in�nitesimal area and volume elements on the wall, respectively. fti
represents the equivalent body force per unit volume acting in the ith co-ordinate direction.
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The surface traction �ti and the boundary layer thickness � can be approximated using, for
example, expressions for the laminar boundary layer on a �at plate [23].

�ti≈ �|u
w
i |2√
Re

and �≈ Lc√
Re

(2)

where Re is the Reynolds number, uwi denotes the ith component of tangential velocity on the
wall and Lc represents the characteristic length of the problem considered. Thus, the equivalent
body force can be approximated from the information on the previous tangential velocity on
the wall as

fti = − C |uwi |uwi
Lc

(3)

where C is the positive coe�cient depending on the expressions adopted for �ti and �. In the
present study, Lc was chosen as the size of the inlet [3].
In Figure 2, calculated con�gurations of free surface are shown together with velocity vector

�elds. The calculated results were plotted for time interval of �t=0:08 s. Due to the gravity
e�ect, �uid accelerates as it enters the cavity. Fluid reaches the bottom wall and splits to
both sides. With some inertia, �uid climbs the vertical walls, then is pulled down by gravity
and collides with the incoming �uid stream near the centre of cavity. When two free surfaces
merge together, another free surface is created and it diminishes gradually by subsequent
�lling of �uid. Thereafter, the cavity is �lled with the �uid having nearly horizontal free
surface.
As experimental data are not available for comparison, the same problem was solved using

the commercial CFD package FLOW-3DJ, which has been widely used in the simulation of
various free surface �ow problems. In FLOW-3DJ, movement of free surface is modelled
by the original VOF method [1] with some improvements in the advection treatment. Solu-
tion algorithm is based on the �nite di�erence control volume method, and no-slip boundary
conditions are assumed on the wall. In Figure 3, the free surface con�gurations predicted by
FLOW-3DJ are shown together with velocity vector �elds. Overall �lling patterns are similar
to those obtained with the present scheme. However, a slight di�erence is observed at the
wall. Flow is excessively retarded at the wall, resulting in an unrealistic movement of the
free surface. The wall boundary layer seemed to be overestimated due to the no-slip boundary
conditions enforced with relatively coarse grids. On the other hand, the �ll time based on the
inlet condition is 1:16 s. The �ll time predicted by the present scheme was 1:150 s, whereas
with FLOW-3DJ was 1:122 s: Fill time errors were 0.86 and 3.27% for the present scheme
and the FLOW-3DJ, respectively. These comparisons show that the proposed solution algo-
rithm could simulate the dynamics in �lling of mold cavity with a realistic behaviour as well
as with a negligible mass loss.

2.2. 3-D cavity �lling problem

Filling of 3-D mold cavity under the e�ect of gravity has been considered. De�nition of the
problem is illustrated in Figure 4(a). Mold cavity is a square column (0:2m× 0:2m× 0:4m).
Inlet of the cavity is a circle of which diameter is d= a=2. Calculations were carried out for
two mold cavities of di�erent inlet locations (see Figure 4(b)). Inlet is located either at the
centre of upper wall (ex=0, ey=0) or slightly shifted from the centre of upper wall (ex=0:1a,
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Figure 2. Free surface pro�les and velocity vectors in 2-D cavity �lling. Results obtained with the
present numerical scheme. Time increment is �t=0:08 s.

Copyright ? 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2003; 42:791–812



SIMULATION OF FLUID FLOW WITH FREE SURFACE. PART II 797

(a)

(d)

(g)

(j)

(m)

(e)

(h)

(k)

(n)

(b) (c)

(f)

(i)

(l)

(o)

Figure 3. Free surface pro�les and velocity vectors in 2-D cavity �lling. Results obtained with
FLOW-3DJ. Time increment is �t=0:08 s.
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Figure 4. De�nition sketch for 3-D cavity �lling. (a) mold cavity, (b) cavity inlet, and (c) a 21× 21× 25
mesh used in the numerical simulation.

ey=0:05b). Properties of the �uid are same as the previous example (�=1000 kg=m
3 and

�=1 Pa:s). The ambient �uid is air. The acceleration of gravity is g=9:8 m=s2 and acts
downward. Initially the inlet of mold cavity is �lled with a small amount of �uid such that
the initial �lled fraction of the cavity is 3:0%. The mesh used is composed of non-uniform
21× 21× 25 grids, which has 9600 �nite elements and 11 025 nodes (see Figure 4(c)). A
paraboloidal velocity distribution was assumed at the inlet with average velocity of Vavg = 1m=s.
On the wall, slip boundary conditions were assumed with the surface traction modeled as an
equivalent volume force [3; 22].
For the case of centred injection hole, evolution of free surface pro�les is shown in Figure 5.

Fluid accelerates due to the gravity e�ect as it enters the cavity and the �uid column becomes
slender as it approaches the bottom wall. As �uid reaches the bottom, it spreads out in radial
direction. Free surface reaches four surrounding vertical walls and subsequently four corners.
Fluid climbs up rapidly along the walls with large inertia at �rst but is pulled down by the
gravity. The descending �uid collides with incoming �uid stream in the lower part of the
cavity. Two free surfaces merge together, creating another free surface inside the �uid region.
The new free surface fades away by subsequent �lling of the �uid. Thereafter, the cavity
becomes �lled with the �uid of nearly horizontal free surface. As the cavity becomes �lled
up, the winding free surface is smoothed out.
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Figure 5. Free surface pro�les during �lling of 3-D cavity with a centred injection hole. Results
obtained with the present numerical scheme. (a) 0 s, (b) 0:12 s, (c) 0:20 s, (d) 0:24 s, (e) 0:28 s,

( f) 0:36 s, (g) 0:44 s, (h) 0:52 s, (i) 0:56 s, ( j) 0:68 s, (k) 1:00 s, and (l) 1:40 s.

The same problem was simulated using FLOW-3DJ for comparison and the calculated
results are shown in Figure 6. Overall �lling patterns from FLOW-3DJ resemble those
obtained with the present scheme. Here, as experienced in the 2-D simulation, �ow is exces-
sively retarded at the wall, especially at the corners. The wall boundary layer seemed to be
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Figure 6. Free surface pro�les during �lling of 3-D cavity with a centred injection hole. Results ob-
tained with FLOW-3DJ. (a) 0 s, (b) 0:12 s, (c) 0:20 s, (d) 0:24 s, (e) 0:28 s, ( f) 0:36 s, (g) 0:44 s,

(h) 0:52 s, (i) 0:56 s, ( j) 0:68 s, (k) 1:00 s, and (l) 1:40 s.

overestimated due to the no-slip boundary conditions enforced on the wall, where relatively
coarse grids were used. In Figure 6, the �uid that has travelled up along the wall does not
move far toward the incoming �uid stream due to big loss of inertia. Instead, it falls almost
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vertically, resulting in a smaller new free surface inside �uid region. Furthermore, the free
surface becomes unrealistically �at right after the new free surface disappears by subsequent
�lling of the �uid. A possible reason for this might be that the no-slip e�ect on the wall
propagated rapidly toward the centre of the cavity.
Evolution of free surface pro�les for the case of o�-centred injection hole is shown in

Figure 7. Fluid accelerates as it enters the cavity. Fluid �rst climbs up along the closer wall,
resulting in di�erent run-up heights at each corner. The asymmetric �lling pattern is clearly
seen in Figure 7. Subsequent �uid motion is much larger than that in the case of the centred
injection hole, but the motion becomes smaller as the cavity is �lled up.

3. SLOSHING PROBLEMS

Sloshing is a liquid motion with free surface in a container and has an engineering signi�cance.
During �uid–structure interactions, sloshing motion may cause detrimental e�ects such as
over�ow of �uid or overturn of structures. Analysis of sloshing motion is also very important,
for instance, in the seismic problems associated with large fuel storage tanks or nuclear
reactor systems. Other examples include the oil tankers during sailing and the fuel tanks
of aircrafts or spacecrafts. A number of numerical studies have been performed. However,
in most studies adopting the Lagrangian method for the description of free surface motion
[16–19], free surfaces undergoing large deformation could not be simulated e�ectively. In
the analyses using VOF method [20; 21], numerical smearing on the free surface was not
suppressed e�ectively and 3-D sloshing problems could not be simulated accurately. In this
section, 2-D and 3-D sloshing problems have been simulated using the proposed numerical
scheme, and the robustness of the proposed numerical algorithm has been demonstrated.
A sloshing motion is usually created by movement of a container. Therefore, it is convenient

to use a co-ordinate system �xed to the container. In the present sloshing simulations, a non-
inertial co-ordinate system has been adopted [24]. Both the liquid and air were treated as
incompressible �uids with physical properties at standard conditions.

3.1. 2-D forced sinusoidal horizontal oscillation

As seen in Figure 8(a), a container that is partially �lled with water is at rest initially and
then is forced to move horizontally in a sinusoidal manner. Dimensions of the container were
chosen equal to those in the experiment of Okamoto and Kawahara [17] (see Figure 8(a)).
They also have carried out a numerical simulation using Lagrangian FEM. Displacement
of the container is given as D=A sin(!t), where A and ! denote the amplitude and the
frequency of forced oscillation, respectively. In the present calculation, the amplitude A and
the period T (=1=!) were selected as 0:93 cm and 1:183 s, respectively. This value of period
corresponds to the resonance frequency, as will be shown later. Initial depth of liquid, d, is
0:5 m. Frictionless boundaries were assumed between the �uid and the wall. The numerical
mesh consists of non-uniform 41× 49 grids, where the numbers of nodes and �nite elements
are 2009 and 1920, respectively (see Figure 8(b)).
Figure 9 shows the calculated free surface pro�les. Sloshing motion is weak in earlier

stage, but it becomes larger as time elapses. After a certain maximum height is reached,
the sloshing motion dwindles down and then grows larger again. This repeated behaviour is
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Figure 7. Free surface pro�les during �lling of 3-D cavity with an o�-centred injection hole. Results
obtained with the present numerical scheme. (a) 0 s, (b) 0:12 s, (c) 0:20 s, (d) 0:24 s, (e) 0:28 s,

( f) 0:36 s, (g) 0:44 s, (h) 0:52 s, (i) 0:56 s, ( j) 0:80 s, (k) 1:00 s, and (l) 1:40 s.

clearly seen in Figure 10, where the time histories of wave height at the vertical walls are
given. Both the wave heights at two opposite walls have phase lag of a half cycle, and the
upward displacement is almost twice the downward displacement. The results obtained with the
present numerical scheme were in qualitative agreement with the experimental and numerical
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Figure 8. De�nition sketch for sloshing in a container subject to forced sinusoidal horizontal oscillation.
(a) Container partially �lled with water and (b) a non-uniform 41× 49 mesh.

results by Okamoto and Kawahara [17]. However, since their results were limited to the
initial small amplitude sloshing motion, quantitative comparison was not available. Figure 11
depicts the variation of maximum wave height at the wall for several selected frequencies.
It is con�rmed that the period used in the present calculation (T =1:183 s) corresponds to
a resonance frequency of this sloshing motion.

3.2. 2-D sloshing in an oil tanker

In this section, 2-D sloshing motion of partially �lled rectangular oil tanker is considered.
De�nition of the problem and the geometry are given in Figure 12(a). Density and viscosity
of crude oil are 890kg=m3 and 8× 10−3 Pa:s, respectively. Gravity acts downward. The tanker
is subjected to sinusoidal accelerations in horizontal (x) and vertical (y) directions as well
as rotation about a speci�ed axis (z). The motion of tanker is described as Dx=Ax sin(!xt),
Dy=Ay sin(!yt) and �z=�z sin(!zt), where D and � represent the linear and the angular
displacements. A and � denote the linear and the angular amplitudes, respectively, and !
is the frequency. Subscripts x; y and z represent each co-ordinate directions. The parameters
used to specify the motion are listed in Table I.
Calculations have been performed for two tankers; without and with a ba�e. In the latter

case, the ba�e was assumed to be 13:5 m high and located at the centre of the bottom. For
both cases, the origin of co-ordinate system is placed at 10 m above the bottom along the
vertical centreline. Initially, crude oil is at rest and pressure is in hydrostatic equilibrium.
Depth of oil, d, is 9m. Frictionless boundaries were assumed between the �uid and the wall.
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Figure 9. Free surface pro�les in a container subject to forced sinusoidal horizontal oscilla-
tion (A=0:93 cm, !=5:31, T =1:183 s). Results obtained with the present numerical scheme.

Time increment for each �gure is �t=1:8 s.

For the tanker without ba�e, a larger number of grid points were used in the y-direction
since vigorous sloshing motion was expected. The mesh used for the tanker without ba�e
consists of non-uniform 52× 41 grids (see Figure 12(b)). The mesh used for the tanker with
a ba�e consists of non-uniform 52× 31 grids (see Figure 12(c)).
Figure 13 shows the calculated free surface pro�les in the tanker without ba�e. The free

surface wave travels from side to side and climbs higher up the vertical walls as time elapses.
Fluid even splashes during collision with the ceiling of the tanker. A separated �uid fragment
moves along the wall and then falls down. This seems to be in slight discrepancy with reality,
where the �uid fragment is supposed to rebound from the wall. The inability to predict the
rebound phenomenon is probably attributable to the boundary conditions speci�ed on the wall,
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Figure 10. Wave heights at vertical walls as functions of time during sloshing in a container
subject to forced sinusoidal horizontal oscillation (A=0:93 cm, !=5:31, T =1:183 s). Results

obtained with the present numerical scheme.
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Figure 11. Maximum upward wave height at the left wall as a function of frequency in a container
subject to forced sinusoidal horizontal oscillation. Results obtained with the present numerical scheme.

where normal velocity was assumed to be zero at all times. The sloshing motion becomes
more and more ampli�ed and eventually �uid starts to roll over in the whole tanker. In the
tanker with a ba�e, on the other hand, sloshing motion is restrained signi�cantly by presence
of the ba�e as shown in Figure 14. The sloshing motion is con�ned within each region
separated by the ba�e. Comparison of above two cases shows that proper selection of ba�e
can minimize sloshing motion in partially �lled containers.
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Figure 12. De�nition sketch and numerical mesh systems for 2-D sloshing in an oil tanker. A ba�e
may be present at the centre of the bottom. (a) A tanker partially �lled with crude oil, (b) mesh for

the tanker without a ba�e (52× 41), and (c) mesh for the tanker with a ba�e (52× 31).

Table I. Parameters for 2-D sloshing motion.

x y z

Amplitude (m or ◦) 2 5 15◦

Period (s) 12.0 6.4 8.0
Frequency 0.524 0.982 0.785

When the height of ba�e is lowered, the �uid on one side goes over the ba�e to the
other side. However, the present numerical algorithm failed to give accurate description of
merging and splashing phenomena. This seems to be caused by the coarse grids used near
the ba�e, where a large amount of momentum is transported by a lump of �uid crossing the
ba�e. In addition, another possible reason might be an iterative nature adopted in the solution
procedure of �ow �eld, where the solution is obtained on the basis of local divergence in
each element [2]. Therefore, dense grids should be prepared in the region where radical �ow
motion is expected. However, it is not possible to know in advance where such radical motion
will take place. Moreover, such dense grids will increase the computation time signi�cantly.
A more reliable solution of problems associated with multiply connected �uid region should
be further investigated.

3.3. 3-D sloshing in an oil tanker

In this section, 3-D sloshing motion of crude oil in a tanker is considered. A problem de�nition
is given in Figure 15(a). The tanker is subject to sinusoidal accelerations with six degrees
of freedom; three translational and three rotational motions. The motion of tanker is de-
scribed as Dx=Ax sin(!xt−�)+Ax!xt, Dy=Ay sin(!yt), Dz=Az sin(!zt), �x=�x sin(!xt),
�y=�y sin(!yt), and �z=�z sin(!zt). Subscripts x; y and z represent each co-ordinate
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Figure 13. Free surface pro�les of sloshing motion in the oil tanker without a ba�e. Results obtained
with the present numerical scheme. Time increment for each �gure is �t=1:8 s.

direction. The tanker is assumed to advance in the positive x-direction with an average speed
of 20 km=h. The parameters used to specify the motion are listed in Table II.
Calculation has been performed for a tanker without ba�e. Tanker with a ba�e was not

considered since drastic sloshing motion was not expected. The origin of co-ordinate system
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Figure 14. Free surface pro�les of sloshing motion in the oil tanker with a ba�e. Results obtained with
the present numerical scheme. Time increment for each �gure is �t=1:8 s.

is placed at 10 m above the bottom along the vertical centreline. Initially, crude oil is at rest
and pressure is in hydrostatic equilibrium. Depth of oil, d, is 9 m. Frictionless boundaries
were assumed between the �uid and the wall. The mesh consists of non-uniform 26× 21× 17
grids, where the total numbers of nodes and �nite elements are 9282 and 8000, respectively
(see Figure 15(b)).
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Figure 15. De�nition sketch and numerical mesh system for 3-D sloshing in an oil tanker. (a) A tanker
partially �lled with crude oil and (b) non-uniform 26× 21× 17 mesh.

Table II. Parameters for 3-D sloshing motion.

Translation Rotation

x y z x y z

Amplitude (m or ◦) 53.05 2 4 8◦ −5◦ 2◦

Period (s) 60 14 9 8 10 12
Frequency 0.105 0.449 0.698 0.785 0.628 0.524

Calculation has been performed for initial 60 s. Figure 16 shows the calculated free surface
pro�les. Since rolling motion (rotation with respect to the x-axis) is predominant relative to
other ones, the free surface wave almost travels from side to side. The wave climbs up higher
as time elapses. In addition to translational accelerations, existence of rolling, pitching and
yawing motions made a striking contrast in the run-up heights at each corner. This asymmetric
sloshing motion of crude oil can produce an unexpected reaction force against the oil tanker.
From the large amplitude sloshing motion observed in Figure 16, necessity of a ba�e system
and its design in the transportation facilities can be well understood again.

4. CONCLUDING REMARKS

A new VOF-based algorithm has been proposed in a separate article by the present au-
thors for the transient free surface �ow problems. The new free surface tracking scheme
is characterized by two numerical tools; orientation vector and baby-cell. In this paper, the
proposed numerical algorithm was applied to 2-D and 3-D cavity �lling and sloshing problems.
Excellent performance of the proposed numerical algorithm has been demonstrated through
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Figure 16. 3-D free surface pro�les of sloshing motion in an oil tanker. Results obtained with the
present numerical scheme. Time increment for each �gure is �t=3:0 s.

numerical simulations. The calculated results have demonstrated applicability of the proposed
numerical algorithm to the practical problems of large free surface motion. The present nu-
merical algorithm resolved successfully the free surfaces interacting with each other. However,
more improvement should be made for a reliable settlement of problems associated with wall
boundary conditions in cavity �lling analysis and multiply connected �uid region in sloshing
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problems. Implementation of surface tension that plays an important role in small scale prob-
lems and analysis of thermal processes accompanying phase change remain to be further
investigated.

NOMENCLATURE

A linear amplitude
D linear displacement
dA in�nitesimal area element on the wall
dV in�nitesimal volume element on the wall
fti equivalent body force per unit volume acting in the ith co-ordinate direction
Lc characteristic length
Re Reynolds number
T period
t time
�ti surface traction
uwi ith component of tangential velocity on the wall
Vavg average inlet velocity

Greek letters
� boundary layer thickness
� viscosity
� angular amplitude
� angular displacement
� density
! frequency
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