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Abstract. Three-dimensional tank in smooth tank is of concern in various engineering
applications. Sloshing waves in moving tanks have been studied numerically, theoretically
and experimentally in past several decades and many significant phenomena have been
considered in those studies, especially the linear and nonlinear effects of sloshing wave with
inviscid or viscid liquid in a tank. The reported studies were the tanks excited by limited
exciting directions and with a fixed excitation frequency throughout the excitation. In reality,
for earthquake induced tank sloshing, the excited directions are actually multi-degree of
freedoms(coupled surge/sway/heave/pitch/roll/lyaw). The sloshing waves may vary with
various excited directions and oscillating frequencies.In present study, a 3-D tank with
various fluid depths, excited amplitudes, excitation frequencies and multiple degrees of
freedoms of eccitation are considered. The developed time-independent finite difference
method? is extended to incorporate the incompressible and inviscid Navier-Stokes equations,
fully nonlinear kinematic and dynamic free surface conditions in the analysis of the seismic
response of sloshing fluid in a 3-D rectangular tank with square basin. The boundary of the
tank is mapped on to a fixed square domain through proper mapping functions. The
benchmark study shows the acceptance and accuracy of the proposed numerical scheme. The
sloshing waves of different water depths and various frequencies of excitation are simulated.
The coupling effect of surge, sway and heave motions are also included and discussed. The
present results show four types of waves, which is ’diagonal wave’, ’square-like wave’,
‘swirling wave’ and ‘irregular wave’, and discover that ‘square-like wave’ and ‘irregular
wave’ not only occur at the tank under near the resonant frequency but also at the excitation
frequencies far away from the first natural frequency of the tank. The swirling wave will occur
when the tank is under near resonant excitation frequency, while the phenomenon is
insignificant as the excited angle is close to 45°. The swirling waves will change swirling
directions (counterclockwise to clockwise) according to the phase lags between swirling
periods and the fundamental period of the tank system. For the effect of coupling Surge, sway
and heave motions, the results shows there is an unstable influence when the excited
frequency of heave motion is twice as large as the fundamental natural frequency
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1 INTRODUCTION

Predition of free surface sloshing in a moving container is associated with various
engineering problems, such as liquid oscillations in a large storage tanks caused by
earthquakes, tank trucks on highways, the motion of liquid fuel in aircraft and spacecraft,
primatic membrane tanks for transportation of liquefied natural gas (LNG) and sloshing of
liquid cargo in ocean-going vessel. It is known that partially filled tanks are prone to violent
sloshing under certain motions, especially when the near-resonant excitation occurs. The large
liqguid movement would create highly localized impact pressure on tank walls which in turn
cause structural damage and may even create large rolling moments to affect the stability of
the vehicle which carries the container.

If the interior of a tank is smooth, the fluid viscosity plays a minor role and the potential
flow solution is suitable for the sloshing in a rigid tank. In mid 1970s, Abramson? provides a
rather comprehensive review and discussion of analytic and experimental studies of liquid
sloshing which apply in aerospace industry. Theoretical studies of nonlinear sloshing in axial-
symmetric tanks are presented by Narimanov, Dokuchaev & Lukovsky®, Miles®, Lukovsky®
and many others. These studies made significant progress in the theoretical treatment of
‘swirling” (rotary) waves due to sway/pitch resonant forcing, which can cause significant
longitudinal and transverse horizontal forces. The potential formulation of the Eroblem IS
often used in studying sloshing by many others such as Nakayama and Washizu®, Flipse et
al.”, Waterhouse® and Ockendon et al. * among many others. The most distinguished works
might belong to Faltinsen’s series of studies. Faltinsen'® used a perturbation technique to
solve the 2D mathematical problem in a tank which assumed the fluid to be inviscid and
incompressible. Faltinsen et al. ** reported a Multidimensional modal analysis of nonlinear
sloshing in a rectangular tank with finite water depth. Faltinsen & Timokha'? further
developed adaptive multimodal approach to nonlinear sloshing in a rectangular tank. Faltinsen
et al.”® extended their asymptotic modal system to model nonlinear sloshing in a 3D
rectangular tank. Faltinsen et al.* considered the effect of higher modes of nonlinear sloshing
in their adaptive systems.

Apart from the potential flow approaches, many numerical studies (computational fluid
dynamics, CFD, simulation) of the problems with primitive variables were made, particularly
for the fully nonlinear effects of the sloshing waves on free surface. Many papers give
successful examples for two-dimensional sloshing (see, for instance, Chen and Chiang",
Celebi & Akyildiz'®; Sames, Marcouly & Schellin'’; Aliabadi, Johnson & Abedi*® and recent
papers by Frandsen'®, Chen and Nokes' ). Frandsen'® developed a fully nonlinear finite
difference model on inviscid flow equations. He described the sloshing motion behavior in a
2-D wave tank based on potential theory according to a modified o -transformation that
stretches the grid from the bed to surface. The advantages of sigma-transformation can avoid
re-meshing due to moving free surface and the mapping avoid the necessity to calculate the
free surface velocity components explicitly. Moreover, the free surface smoothing by means
of spatial filter is also not required. Kim? used the finite difference method to simulate two-
and there- dimensional liquid containers with or without internal members. He used the
SOLA scheme to give a solution of Navier-Stokes equation with free boundary. The free
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surface profile is assumed to be single-valued function (SURF scheme) and the free-slip
condition is applied in his computation. Most recently, Chen* developed a time-independent
finite difference method to study viscous fluid sloshing in 2D rectangular tanks, the time
varied moving boundary was mapped onto a time-independent domain through proper
transformation functions and special finite difference approximation is made in order to
overcome the difficulty of maintaining accuracy of finite difference expression of the terms
with second derivative when the difference mesh is stretched near the boundary. Detailed
transient sloshing phenomenon, streamline patterns and excitation frequency effects on
hydrodynamic force coefficients were reported. For 3D tank sloshing, Feng®* used a three-
dimensional marker and cell method to study fluid sloshing in a rectangular tank. This method
takes large amount of computer memory and CPU time and the results reported indicate the
present of instability. Wu et al. 2 used an inviscid finite element method analyzed the fully
nonlinear wave in a three dimensional tank.

Many previous works paid more attention to the effects of resonant waves due to near
resonant excitation. Waterhouse® worked on resonant sloshing near a critical depth. He found
the tanks excited under a near-resonant frequency would produce a response which changes
from a ‘hard-spring’(increasing amplitude with increasing frequency) to ‘soft-spring’
(decreasing amplitude with increasing frequency) response as the depth passes through a
critical value. Wu et al. % focused on near resonant cases primarily based on tanks excited by
both surge and sway motions and compared its results with 2D standing waves. For fixed
acceleration amplitude, their results showed the displacement amplitude of the tank is
reciprocal proportional to the excitation frequency. Hill*® developed multiple-scales analysis
to derive an evolution equation for the complex amplitude of resonant wave but is invalid in
the vicinity of the “critical depth” and in shallow—water limit. He used shallow water equation
to modify the results and compared with experimental data which showed a good agreement.
Faltinsen et al. * developed multidimensional modal analysis of nonlinear sloshing in a
rectangular tank. Their theory is validated by new experimental results. The asymptotic theory
is not applicable to shallow water because of secondary parametric resonance and means that
the primary mode is not dominating. Faltinsen and Timokha®? created an adaptive multimodal
approach to nonlinear sloshing in a rectangular tank. Adaptive procedures have been
established for a wide range of excitation periods as long as the mean fluid depth h is larger
than 0.24 times the tank breadth. Their theory is invalid when either water depth is small or
water impacts heavily on the tank ceiling. As water depth is small, many modes have the
same order and each mode have more than one main harmonic. Faltinsen et al."* derived an
asymptotic modal system for modeling nonlinear sloshing in a 3D rectangular tank. The
theoretical part concentrated on periodic solutions of the model system (steady-state wave
motions) for longitudinal and diagonal excitations and found out three types of solutions are
established for each case: (1) ‘planar/diagonal’ resonant standing waves; (2) ‘swirling’ waves
moving along tank walls and (3) ‘square-like’ resonant standing wave coupling in phase
oscillations of both lowest modes. The results only for the tank under the longitudinal or
diagonal excitations of a basin excited near the lowest natural frequency. Their theoretical
results compared with experiment agreed very well for planar and diagonal motions. Faltinsen
et al.?* also used asymptotic modal system to solve sloshing waves and classify steady state
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three-dimensional resonance waves in detail for a tank with various water depth. Most
recently, Faltinsen et al. ** added higher mode effect in the asymptotic system and compared
their calculated results with new experimental results which were more agreeable than that of
by Faltinsen et al.*. However, their modal system cannot account for the random
perturbations occurring due to the local phenomena.

The work for trasient waves also have been a focus in previous research. The phenomena
of modulated (beating) waves and “beating period’ is indeed important in an excited tank. The
beating is a consequence of transients that does not disappear during a long period of time
because of very small damping of the fluid motion inside a smooth tank with no internal
members blocking the flow and no heavy water impact on the tank ceiling. As is well known,
the frequency of the amplitude-modulated wave is Aw=|o—a,|, and its time period

is2z/ Aw. If the excitation frequency closes to the fundamental natural frequency, the period
of ‘beating’ phenomenon would be very huge in a transient sloshing problem. The transient
sloshing is in general much larger than that at the steady-state sloshing and it could cause
significant effect of the stability of the ships or moving cargo with carrying liquid. During the
earthquakes, the transient sloshing waves and its cause large pressure and moment on the
structure is more important than steady-state sloshing waves. Hill*® compared the transient
waves with steady-state waves and showed that the maximum response of a basin set into
motion from rest can far exceed the steady-state response of the basin. In a recent
measurement by Faltinsen et al."®, the experiments lasted for about 120 forcing periods and
clear steady-state regimes were not achieved even for this long series. The transient behaviour
during the first 80 seconds changed between being dominated by ‘planar/diagonal’, ‘square’
and ‘swirling’ wave modes. The main intensity of a major earthquake occurs within 60
seconds, the results of the transient sloshing can, therefore, offer enough knowledge in
engineering practice.

As we know, a liquid container or reservoir undergoes an earthquake or a ship’s oil
container is subjected to the forcing waves which not only has horizontal but also vertical
oscillation. Faraday® studied the sloshing instability in vertical oscillating container, known
as faraday wave, and found it has a parametric instability. Benjamin and Ursell?® investigated
the vertical motion theoretically and concluded that the solutions solved from Mathieu
equation are always unstable for an external forcing frequency equal to twice the sloshing
frequency. Wu et al. % found under the vertical oscillation, the motion of the free surface is
not at the excitation frequency but at the first natural frequency of the tank and the wave
evolution during the transient period may be determined only by the acceleration amplitude of
the excitation. The heave motion coupling with surge or pitch motion was discussed in resent
years. Frandsen® coupled surge and heave motion together and found that vertical excitation
causes the instability associated with parametric resonance of the combined motion for a
certain set of frequencies and amplitudes of vertical motion while the horizontal motion is
related to classical resonances. Chen and Nokes' reported the initial disturbance of the fluid
surface of the tank would result in huge difference of the surface elevation when vertical
excitation is coupled with surge or pitch motion.

The 3D tank with different ratios of depth/excited amplitude, multiple degrees of freedom
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of excitation, excitation frequencies of near or far from natural frequency and non-constant
excitation frequencies are considered in present study. The developed time-independent finite
difference method is extended to study the seismic response of sloshing fluid in a 3D
rectangular tank with square basin. The invisid fluid and incompressible flow are considered
sloving the Navier-Stokes equations and fully nonlinear kinematic and dynamic free surface
conditions are taken into account as well in present numerical work. The main study of this
research simulates a 3D tank undergoing different combination of motions with varying
vibrating directions. Most simulations made in the present study are lasting for 40 seconds to
capture the leading sloshing wave groups and the maximum transient phenomenon can be
recorded and studied. Section 2 introduces the equations of motion written in a moving
coordinate system attached to the accelerating tank. The fully non-linear free surface
boundary conditions are listed. The coordinate transformation functions that map the time-
dependent domain into a fixed unit cubic and allow for mesh stretching at the boundaries are
introduced in Section 3. The sensible non-dimensional governing equations are also derived.
The proposed finite-difference method is developed in Section 4. Section 5 presents the
detailed results and provides comprehensive discussion of all the phenomena found in present
study. The discussion begins with the benchmark tests to validate the accuracy of numerical
scheme of present study then comprehensive examples are made. Secondly, the sloshing
waves include the diagonal, square-like, swirling (clockwise and counterclockwise) and
irregular waves are discussed with various excited angle (means the moving direction of
horizontal ground motion) and a wide range of excitation frequency of the tank. The effects of
excited angle are presented as well. Finally, the influence of heave motion coupling with
horizontal ground motion is shown in the end of Section 5 and finds out that an unstable
influence when the excited frequency of heave motion is twice as large as the fundamental
natural frequency. Eventually, a brief conclusion of present work is shown in section 6.

2 EQUATIONS OF MOTION

A fully non-linear model of inviscid 3-D waves in a numerical wave tank was developed.
As shown in Fig 1, a rigid tank with breadth L, width B and still water depth do. As the
coordinate system is chosen to move with the tank motions (including surge, sway, heave,
yaw, roll and pitch motions, see Fig. 1), the momentum equations can be derived and written
as

ou ou du ou 1op PR Lo o .2 : . (1)
—+U—+V—+W—=—0gc0sa————-X.—(fz-W)-(Laf-p -y )x-2 -
o U Ty Ty T raeesa o Xe (=)= @2af - "=y )x=2x (W —p)
—+U—+V—+W—=—gcosf———-Y. —-(XK—-az)-(2py —a"— -2 - aw
a Ve gcos oy e (K —az)—(2p7 —a” —7")y —2x(u—aw)
oW oW  ow ow 1op . PRy, . (3)
—+U—+V—+W—=—gcosy ————Z.—(ay - pX)-(ay—a" - p°)z-2x (v -
7 5% T3 o - 900sy o ke (ay = px) = (2ay —a” = f7)z—2x(av — pu)

where u, v and w are velocity components in x, y and z directions, X . ~ Y. and Z'_ are
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the acceleration components of tank in x, y and z directions ; (¢ ~ g ~ ¥ )and (& , 4 ,7 )
are the corresponding angular velocities and accelerations with respect to x, y and z —axes, p is
the pressure, p is the fluid density and g the acceleration of gravity.
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Figure 1: Definition sketch
The continuity equation for incompressible flow is
@+@+@ =0 (4)
ox oy oz
The kinematic free surface condition is
oh oh  oh (5)
—+U—+W—=V
ot OX oz
The dynamic free surface condition is
p=0 (6)

The slip condition is applied at the boundaries between fluid and solid walls and the
boundary condition at the solid walls must satisfied the momentum equations.

%%:—gcosa—i{c —(fz=) - @ap - p* - 7*)x=2(fw - ) "

L Gcos V. — (k- éiz)— (27 — 6 — 72)y - 20— o) ®)
p oy

%%:‘QCOsy—Zc—(0‘2)'—550—(20?7—062—BZ)Z—Z(QV—B“) ©)
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Taking partial differentiation of Eqs(1), (2) and (3) with respect to x, y and z respectively,
and summing the results, one can obtain the following pressure wave equation which is used
to solve for the pressure

@+@+@ - E(U@+v@+w ) g(u@+v@+wav) ﬁ(u@ﬁ,@ W@) (10)
X ayz azz_pax x oy Pay x Y e p@Z x Y =
—2p[af+ py +67)— (& + B +77)]- 2p[a(av—?yN) ,B(f_f) (g_g)]

3 COORDINATE TRANSFORMATION AND DIMENSIONLESS EQUATIONS

In present study, a simple mapping functions is used to remove the time-dependence of the
free surface of the fluid domain. The irregular boundary, such as time-varying fluid surface,
non-vertical walls and non-horizontal bottom, can be mapped onto a square by the proper
coordinate transformations as follow

X = X—bl(y,Z) y*zl_ y+d(X,Z) 7= Z_bs(xvy) (11)
b,(y,2)-by(y,2) h(x,z,t) b, (X, y) =bs(X,y)

where the instantaneous water surface, h(x,z,t), is a single-valued function measured from

tank bottom, d(x,z) represents the vertical distance between still water surface and tank bottom,
b,andb, are horizontal distance from the x-axis to the west and east walls respectively, and

b, and b, are horizontal distance from the z-axis to the north and south walls respectively,

(see Fig. 2). Through equations (11) to (13), one can map the west wall to x” =0 and east
wall to x” =1, the north wall to z° =0 and south wall toz" =1, the free surface to y" =0 and

the tank bottom to y” =1. In this way the computational domain is transformed to a fixed unit

cubic domain. The main advantage of the transformations is to map a wavy and time-
dependent fluid domain onto a time-independent unit cubic domain.

The coordinates (x',y’,z") can be further transformed such that the layer near the

boundary is stretched to capture the sharp local velocity gradients. The following exponential
functions provide these stretching transformations

X =4 +(X = 4)ek D (12)
Y=2,+(y _ﬂz)ekzy*(v*fl) (13)
Z=2,+(7 - 2,)e @D (14)

The constants k, and 4, control the mesh size near the free surface and tank bottom. The
constantsk, , 4, , k;and A;have similar applications. Thus, the geometry of the flow field and
the meshes in the computational domain (X-Y-Z system) become time-independent
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throughout the computational analysis. Fig. 3 illustrates the coordinate transformations of X-Z
plane in the present model.

Aky
K DY) |
X
«—F—> I 7 »/
by (X, y) / z(y )
by (X,
h(XZt)v

Figure 2: Definition sketch of coordinate transformation

Concepts of coordinate systems transformation

i 1 0 1 Deformed
X x*® tank =

Figure 3: Concepts of coordinate transformation in x-z plane

Finally, the dimensional parameters are normalized as following definitions

(15)
U - u N v wo W P = p T ]9 H=
gd Jod, gd, p9d d, do
X y Zc — o ﬁ — 7/ 0! dO
X,=-¢y =22 z="0,=— 0,= 0, =" 0,=—"0_[-=2
“Td, 7 d, 2z "2z 7 2z 22\ g

f / = _Bdig T 4%
O 27[ O = 27 o 27r g Oy = 2z g ' 27 g

Where u, v, and w are velocity components in X, y, and z directions; p is the pressure, g is
the gravitational acceleration, d, is the undisturbed fluid depth, t is the real time of
simulation, X, , y.and z, are the ground displacement in the X, y and z directions, respectively;

(a~ B ~ y)(a~p ~ y)and(é ~ B ~ ) are the responding angular displacements,
velocities, and accelerations with respect to x, y and z axes, and the fluid depth h is
normalized by d,

With the aforementioned transformations and dimensionless variables, equations (1)-(10)
can be written in the dimensionless forms. But all of them are tedious and lengthily, only the
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dimensionless momentum equations are presented in this paper as follow

UT + (C10C13U X + C11C14UV + C12C15U z ) + C1C13LJLJ X + C2C14LJLJ Y + C3C15ULJ 4 + C4C13VLJ X
+C,C VU, +C,C,VU, +C,C. WU , +C,C WU, + cgcmwu , =—cos(270,) -

- y0®

2z
+C,CuP, +CC5P, ) — Xy _T(Z o
0

BT 7TT)

47(® ;W -0 V)

VT + (CIUC13VX + C11C14VY + CIZCISVZ ) + CICISUV X + C:ZC:14LJVY + CSCISUVZ + C4C13VV X
+C,C W, +C,C W, +C,C WV, +C,C WV, +C,C ;WV, =cos(270 )~

2r 4r?
+C;CuP, +CCysP; ) +Yorr + T(X®7TT

0

+47(0 U -0 ,W)

W; + (CyyCpWy +CCWy + C,C W, ) + C,.CUW, + C,C,UW, + C,CUW, + C,Cp VW
+C,C VW, +C,C VW, +C,C,WW, + C,C, ,WW, + C,C;;WW, = —cos(270,) — (C,C,;P,

2r

Ar?
+CeCuP, +CCP,) - Zry —— (YO 1y — Z@leT)—d—(ZGMQVT —0@%r —0®%)2
0

dy
~47(0,,V -0 ,U)

P )

— Z®aﬁ)+T(2®/JT®yT _®2aT _®2;/T)y
0

(16)

17)

(18)

In the above equations, C;-Cjs are the coefficients due to coordinate transformations and
are listed in Table 2.1 P, denotes a partial derivative of P with respect to X; Ut expresses as a

partial derivative U with respect to dimensionless time T; X , Yor and Z., are

dimensionless ground accelerations in x, y and z directions;the other terms have similar
meanings. For a fully non-linear free surface condition, the kinematic free surface condition

must applied at the instantaneous free surface location i.e., at y=h-d,

Thus, the

coefficients C;1-Cy5 that are related to the free surface position are updated during each

iteration of the calculated process..

C1:d0£: do
ox_ b,(y.z)-by(y,2)
g, L éh_ 1 oH
Cz—do ox —hz (y+d0)aX_H2(y+d0)
SR AN S y)]i_[(z b, (x Y12 }
o [b,(x,y)=by(x, V)
o d, >,
Co=—ty—= _{Ix—by(y, 21
& By -byof P02l b e }
C5 = _dO ay = d_0: L
oy h H
a d, )
Cog@®__ % oy A
0y (% y)—by(x, y)]z{[(z (%, y)]ay ~[(z-bj(x, y)]ay
o 0y ob, ab,
G = = Db RO s
b (y.2) by LRS- B RS
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oy” 1 oh 1 oH
Cg=d,—=—(y+d,)—= +d,)—
8 0 82 hz(y O)az Hz(y 0) 82
oz d,

C,
0z b, (x,y) = by(x,y)

-b, b b,
( \F[bwz) by L (yzﬂ ~[(x=b, (1 =43

g 1 oH
C, = |= = — = = d,)—
1 1/ 1/ (y °)at ,/do Hz(y+ o) ot

6b ob
0 { b 3 b 4
1/ [b ) -b K YF Lz =b, (Y=~ (2 =By (x V)=

Cp, = =L+ k(X" = B,)(2x" 1)]ek1”<*””
Cy = aY* S L4 k(Y - By)(2y T — 1)ekr 07D
Cu = 22 C L4k, (2 = B)(22° — )6k @D

Table 1 : The coefficiences C1-Cys

4 FINITE-DIFFERENCE METHOD

The numerical method used in this study is based on finite different method. In this three-
dimensional analysis, the fluid flow is solved in a unit cubic mesh in the transformed flow
domain. All the computations are using dimensionless equations in X-Y-Z coordinate systems.
The difference equations for space derivatives are using central difference approximation, and
become forward or backward difference approximation when they reach the boundaries. A
staggered grid system is used in the analysis. That is, the pressure P is defined at the center of

a cell, whereas the velocity components U, V and W are calculated 0-5AX 0.5AY gnd 0.5AZ
behind, below or forward the cell center. The detail locations of them can be found in Fig. 4.
The Crank-Nicholson second order finite difference scheme and the Gauss-Seidel Point
successive over-relaxation iterative procedure are used to calculate the velocity and pressure,
respectively. The numerical scheme and detailed iteration procedure are similar that reported

in Chen and Roger" and is omitted in this paper.

i jk41

u i+1, .k

;Vi‘j+1,k

Figure 4: The location of U, V, W and P
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5 RESULTS AND DISCUSSION

In present study, a rectangular tank with ratio breadth / width = L / B = 1, still water depth
/ breadth = do /L =0.25 are used in most of the simulations. Although the surge, sway, heave,
pitch, roll, and yaw motions are considered in this study, the main focus of this paper is a tank
under horizontal ground motion with various excited angle and the heave motion coupling
with surge-sway motion is also discussed. The ground acceleration of surge, heave, and sway
motion are given as X, = X,a:sina,t, Y, =Y, sineot, and Z, = Z ! sina,t, respectively,

where X,, Y, and Z, are the maximum excited amplitudes and o, , @,, and o, are the

corresponding excited frequency with respect to surge, heave, and sway motion.

5.1 Verification

In order to validate the accuracy of numerical simulation, the results obtained from the
present numerical model are compared with those reported in the literature for the benchmark
tests. Fig.5 shows the phenomenen of ‘hard-spring’ of present result comparing with Hill %
and Lepelletier and Raichlen?. It illustrates that the tank under only Surge motion with
varying excited frequencies which are close to the fundamental natural frequency @, of the

tank and shows good agreements. The difference is due to neglecting viscous and damping
effect in the present study. Fig.6 compares the present results with numerical results made by
Frandsen'®. The tank is under only heave motion with different excited frequencies. It also
shows a great agreement. And the result of diagonal excitation made by Kim® is shown in
Fig.7 as well and the agreement of the comparison is very well. Thus, the present numerical
model can be demonstrated by the benchmark tests mentioned above.

1.0

m  Transient (exp- Lepelletier and Raichlen)
Transient (theory- Hill) °a

Present result .

0.7 4 .A'

0.9 4

084 A

0.6 4
w 0.5 4 ° =
0.4 4 a ac =
[
0.3 4 .'_JJ'J .
0.2 a *‘m

0.1 P°°m

0.0

Figure 5: The 'hard-spring' phenomenon. The tank is under Surge motion. Tank's L= 0.6095m, B= 0.23m , water
depth = 0.06 m and a,=0.00196 m . & : the dimensionless maximum wave height during the transient period.

A : the 'detuning' frequency of the tank.
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Figure 6: The wave history on tank’s corner under Heave motion, the ratio do (still water depth) /L and d, / B
=0.5. (a) Tank's displacement ao / L=0.272, @, =0.8¢ ; (b) Tank's displacement ay / L=0.272, @, =2}

2.5

2.0 4 = Presentresult
Kim (2001)

n/do

T

Figure 7: The wave history on tank’s corner under Surge- Sway (diagonal) motion, the ratio dy / L and do / B
=0.25, tank's displacement ay/ L=0.0093, @, = @, =0.99¢, .

5.2 Surge-Sway motion

The results presented in this section are the cases of tank under horizontal ground motion
only. The frequencies of excitation are in wide range, from 0.2, to 2.3 ®,, where @, is the
fundamental natural frequency. The excited angle & (see Fig. 8) is chosen to be
5°,10°,15°,30° and 45°. Thus, more than 100 simulation cases were made in this study, and
only selected cases are reported in this paper. The depth/breadth ratio is fixed to 0.25, the
maximum excited displacement is 0.005 L . Four different types of sloshing wave are found in

those simulations.
The diagonal wave means the sloshing waves sloshing only in diagonal direction inside the

tank, especially when the excited angle equals to45°. Fig.9 illustrates the wave history of
point A and | and the absolute peak sloshing displacement of fluid surface as a tank excited at

6 =45°. The traveling way of diagonal waves is obviously presented. However, when the
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tank vibrates in other excited angles, the wave type would change. This type of sloshing
waves does not sloshing in the absolute diagonal direction. On the other hand, the waves slosh
in one direction that is almost close to the diagonal. We define this type of waves as “single-
directional” waves. The single-directional waves were not found in previous studies because
their studies only focused on a tank under longitudinal forcing (surge) or diagonal forcing
(surge-sway). Fig.10 presents the free surface contour profiles of single-directional waves
with various excited angles as the excitation frequency is fixed to 0.4 @, . The traveling ways

of single-directional waves are found to be the same as the excited angles of the tank.
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Figure 8: The definition of excited angle
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N

DO\
Figure 10: The free surface contour profiles of single-directional and diagonal waves with various excited angles.
The excitation frequency is equal to 0.4w1l

The meaning of “square-like” waves is the sloshing waves traveling mainly on the two
opposite sides of the tank. In previous studies, this kind of waves could only be observed
when the excitation frequencies of the tank was close to the first natural frequency during
longitudinal forcing (Faltinsen*®). However, the research also made by Faltinsen**, the square-
like waves disappeared due to modifying their asymtotic modal system. In present study, the
square-like waves are found when the tank’s excitation frequencies is far away from the first
natural frequency. Fig.11 presents a tank excited at # =10° and excitation frequency is 1.5 «, .
The absolute peaks of fluid surface shown in Figl1 (b) can be described the motion of square-
like waves. Nevertheless, due to various excited angles, the square-like waves also be affected.
Fig.12 represents the contour profiles of free surface with various excited angles and the same
excitation frequency of the tank. We can see effortlessly the areas of the square-like waves
vary with various excited angles and increase with increasing excited angle from 5°to 45°.

As the waves slosh irregularly inside the tank, it is named “irregular” waves and also called
“chaotic” waves. In previous studies, it could be found as the tank’s excitation frequency
being close to the first natural frequency within certain small range. By comparison, the
irregular waves also can be found as the tank’s excitation frequencies being out of resonant
frequency in present study. Fig.13 shows the result of the tank excited at =15 and
excitation frequency is 2.3 w,. From Fig 13 (b), we can find out that the sloshing wave peaks
scattered irregularly inside the tank.
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Figure 11: The square-like waves, @ =1.5@;, 8 =10°. (a) the wave history ; (b)the distribution of peaks.
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Figure 12: The free surface contour profiles of square-like waves with various excited angles. The excitation
frequency is equal to1.5@,.

The swirling waves describe the sloshing waves moving along the tank walls in a direction
of clockwise or counterclockwise. In previous studies, the tank’s excitation frequencies for
swirling waves are limited within certain range in longitudinal forcing (surge) or diagonal
forcing (surge-sway). However, the swirling waves can be discovered with a wider range
under various excited angles. Fig.14 illustrates the results of swirling waves as the tank
excited at # =10°and the excitation frequency is0.97@,. The “beating” phenomenon and a
switching of rotation direction for swirling waves are found in Fig.14(a) and (b). This is a
kind of “beating”, which was not observed for longitudinal forcing, but is well known form
experimental studies on swirling motions in circular and spherical tanks. Fig. 14 (c) shows the
absolute peaks of swirling waves scattered around the tank walls.

(@) - (b)
Point A
—_—— Point |
0.2 ‘
i @ LI
< I | ‘ I ot o
< o014, [ I 1 dh1g I 1.5 e i
= ! I = x|
° ! 5 1 o 8 oo g o° Weiet Y
2 ; I 2 05 o~ R -
i o o
2 00+ @ | " s g Job oS ey ’
£ 1 I i VL § o] Pl et : 5 020.30.4
i | i Ul LA | V| ‘ " i g * . o %e" " g
0.1 4 i 14l i 3 : .. < 04
0.1 i I i | i 1 0.5 04 p Ty o & 0
e p2 < 01
01 -0.2
02 . 0.1 0.2 < 03
0 10 20 30 40 50 60 70 80 90 100 03 04 05 "0 'ED 4 B
T L

Figure 13: The square-like waves, @ = 2.3@;, 0 = 15°. (a) the wave history ; (b)the distribution of peaks.
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Figure 14: The swirling waves, @ =0.97@,, 0 =10° . (a) the wave history ; (b) the pattern of
counterclockwise and clockwise waves ; (c)the distribution of peaks.

The reason for the switching of rotation direction about swirling waves is made and
discussed. Fig.15 presents the tank’s displacement in X and Z direction compare with wave
elevation of point A and D during 4 regions of dimensionless time. The beginning time
regions of counterclockwise and clockwise swirling waves are at T=30~50 and T=120~140,
respectively, and the switching time is at T=130. Fig.15 (a) and (c) indicate the beginning
time region of counterclockwise and clockwise swirling waves, respectively. Fig.15 (b)
illustrates the switching time region and (d) means the time region of clockwise swirling
waves. In general, as the tank’s displacement is positive or neglect, the water will be raised or
lowered and this phenomenon can be found in Fig.15 (a) and (c). Fig. 15 (b) shows different
behavior distinct from (a), obviously. As a result, we can discover that there must have a
phase lag between the period of swirling waves and the fundamental period of the tank
vibration system. This phase lag could be the reason for the switching of swirling waves. The
other interesting phenomenon can be discovered in Fig. 14 (c) is that the larger absolute peaks
of sloshing waves concentrate on the four corners of the tank. This means while the sloshing
waves traveling in counterclockwise direction, the maximum sloshing displacement focus on
the corner A and C of the tank. On the contrary, as the sloshing waves moving in clockwise
direction, the maximum sloshing displacement become focusing on the corner B and D of the
tank.
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Figure 15: The link between wave elevation and tank’s displacement. The tank excited at & =10",
@ =0.97@, . (2) T=30~50 (The beginning of counterclockwise waves); (b) T=110~130 (The switching time
region); (c) T=140~160 (The beginning of clockwise waves); (d) T=165~185 (The clockwise swirling waves).

5.3 Surge-Sway-Heave motion

A tank may be simultaneously excited by horizontal and vertical ground acceleration
during earthquakes. In previous studies, the influence of heave motion for sloshing waves
were made and found out its maximum effect for sloshing system was when the excited
frequency of heave motion is twice as large as the first natural frequency. The same
phenomenon has also been found in present study. Thus, coupled surge-sway-heave motion is
made by a tank under various excitation frequencies but only chosen cases to present here as
the excited frequency of heave motion is twice as large as the first natural frequency.The
heave motion is just a change in gravitational acceleration, and its effect is expected to be
small if the free surface of the tank is initially undisturbed. However, if the free surface is
initially sloping or it is disturbed by other combination of ground motions, the vertical
excitation would enlarge the free surface elevation during tank motion. The detailed relations
between initial disturbed or plane free surface and heave motion are reported in Chen and
Roger [2005]. Fig. 16 shows the two cases of sloshing waves affected by heave motion. The

vertical displacement yo = 0.005L ,excitation frequency w, = 2, and the excited angle 6 =5°.
The heave motion starts at T=40 under the disturbed free surface. The effect of heave motion

is shown in Fig 16(a) and found that the beating phenomenon, sloshing waves’ period and the
sloshing displacement are changed. The type of sloshing waves also differs from only surge-
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sway motion as the tank’s excitation frequency is equal to 0.9@, and become swirling waves

after coupling heave motion. Fig.16(b) depicts the distribution of absolute peaks and shows a
swirling waves type. Fig.16 (c) and (d) present the square-like waves affected by heave
motion finally changes its wave type to swirling waves. Thus, as the tank under heave motion
coupling with other ground motions and vertical excitation frequency is equal to 2, the

unstable influence of heave motion is obviously found in present study.
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Figure 16: The results of surge-sway-heave motion, The tank excited at & =5°, o, =2.0a@ . (a)

o, = o, = 0.9 ; (b) the distribution of peaks, @, = @, =0.9,; (c) w, = @, =1.5@, ; (d) the distribution

of peaks, @, = @, =1.5@, .

6 CONCLUSIONS

The developed time-independent finite difference method is extended to solve the
incompressible and inviscid Navier-Stokes equations, fully nonlinear kinematic and
dynamic free surface conditions in a rectangular tank with a square basin. The main
study of this research simulates a 3-D tank undergoing different combination of
motions with varying vibrating directions. In present study, the 3D tank with
different ratios of depth/excited amplitude, multiple degrees of freedom of excitation,
excitation frequencies of near or far from natural frequency are considered.

The comparison of the results obtained by present simulation and those of reported
data shows the acceptance and accuracy of the proposed numerical scheme.

The results of Faltinsen et al.**, ** indicated the square-like and irregular waves will
be presented during the tank is under near resonant excited frequency. However, in
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the present study, the tanks are under various excited angles of horizontal ground
motion, the square-like and irregular waves not only occur at the tank under near
resonant frequency excitation but also at the excitation frequency far away from the
first natural frequency of the tank system.

The effects of various excited angles for different sloshing wave are presented and
demonstrate its influence can not be out of consideration.

The swirling wave will occur when the tank is under near resonant excitation
frequency, while the phenomenon is insignificant as the excited angle is close to 45°.
However, the range of excitation frequency for swirling waves is wider than previous
studies because of the effect of excited angle. The swirling waves will change
swirling directions (counterclockwise to clockwise) according to the phase lags
between swirling periods and the fundamental period of the tank system.

The coupling effect of surge, sway and heave motions is also made in present study
and the results shows an unstable influence when the excited frequency of heave
motion is twice as large as the fundamental natural frequency.

The developed numerical scheme can easily simulate the coupled excitations of six-
degree of freedom and also the real fluid sloshing in the tanks
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