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ABSTRACT

The roll motion response of a single degree of freedom (SDOF) structural system to which a rigid rectangular partially filled liquid tank has been
attached is considered. The SDOF structural system with the empty tank is first described with a mathematical model and this model is validated by
performing decay experiments as well as experiments in which periodic excitations are applied to the system. The responses are accurately predicted by
the model. The accuracy of these predictions allows us to study both experimentally and numerically, with weakly compressible SPH, the performance
of the partially filled tank as a tuned liquid damper (TL.D). The sloshing flows inside the tank comprise the onset of breaking waves which make the
TLDs devices extremely difficult to model, especially for the potential flow multimodal approaches commonly used to simulate these sorts of coupled
systems. In order to characterise the wave breaking effects on the response curves, tests have been performed with liquids of different viscosity, the
increasing viscosity preventing the onset of breaking waves. The capabilities of SPH to treat this coupling problem are assessed and the results show
that SPH is able to capture a substantial part of the physics involved in the addressed phenomena but further work remains still to be done relating to
a more accurate treatment of the laminar viscosity and turbulence eftects.

RESUME

La réponse en roulis d’un systéme a un degré de liberté (SDOF), auquel est fixée une cuve rectangulaire partiellement remplie de liquide, est étudiée
dans cet article. Dans une premiere partie, un modele mathématique est proposé pour le systeme SDOF, calibré a I’aide de résultats expérimentaux
d’oscillations libres et forcées, avec une excitation périodique. La réponse du systéme est reproduite avec précision par le modele. L efficacité de la
cuve en tant qu’amortisseur liquide (TLD) est ensuite analysée expérimentalement et numériquement en utilisant la méthode de simulation SPH. Pour
résoudre ces problemes de couplage, des méthodes basées sur la théorie du potentiel sont généralement utilisées. Dans le cas présent, leur utilisation
est limitée a cause de la formation de vagues déferlantes lors du ballotement du liquide dans la cuve. Une plus grande viscosité du liquide réduisant la
formation de ces vagues, des expériences ont été effectuées avec des liquides de différentes viscosités pour quantifier I’impact des déferlantes sur la
réponse globale du systéme couplé. La capacité de la méthode SPH pour résoudre ce probleme est discutée et les résultats montrent que les principaux
phénomenes physiques sont reproduits avec SPH. Cependant, des travaux restent nécessaires quant au traitement de la viscosité laminaire et a la partie
turbulente de 1’écoulement.

Keywords: Roll, SDOF, single degree of freedom systems, smoothed particle hydrodynamics, SPH, TLD, tuned liquid damper,
wave breaking

1 Introduction (TLD) system represents an efficient and simple technique to

increase the damping of a structure. It involves the attachment
The risk of occurrence of severe damage or structural failures of one or multiple partially filled liquid- tanks to the structures.
in buildings during a catastrophic event like an earthquake or a The TLD systems rely on the sloshing waves that appear at the
hurricane can be reduced by adopting techniques to increase the free surface of the fluid to produce a counter force and torque

damping characteristics of a structure. A tuned liquid damper thus dampening the initial motion. The growing interest in TL.Ds
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is due to their low capital and maintenance cost and their ease
of installation into existing and new structures. Very important
examples of these devices are the Shin Yokohama Prince Hotel,
the Hobart Tower in Tasmania (Kareem et al. 1999) or the 1300t
one installed in the Comcast Center in Philadelphia, PA, claimed
to be the largest in the world.

In the existing literature two theories can be found to describe
the response of a TLD to external excitations. The first one con-
sists of imposing a periodic motion on the TLD by using a shaking
table or a forced roll motion device and measuring the response in
terms of lateral force or moment (Reed ef al. 1998, Taitetal. 2005,
Souto-Iglesias et al. 2006). This measurement is not usually
straightforward because the response of the tank liquid cannot
be completely detuned from the structure itself when registered.
Therefore some superposition hypotheses on the Fourier analy-
sis of the empty tank and partially filled tank responses aimed
at extracting the liquid response are needed. The period of the
forced motion is related with the natural period of the structure
and the TLD is designed to have a maximum response at this exci-
tation period. The design parameters are the shape of the tank,
the liquid depth and the use of baffles inside the tank.

The other approach, more complex, and the one the present
paper deals with, is to consider the motion response of the coupled
system tank-structure, subjected to external excitation in terms
of force, moment or even induced motion to the tank interfaced
with an elastic structure. With this second approach, not only
the natural period of the structure is considered; the damping
characteristics, inertia and restoring terms are also relevant in the
dynamic analysis. Real motions of the structure are the outcome
of this process and such motions can be compared with design
limit states, for instance (Banerji ef al. 2000, Frandsen 2005,
Delorme et al. 2006, Attari and Rofooei 2008).

Modelling TL.Ds fluid responses has been conducted using
a range of approaches mostly based on mechanical analogies
(Tait and Deng 2008), potential flow models of the free surface
fluid flow (Frandsen 2005, Attari and Rofooei 2008, Ikeda and
Nakagawa 1997, Tkeda 2003) or most commonly, non-linear shal-
low water wave theory (Sun and Fujino 1994, Reed ef al. 1998,
Banerji et al. 2000, Tait et al. 2005). None of these has tried
to properly model the effects of breaking waves on increasing
the dampening effects of the TLD devices. Nevertheless, quoting
Frandsen (2005),

It should be noted that, if the tank size is large enough, the effects of
viscosity and surface tension can be neglected and the energy
dissipation will be caused by wave breaking only.

Sun and Fujino (1993) proposed an analytical model for a TLD
in which the breaking waves effects were considered by empirical
corrections to the response. This model was later used by Banerji
etal. (2000) who studied the particularities of strong earthquakes
motions to find that a larger liquid-mass to structure-mass ratio
is required for a TLD to remain effective as structural damping
increases. In the field of civil engineering TLDs are mostly based
on the force generated by partially filled tanks as a consequence
of an imposed rectilinear (mostly horizontal with respect to the
gravitational acceleration) motion.

TLDs are also used in the marine field, under the name of
passive anti-roll tanks, to dampen the roll motion of, especially,
fishing vessels (Bass 1998), whilst for large cargo ships active
anti-rolling tanks are usually preferred. However, in contrast to
the civil engineering case, the dampening effect on roll given by
the TLD is obtained through the moment generated by the tank
as a consequence of an imposed angular motion. In the field of
Naval Architecture, the roll motion equation was coupled with
experimentally determined fluid moments for an oscillating free
surface tank (Van den Bosch and Vugts 1966) whilst Frances-
cutto and Contento (1999) exploited the mechanical equivalence
developed by Graham and Rodriguez (1952) to provide a 2-DOF
analytical model which is nonlinear in respect to roll, and lin-
ear in respect to the DOF associated to the fluid sloshing. SDOF
models for roll are often used to simulate the roll behaviour in
beam seas (Bulian and Francescutto 2004) and an example of ana-
lytical nonlinear SDOF descriptions of roll motion coupled with
direct CFD calculations for the free surface tank can be found
in (Armenio ef al. 1996). Rognebakke and Faltinsen (2003) ana-
lyzed the coupled problem in the sway case of a box excited by
waves, in comparison to experimental data.

Numerical methods for solving the equations of Navier-Stokes
offer another possibility of calculating the effects of the fluid
on the ship motion. Armenio ef al. (1996) used an improved
Marker and Cells (MAC) methods to simulate the flow in sta-
bilizer tanks, Van Daalen ef al. (2001) applied Volume of Fluid
(VOF) technique to a similar application.

Regarding experimental work on the coupling problem, a few
studies have been reported using the shaking table for horizon-
tal excitations (Sun and Fujino 1994), but not much in relation
to angular motions; the work by Pirner and Urushadze (2007)
considers to some extent damping effects under angular motion.
In the marine engineering field, regarding roll motion, exist-
ing approaches have relied on a sinusoidal definition of waves’
induced moments (Rognebakke and Faltinsen 2003, Armenio
et al. 2006, 2006b).

In the present paper, a SDOF (single degree of freedom) struc-
ture with a partially filled tank is considered, with roll motion
modelled by means of a 1-DOF approach. This means that the
damper acts as an angular damper whilst most of the previously
described works correspond to horizontal excitation. The moment
created by the fluid with respect to the rolling axis is simulated
and results for the roll angle are compared. The motion is excited
by the moment created by a transversally (in a tank fixed refer-
ence system) moving mass with imposed motion. Experiments
have been performed using fluids of different viscosity in order
to assess the influence of breaking. A similar approach was taken
by Pirner and Urushadze (2007), because water is not a suitable
liquid to be used in footbridges which was the problem they were
interested in.

The numerical simulations are performed using SPH. One
of the most attractive features of SPH is its Lagrangian char-
acter allowing it to deal with very steep deformations of the free
surface including breaking waves, as illustrated in the shallow
water case studied in this article. SPH has been applied with
success to sloshing problems with periodic oscillation in sway



(Landrini et al. 2003) and roll (Souto et al. 2006) for shallow
water cases. It had also been applied to a coupled motion prob-
lem (Delorme et al. 2006), showing promising results that had
been compared with those obtained with a multimodal approach.
Nevertheless, in Delorme et al. (2006), comparisons with exper-
imental results were not possible because they were not available
at that time. In the present paper, an experimental SDOF model
has been analysed and modelled and it will serve as a benchmark
data supplier for the comparisons with the SPH computations.
The problem represents a significant challenge for any numerical
method and specifically for SPH due to the extent in time of the
real phenomena to be simulated as will be later discussed.

2 [Experiments: Test cases

The experiments were conducted with the tank testing device
of the CEHINAV group (Fig. 1). The standard forced motion
configuration of the device, used regularly in the design of anti-
roll tanks, that had been previously used for instance in Souto
etal. (2006), was modified by disconnecting the driving electrical
engine from the tank holding structure, in order to allow the free
motion of the tank.

The tank chosen for the simulations is depicted with its dimen-
sions in Fig. 2. Itis narrow along the z-direction, i.e. the direction
perpendicular to the paper in comparison with the horizontal and
vertical dimensions. This is intended to have predominantly a two
dimensional flow, since the code used for the simulations will be
a 2D one, faster than the 3D ones, and which can be more easily
modified and validated than a 3D one, which usually requires
arrangements for parallel computing.

The rotating shaft is placed 470 mm above the base line of the
tank. Having the tank below the rotating shaft makes it possible in
this case to have a still stable configuration. Having the base of the
tank at a considerable distance from the rotation axis makes the
flow more interesting in terms of generated waves’ propagation.

There is a horizontal linear guide 600 mm long placed just at
the rotation center, aimed at simplifying some terms in the motion
equation (Fig. 3). This linear guide consists of a controllable
electrical engine that laterally moves a weight with a specified
motion. This weight will mimic the external excitation to the
system (e.g. the wave action on the roll motion).

Figure 1 Tank testing device
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Figure 2 Tank dimensions

Figure 3 Sliding mass device

The natural frequency of the rigid system with the empty tank
@y, as will be later discussed, is 3.26 rad/s. The water depth ()
whose first sloshing frequency matches y has been chosen for
the experiments (92 mm). The test matrix is defined by choosing
three moving weight frequencies 0.9 ey, 1.0 @y and 1.1 @y and 4
moving weight motion amplitudes A (50 mm, 100 mm, 150 mm
and 200 mm) for each of the three liquids (water, sunflower oil
and glycerin). For all cases, the moving mass m is the same
m = 4.978 kg. A summary of the test cases is reported in Table 1.

It is important to define which are the Reynolds numbers of
our experimental flows. The characteristic velocity will be related
to the bore front propagation velocity of the equal height dam-
break (/gH); the characteristic length will be taken as the water
depth H. The physical constants of the three liquids and the
corresponding Reynolds numbers are documented in Table 2.

According to the obtained Reynolds number, the water cases
will be fully turbulent and the glycerin ones will be completely
laminar. With oil there will be cases falling into either lami-
nar, turbulent or transition regimes. We will focus on the water
cases in the present paper, using the other liquids’ cases as refer-
ence regarding the onset of splashing and breaking waves and the
influence of these phenomena on the damping effect of the TLD.

Table 1 Test matrix (repeated for each liquid: water, sunflower oil and
glycerin)

w[wg\ A 50 mm 100 mm 150 mm 200 mm
0.9 0.9/50 (L9/100 0.9/150 0.9/200
1.0 1.0/50 1.O/100 1.0/150 1.0/200
1.1 1.1/50 1.1/100 1.1/150 1.1/200




Table 2 Physical properties (units SI) of the liquids: p for density,
for the dynamic viscosity, v for the kinematic viscosity. Re for the
Reynolds number

el " v Re
Water 998 8.94e-4 8.96e-7 97546
0Oil 900 0.045 Se-5 1748
Glycerine 1261 0.934 7.4e-4 118

3 Analytical model of the SDOF structural system

3.1 General

An analytical model of the SDOF structural system used in the
experiments is needed in order to have it incorporated into the
structure part of the SPH code. It was obtained by rigorously
analyzing the dynamics of the system and by obtaining the coef-
ficients after carefully analyzing a set of tests with the empty tank
and thereafter finding a data-consistent damping term model. The
analytical model used to describe the behaviour of the system is,
in general, as follows:

Lo + m&2 ()] -  + 2mEn (D& () - ¢ — g - S - sin(¢)
- g En (1) cos() = Qaamp(t) (1)
Odamp () = — Koy - sign(¢p) — By - ¢ (2)

where

¢ [rad] is the roll angle

g [m/s?] is the gravitational acceleration

o Iy[kg- m?] is the polar moment of inertia of the rigid system
with respect to the rotation axis

e m [kg] is the mass of the moving weight

e &, (1) [m] is the instantaneous (imposed) position of the exci-
tation weight along the linear guide (tank-fixed reference
system)

. ém(t) [m/s] and ém () [m/s?] are the first and second time
derivatives of &, (¢) [m]

e S¢ = Mp-ng [kg - m]is the static moment of the rigid system
with respect to the rotation axis

e Mp [kg] is the total mass of the rigid system

e n¢ [m] is the(signed) distance of the centre of gravity of
the rigid system with respect to the rotation axis (tank-fixed
reference system)

o Quamp(t) = —Kgs - sign(¢) — By - ¢ [N - m] is the assumed

form of roll damping moment comprising:

o A dry friction term — Ky - sign({p) with K¢ [N - m] being
the dry friction coefficient

o Alinear damping term — By - ¢ with B4 [N - m/(rad/s)] being
the linear damping coefficient

By using a set of inclining tests as well as decay tests, the
unknown parameters can be determined, including the natural
frequency of the rigid system wq. The values of these parameters
can be found in Table 3.

Table 3 Mechanical parameters of the rigid system

Quantity Units Value

Se kg-m —29.2
Iy kg - m? 26.9
B, N - m/(rad/s) 0.326
wo rad/s 3.26

3.2 Analytical model assessment

32.1 General

Before moving to the simulation of the behaviour of the rigid
system coupled with a fluid in the tank, it is worth checking the
simulation capabilities of the model described in the previous sec-
tion when the fluid is absent. The objective of this assesment is to
test its accuracy for later introducing the fluid effect on the right
hand side of equation (1) as an extra term for the moment. The
parameters that will be used are those reported in Table 3. In the
case of decay tests, m = 0, whereas in the case of forced rolling
tests, the motion of the shifting mass m is imposed during each
experiment. Hence, &, (¥), £, (1) and &, (1) are known functions
of the time. To be more precise &, (¢) is directly measured, whilst
&, (1) and &, (1) are obtained from numerical derivation after fit-
ting a least square cubic spline to the moving weight motion
signal in order to mitigate the noise influence in the derivatives
(see Fig. 4 for an example of the sliding mass motion curves).

3.2.2 [Free decays without fluid: comparison between
simulations and experiments

Figure 5 shows a comparison between an experimental decay and
a simulated decay using the parameters reported in Table 3. The
agreement is excellent in the range of roll angles above about
2-3deg. For smaller oscillations the assumed damping model
underestimates the actual damping of the system, hence the sim-
ulated time histories are slightly under-damped in the tail region.
A better modelling of the friction damping or a modification of
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Figure 5 Comparison between experimental and simulated free decay angles (complete curve at the top and curve tail at the bottom)

the damping characteristics of the system would be therefore nec-
essary in the case of interest in the region of small amplitude roll
motions.

3.2.3 Forced roll without fluid: comparison between
simulations and experiments
A series of tests with the empty tank and the moving mass have
been performed in order to check the capability of the model
1-2 to reproduce the experimentally measured rolling motion
of the system. The test matrix was described in Section 2. It is
extremely important to note that due to technical limitations in
the control of the instantaneous position &, (¢), the motion &, (¢)
of the sliding mass is periodic with period T, but not purely
sinusoidal. Instead, each period of &, (¢) is obtained by joining,
approximately, four parabolic branches. The actual position &,, ()
of the sliding mass is measured during each experiment.
Figures 6 and 7 show two examples covering some of the
possibilities reflected in the test matrix. The match is good enough
to ensure that the rigid system model is adequate to proceed with
the liquid coupling simulations.

4 Fluid model

4.1 Tank motion equation

The formulation (1) is modified by an extra moment Qg (f) on
the right hand side when there is fluid present in the tank:

o +m&2L (D] - ¢+ 2mEn(OEn (1) - ¢ — g - S - sin(¢)
g En (D) - cos(@) = Qaamp(®) + Quia (0) 3)

We will try to model this extra term using SPH comparing the
results with those from experiments.
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4.2 SPH model

The SPH formulation used for this paper is the weakly compress-
ible one (Monaghan 1994), in which the closure of the system
formed by the compressible mass and momentum conservation
equations is achieved by means of an equation of state (EOS) that
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Figure 7 Roll angle of the empty tank, A = 100 mm, @ = o

correlates pressure with density. This EOS is defined in such a
way that the density variations are very small, thus modelling a
quasi-incompressible fluid.

There is a different possibility in which the pressure field
is obtained by solving a Poisson equation at every time step
(Koshizuka and Oka 1996, Cummins and Rudman 1999). The
main problem with this approach for free surface flows is that
the dynamic condition on the free surface (pressure equal zero)
needs to be imposed explicitly. This requires a therefore explicit
definition of the free surface geometry. This is a major drawback
when simulating highly fragmented flows as those occurring in
wave breaking events. On the other hand having a fully consis-
tent approach to a liquid behaviour, which is, within a reasonable
range, incompressible, has some advantages as well. Firstly there
is an explicit geometric compatibility between the mass and
the volume. Secondly and maybe most importantly, the incom-
pressible approach allows a semi-implicit time integration of the
system of equations. This is very good for improving the stability
of the integration schemes which in turn allows the use of longer
time steps. This advantage is prejudiced by the effort needed to
solve the Poisson equation for the pressure at every time step.

There is an ongoing interesting debate among the SPH com-
munity at the moment as to which of the two previously described
approaches is more convenient for simulating free surface flows
(Shao 2005, Lee et al. 2008). 1t is the authors’ opinion that the
biggest advantage of SPH dealing with an extreme free boundary
problem like the violent free surface flows occurring with a liquid
subjectto gravity forces and external strong normal and tangential
reactions at the fixed boundaries, is the weakly compressible one.
The main reason is that with the weakly compressible approach
there is no need to define explicitly the free surface and there-
fore breaking, fragmentation and recomposition are inbuilt in the
numerical approach to the physical problem. This is the main
justification for using this approach in this paper.

Another important aspect of the computation is the use or not
of ML.S normalized kernels (Dilts 1999) for performing the inter-
polations as well as the periodic reinizialization of the density
field with such interpolation in order to reset the compatibility

between the volume, the mass and the density field (Colagrossi
and Landrini 2003). Using normalized kernels becomes quite
important when fluid fields are evaluated close to the boundaries
and density reinizalization is important to remove some oscilla-
tions in the pressure field. In the present case there is no need
to evaluate any specific field (pressure for instance) because we
are interested only in the motion of the tank which acts as an
integrator of all the fluid loads. Therefore, we think using those
techniques would not contribute much in this particular case.

In the first SPH approaches to free surface incompressible
flows (Monaghan 1994), the main aim was to solve inertia and
gravity driven flows. An artificial viscosity term was included
that prevented particles crossing their trajectories as well as pro-
vided some additional diffusion that increased the stability of the
time integration. The approach was later seen to model accu-
rately viscous laminar flows (Monaghan 2005) and works as a
very dissipative (often too dissipative) term in high Reynolds
number flows. A very promising approach, not yet implemented
by the authors, relies on Riemann solvers to resolve the interac-
tion between particles; this makes a big difference in the viscous
interactions (Le Touzé ef al. 2008).

4.3 Boundary conditions

The implementation of the boundary conditions has been
achieved by using Ghost Particles (Colagrossi and Landrini
2003), which work well for a rectangular domain like the present
one. For more details on the SPH formulation with application to
the assessment of localised values like the wave impact pressures,
see Delorme ef al. (2008). It is important to note that the numer-
ical Reynolds number is two orders of magnitude less than the
physical one, when comparing with water. In Colagrossi et al.
(2008) shallow depth sloshing with the three liquids here used
and similar geometric constraints was studied. A detailed analy-
sis was performed justifying the unfeasibility of reaching with the
SPH simulation the physical Reynolds number in the water case.
The Reynolds number used in the present computations will be
in the same range as experiments with oil. It was also discussed
that modeling the boundary layers was not possible for the oil and
water cases. This analysis has served as basis for using free-slip
conditions in the present paper.

5 Results of the simulations

5.1 General

The natural period of the system 70 is approximately 1.927s.
The liquid height has been chosen so that the first sloshing
period obtained from the linear theory will also be 70. There
will be simulations regarding off-resonance conditions but the
most interesting cases correspond to the resonance ones, and in
particular those for which the differences between the three fluids
in the dampening effects are worth noting, which correspond to
the smallest moving mass amplitudes: 50 mm and 100 mm. For
50 mm the roll angles are large enough to obtain results of reason-
able accuracy. However, as discussed in section 3.2.2, for these



Table 4 Amplitude reduction ratio (amplitude partially filled
tank/amplitude empty tank)

A 50 mm 100 mm 150 mm 200 mm
Glycerin 28.4 43.0 58.7 66.2
Oil 13.1 31.4 514 61.9
Water 6.4 23.6 46.7 59.3
SPH 10.4 322 455 58.5

cases inaccuracies have been observed concerning the modelling
of damping, and such inaccuracies could have influenced also the
results from SPH simulations. Therefore, the 100 mm amplitude
cases will be in principle the ones that merit more study. The
resonance cases of higher amplitudes show in turn other impor-
tant features, like for instance that some fluids are able to limit
the structure motions whilst others, due to their viscosity, do not
provide under the same conditions enough damping to put an
upper limit the roll angle in resonance conditions. This will be
later discussed.

5.2 Resonance cases

52.1 General
In the resonance tank tests, for some of the combinations between
the liquids and the sliding mass motion amplitudes, the structural
damping was not enough to stop the growth of the roll angle
before reaching the device limit (45 degrees). One variable that
will be discussed is the reduction ratio in amplitude between the
partially filled tank and the empty tank roll angles (percentage)
in a specific period of time. A ratio close to 100% will mean
that the liquid has no dampening effect. A ratio close to 0%, will
mean that the resulting amplitude is very small. The ratio will
be established taking the maximum values of the partially filled
tank roll angle and the empty tank roll angle. The values of this
ratio are reported in Table 4, with arow corresponding to the SPH
simulations.

The differences in this ratio for the three liquids are most
substantial for the small amplitude cases, as expected. We will

describe first the 100 mm amplitude case, which is the most
significant, and we will go later through the other three cases.

5.2.2 Amplitude = 100 mm

In this case, the reduction ratio ranges from 23.6 for water to
43.0 for glycerin (Table 4, analysis performed from O to 35s,
end time in the empty tank experiment). The time evolution of
the roll angle can be appreciated in Fig. 8 and in more detail in
Fig. 9. InFig. 8 it can be also appreciated that the tank roll angle is
bounded for the three liquids (oil falls between water and glycerin
case).

There is a substantial difference between water and glycerin
and the dynamics are quite different as well, as can be seen in
Fig. 10 (bottom and top) where the time is referred to the first
sloshing period T0. The glycerin gets stuck on the methacrylate
wall after the wave passage which makes the visualization of its
motion more difficult. On the other hand, there is not such a
big difference between the global dynamics of the oil and water
cases, but the differences in the dampening characteristics are
substantial (Fig. 9). As can be appreciated in Fig. 10, in the water
case there is the formation of a bore that will develop into a
plunging breaking wave, whereas in the oil case, a mild spilling
wave is formed with presumably significantly less dissipation
(see also Fig. 12). A specific dye was used for the sunflower oil
instead of the fluorescine used for water and glycerin and that
cannot be dissolved in oil. This is the reason for the different
shade of the oil picture in Figs. 10 and 12.

The SPH results show that the water amplitude reduction ratio
error is around 9% in this case. The simulations were run with
800, 3200, and 6400 particles and the convergence in terms of
the roll angle curve was satisfactory. The best results in terms
of roll angle correspond to oil. This is expected because SPH
simulation Reynolds number is of the order of the oil experiments,
as discussed in section 4.3.

When analysing individual frames, the dynamics as simulated
by SPH is more similar to that of water, as can be seen in Fig. 11
for instance, which can be easily assimilated to the water case
amongst the three of Fig. 10.
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Figure 10 A = 100mm, @ = w,. t/T0 = 8.66. Glycerin (top). oil
(middle), water (bottom). The orange color arrow signals the moving
mass position

The velocity fields are plotted in Figs. 11 and 13. It can be
seen that the gradients in the breaking area are significant. This is
an indication of the violence of the impact of the jet with the free
surface, in which a substantial amount of energy is dissipated.
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Figure 11 SPH velocity field, 1/ 70 = 8.66 (see fig. 10 for details)

Figure 12 1/ 70 = 8.85 (see Fig. 10)

5.2.3 Amplitude = 50 mm

The SPH results show that the water amplitude reduction ratio
error is around 5% in this case (see Table 4). In Fig. 14 it can be
also appreciated that the tank motion is limited by the three liquids
(oil falls in between water and glycerin curves). For small roll
angles, larger errors are visible that, however, could be partially
due to the problems in the damping model of rigid system at small
rolling amplitudes, as explained in section 3.2.2. The difference
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Figure 13 SPH velocity field. r/T0 = 8.85 (see Fig. 10 for details)

in the damping characteristics of the three liquids is remarkable
in this case (Figs. 14 and 15).

524 Amplitude = 150 mm
In this case, the empty tank tests lasted only for 11 periods
before getting to the limit angle. The damping characteristics

were affected by the breaking waves in this case as well but to a
lesser extent in comparison with amplitudes 50 mm and 100 mm.
The reduction ratios range from 46.7% for the water to 58.7% for
the glycerin (Table 4, analysis performed from 0 to 24.3 s, end
time in the empty tank experiment). Comparing SPH and water,
the error is small (1%) in terms of the reduction factor (Fig. 16,
Table 4).

5.3 Off-Resonance cases

53.1 General

From the engineering point of view, off-resonance cases are not
so important as the resonance ones. In off-resonance cases, the
response amplitude of the structure is limited and if the excitation
period is close to the resonance one, nice beating phenomena
take place, like those represented in Fig. 6. In the present study,
0.9exy and 1.ley excitation frequencies have been considered,
with the same amplitudes as the resonance ones. A summary
of the cases was documented in Table 1. We will focus on two
of those cases, one below the natural frequency and one above.
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Analysing those cases, it is possible to see that in off-resonance
conditions, the beating phenomena that appears is modulated by
the liquid damping and taken to a constant amplitude oscillation
(Figs. 17 and 19). As can be seen in those figures, SPH is able to
capture these phenomena.

In resonance conditions it was observed that the damping due
to water was larger than the damping due to oil. It was also
observed that the damping due to oil was larger than that with
glycerin. In off-resonance conditions, this trend is not main-
tained. In some cases, water will provide greater dampings
(Fig. 18) and in other conditions, this will be achieved by oil
for instance (Fig. 20). This needs further research but may be
related to some shift in the response due to viscosity. SPH is
able to detect that shift in trend, as can be observed in Figs. 18
and 20.

6 Conclusions and future work

The roll motion response of a single degree of freedom (SDOF)
structural system to which a rigid rectangular partially filled
liquid tank has been attached has been considered. The SDOF
system has been described analytically and this description tested
experimentally by applying to the system periodic excitations,
finding that the response is accurately reproduced by the model
which enables this model to describe analytically the rigid sys-
tem. Only some small deviations between the model and the
experiments at small angles have been detected. A better mod-
elling of the friction damping for the rigid system would be
necessary in the case of interest in the region of small rolling
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100 mm, @ = 0.9
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amplitudes. Another option would be to modify the system in
order to reduce the damping.

The capabilities of SPH to treat this coupling problem have
been assessed. From the comparisons with the experiments, it
seems SPH is able to capture part of the dissipation effects due to
wave breaking which is reflected in reasonably accurate damping
reduction ratios. Nevertheless, it is not at this stage possible to
separate those effects from the shear ones in the boundary lay-
ers and in the bulk of the fluid, for which the SPH approach is
not yet completely consistent with the Reynolds numbers of the
experiments. Further work has to be done in regard to this. SPH is
also able to simulate the off-resonance conditions, capturing the
trend shifts in condtions below and above the natural frequencies.

It would be very interesting to compare these results with
those obtained with other methods. To achieve this, application
to angular motions of the techniques used for linear TL.Ds will be
assessed as well as the possibility of treating this problem with a
commercial CFD.

The work presented in this paper has dealt with a very con-
trolled situation, with a simple dynamical system that can be
analytically modelled with a level of accuracy such that the under-
lying analytical model for the dynamic system can be considered
practically “exact” in engineering terms. According to this, the
majority of discrepancies between experiments and simulations
with the partially filled tank could be attributed to the SPH simu-
lation (apatt from the case of small amplitude oscillations where
the inaccurate modelling of damping could have been a non neg-
ligible source of differences). Taking into account the fact that the
agreement between experiments and simulation was, in general,
good, we could conclude that the SPH approach, although still
needing improvements on some aspects, could serve as a practi-
cal tool for the assessment of tanks’ performances. The next steps
that could be followed along this path are:

- Introduction and consequent experimentation/simulation of
cases with the tank equipped with baffles as dissipation means.
- Implementation of a mathematical model for ship motions. In
such case SPH could be used as a means to study, €.g., the effect
of water on deck, in addition to the study of anti-rolling devices.

Moreover, effects like parametric excitation induced by verti-
cal ship motions on the fluid could also be studied. Another
interesting topic deserving attention are the fluid impact effects
due to the fluid sloshing in a tank coupled with/forced by ship
motions.

Notation

A = Amplitude of the moving weight shift
B, = Linear damping term
g = Gravitational acceleration
Iy = Polar moment of inertia of the rigid system with
respect to the rotation axis
K ;¢ = Dry friction coefficient
m = Mass of the sliding mass
Mp = Total mass of the rigid system
Qdamp (1) = Assumed form of roll damping moment
Quia () = Moment due to fluid action
S¢ = Static moment of the rigid system with respect
to the rotation axis
T = Period of the sliding mass
T0 = Natural period of the rigid system
ne = (Signed) distance of the centre of gravity of the
Rigid system with respect to the rotation axis
(tank-fixed reference system)
¢ = Roll angle
&y (1) = Instantaneous (imposed) position of the
excitation weight along the linear guide
(tank-fixed reference system)
&, (1) = First time derivative of &y (¢)
£, (1) = Second time derivative of &, (£)
wp = Natural frequency of the rigid system
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