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Abstract
The paper studies a sloshing phenomenon occurring as a result of a vibroimpact motion of a rectangular tank subjected to an external harmonic excitation. This presented model is a result of an idealization of realistic scenario in
which an impact interaction between a ship and floating ice can occur. The
behavior of a liquid inside the tank is modeled by the five mass-spring-damper
subsystems mimicking a response of the liquid at different sloshing response
modes. Two-sided motionless barriers are introduced to model the vibroimpact motion of the tank. The paper studies the influence of the vibroimpact
motion onto the sloshing intensity and proposes a sloshing mitigation strategy, which employs a flexible vertically oriented baffle. The results of the
numerical simulations indicate that the sloshing intensity is higher in the
case of a classical rigid baffle and can be significantly reduced by the flexible
baffle.
Keywords: Sloshing dynamics, Vibro-impact systems, ship-ice interaction,
lumped-mass system, Sloshing mitigation, Flexible baffle
1. Introduction
With the development of Arctic waterways being increasingly valued by
various countries, related research on ship-ice collisions has gradually become
a hot spot for scholars in the world. The opening of the Arctic routes has
great and far-reaching significance for the development of every nations’ shipping industry [1]. Arctic Ocean provides the shortest nautical trade route
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connecting Europe, East Cost of America and Asia that could operate all
year long if not the harsh environmental conditions in the region. Ice conditions do not allow conventional ships to travel freely over this route without
a help of specially equipped ships - icebreakers. Icebreakers are used to clear
a path through frozen and ice water making a waterway, however icebreakers
do not completely remove the ice, large ice pieces or icebergs, but simply push
them sideways. As a result these ice pieces remain floating around the passing ships, as shown in Figure 1, sometimes colliding with the ships. These
collisions may cause damages, influence their direction of motion, influence
the stability of cargo and containers carried by the ships as well as cause the
sloshing phenomenon in the ships with liquids or liquefied gases. Increasing number of accidents of Liquefied Petroleum Gas (LPG) and Liquefied
Natural Gas (LNG) vessels associated with sloshing in the 1990s returned
the attention of scientists to this non-trivial phenomenon in many countries
including Canada, Norway, America, China and Russia. Ship-ice interaction
is a complex process, and ice loading on the passing by ships is a random
process, therefore the impact may happen from either side of the ship, may
vary in its strength and direction depending of the environment, the ship
characteristics and its current speed [2]. Obviously, before considering such
a complex problem some new accurate statistical methods and models should
be developed and applied to estimate stresses that should be considered [3].
Some basic understanding of the influence of the tank impact interaction
onto the sloshing phenomenon can come from studying a relatively fundamental problem of a vibroimpact motion of the partially filled tank, which is
proposed in this paper.
Sloshing is the effect of vibrations of liquids inside a partially filled tank
due to the tank excitation [4]. This excitation may occur as a result waves
acting onto a moving vessel or may arise as a result of impacts casued by
ice pieces when the vessel navigates through a floating ice region ( Figure
1). At a certain value of the excitation frequency matching the natural frequency of the liquid its free surface starts oscillating and under this condition
these oscillations continue with the gradually increasing response amplitude.
Although sloshing may also occur with the vertical direction of excitation,
it is usually associated with the horizontal excitation of the tank. Almost
everyone has experienced a danger of sloshing, while carrying a cup of coffee
with a certain pace and being frightened to spill it on yourself [5]. Sloshing
has been of interest of many scientists due to the negative effect the moving
liquid may have on the dynamics of carrying tracks, ships and aircrafts. The
2

Figure 1: A vessel is sailing in floating ice area.

studies of sloshing were initiated in earlier fifties of the twentieth century
by NASA, where the moving liquid had noticeable effect on stability and
response of aircrafts and missiles. One of the earliest analytical work was
reported in [6] where an analytical solution for a partially filled rectangular
tank subjected to three different types of motion was proposed. Actually,
in that work [6] the authors developed for the first time a relationship between the developed exact analytical solutions and the lumped-mass model’s
parameters that are used in this paper. The analytical results for circular,
spherical, toroidal and conical tanks were reported in [7], where also early
findings on the nonlinear effects of sloshing were reported. A theoretical
and experimental studies were conducted and reported again in [8], who had
studied the steady-state oscillations in a shallow rectangular container disregarding the frequency dispersion and dissipation. Published later works
[9, 10] have acknowledged the importance of dispersion and dissipation especially near the resonance. In reflection to these studies the authors of [11]
have experimentally demonstrated that the linear theory near the resonance
becomes inadequate and nonlinear theory should be used. These works have
stimulated the development and application of nonlinear asymptotic methods
to the problem of sloshing. In [12, 13, 14, 15] the authors used an asymptotic analysis for studying the nonlinear behavior near the resonance and
potentially multiple stable solutions were reported. It should be stressed
that Moiseev [16] was actually one of the first authors who had addressed
the nonlinear sloshing phenomenon much earlier than the above mentioned
3

Figure 2: Finite element model of a collision with floating ice at the bow of a ship.

authors using the perturbation approach. The authors in [17] have proposed
a multi-modal approach using a variational principle for studying the sloshing phenomenon near the resonance. Other authors have studied nonlinear
sloshing phenomenon and discovered a number of nonlinear regimes that can
occur near the multimodal nonlinear resonance [18, 19, 20]. The influence of
the liquid viscosity onto the sloshing dynamics and the existence of a critical
viscosity has been reported in [21]. Many experimental tests have been carried out, for instance [22, 23, 24]. Moreover, at certain conditions the moving
liquid may exert impacts onto the internal walls of the tank [25, 26, 27, 28]
and the lid [29], causing an excessive stress. The most complete list of the
contributions to this field prior to 2005 can be found in [4].
Unfortunately the real life sloshing phenomenon often exhibits a complex nonlinear behavior, depended on a number of factors, such as a tank
shape, the fluid height, the fluid properties. Therefore there is a need to
build some rigid floating – ice models in order to simulate the collision condition more explicitly. One of such a ship-ice collision model, which leads
to sloshing, is shown in Figure 2 and was studied in [30]. Usually, to study
the sloshing phenomenon a finite element method [31, 32, 33], boundary element method [34, 35], finite volume [36], finite difference [22, 29, 37, 38]
and particle [39] methods are used, which are capable of predicting relatively
accurately the dynamics of the free surface. Other commercial packages like
WAMIT, OpenFOAM, SESAM can be adapted to study the sloshing phenomenon [34, 40, 41].
The above mentioned numerical methods are highly computationally demanding, moreover some dynamic interactions like impulses or impacts are
4

Figure 3: The sloshing surface in linear approximation (left) and an equivalent lumped
mass model model (right)

hard to incorporate into them. Thus, a lumped mass model shown in Figure
3 can be adapted [4, 6] to study sloshing under more complicated excitations.
In this model the liquid is substituted by a number of mass-spring-damper
systems modeled as a single-degree-of-freedom (SDOF) system and representing different sloshing modes. This is a very powerful approach, which allows
studying the behavior of various complex liquids (Bingham liquid, various
Non-Newtonian liquids), because each SDOF system can in general have
a nonlinear stiffness fn = fn (xn ) and nonlinear damping gn = gn (xn , ẋn )
terms, as shown in Figure 3 right. When the SDOF system is linear (i.e.
fn = kn xn , gn = cn ẋn ) the motion of the free surface at different modes is
approximated by a straight line, as shown in Figure 3(left), whereas when
the SDOF is taken as a nonlinear system, the free surface will be described
by a curve. The nonlinear sloshing regime can be modeled by a system of
pendulums, and the effect of the sloshing impact onto the inner tank walls
can be studied by introducing an impact between the pendulums and the
tank’s walls. Thus, this approximation allows converting the original problem described by a set of partial differential equations to a multidimensional
problem described by ordinary differential equations, in general nonlinear,
which require much less computational power.
One way to fight the sloshing is to introduce a baffle. Usually a baffle
5

is a vertically or horizontally oriented rigid separator, which does not reach
the free surface and is capable of modifying the flow pattern [4]. It has been
shown by a number of authors that a baffle can reduce the internal impact
intensity onto the tank walls [37, 42, 43], and it has been shown that the flow
pattern depends on the baffle design [44]. In [45, 46] the baffles of various
heights were studied and it has been shown that the higher the baffle the
better the result of the sloshing mitigation can be achieved. Other options
of mitigating the sloshing were investigated by scientists. For instance, a
3-baffle system with either all vertically oriented or two horizontally oriented
baffles was studied in [47], whereas [48] have studied the effect of a T-shaped
baffle. In [49] the authors proposed to use of an air-trapping system to reduce
sloshing in a rectangular tank and [50] have studied the effect of floating
foams. In [51] the authors proposed a strategy, which is focused on designing
a nonlinear energy sink (NES) acting as a nonlinear absorber.
In this paper a mass-spring-damper model consisting of an external system - the rectangular tank and the internal five separate SDOF systems
representing the sloshing modes is adapted. The main goal of the paper is
to study the effect of periodic external impacts onto the sloshing dynamics
of the rectangular container. Although the harmonic vibroimpact motion
is very unlikely in the open sea environment, it is possible that a series of
impacts may occur [2], which will excite the sloshing. Thus a problem of
the vibroimpact motion of a partially filled tank is addressed in this paper
for the first time. Then a sloshing mitigation strategy is proposed by introducing a flexible baffle of different heights. In Section 2 the model and its
main parameters are discussed and selected, in Section 3 the validation of
the model and the results of the numerical simulations for the system with
and without impacts are discussed, in Section 4 the mitigation strategy is
studied. Finally, conclusions are drawn and design recommendations for the
device are given.
2. The lump-mass equivalent model of sloshing
An exact analytical solution developed in [6] for a rectangular tank under
a horizontal excitation was used to identify the parameters of an equivalent
lumped mass-spring-damper system, similar to one shown in Figure 3 right.
In these derivations the authors assumed that the liquid was viscous and
homogeneous, thus the effect of air cavities, studied in [52] or stratified liquid
could not be considered within the framework of this model. Following these
6

derivations, let’s assume that a rectangular tank is rigidly connected to a ship,
which experiences some impacts against large floating ice pieces. Within
this assumption the problem of sloshing is reduced to another problem of
studying the vibroimpact dynamics of a system subjected to an external
excitation F (t), where ∆ is the distance to a barrier, K is the stiffness of the
entire system, as presented in Figure 5. For a given size of the rectangular
tank of width a and length b the total volume of the liquid is a × b × h
and the total mass is mf = ρabh, where ρ is the liquid density and h is
its height. In the linear approximation Ki and Ci are the stiffness and the
viscous damping coefficients of each layer (mode), however for a homogeneous
liquid all the damping coefficients are taken the same Ci = C. Following the
derivations proposed in [6] the model parameters should be selected from the
basic physical arguments, for instance the
Pmass of all the layers should be
equal to the total mass, i.e. mf = M + mi and the center of gravity of
the original and the lumped-mass systems should be the same at rest. For
the rectangular shape of the tank the following formulas were derived:
8 tanh[(2i + 1)πh/a]
π3
(2i + 1)πh/a


(2i + 1)πh
πg
2
ωni = (2i + 1) tanh
a
a
mi = mf

(1)

where g = 9.81m/sec2 is the acceleration of gravity, ωni is the natural frequency of the corresponding sloshing ith mode. It can be seen that the proposed algorithm assigns a bulk
Pmajority of the total mass to the non-moving
mass, defined as M = mf − mi , and the largest moving mass m0 . Thus,
a high number of masses leads to the almost negligible contribution of each
consequent mass above certain value of i, which can be clearly seen from Figure 4 left, where the mass ratios for the five moving masses and fixed mass
M are presented as functions of h/a. It can be seen that with the increase
of h/a ratio, going from a relatively shallow to a relatively deep tank, the
fraction of fixed mass M is gradually increasing, whereas the mass ratios of
other moving masses are gradually decreasing. This can be seen in Figure 4
right, which presents the zoom-in area of the bottom left corner of Figure 4
left. Based on this figure one can see that the mass ratio for h/a = 0.2 is
m2 /mf = 0.01 and m4 /mf = 0.0018, whereas for a relatively deep tank with
h/a = 3 these values are m2 /mf = 6.9 × 10−4 and m4 /mf = 1.18 × 10−4 correspondingly. These results clearly indicate that for a relatively deep tank
7

(a)

(b)

Figure 4: Dependence of the layers’ mass a) and its zoom in b) on h/a ratio

Figure 5: The model of the vibroimpact sloshing system

three moving mass will be sufficient, but for a relatively shallow tank five
masses will provide adequate description of the sloshing modes. Thus, in
this paper a model consisting of n = 5 moving masses and a single fixed
mass is adapted. The natural frequencies of each layer, calculated according
to (1) have an increasing trend for the increasing values of h/a, and then
achieves a constant values independent of h/a, where the frequency of a low
layer is lower than that of the layer above.
8

Having defined the parameters of the system required for further calculations, one can write the governing equations of motion of the system shown
in Figure 5, where the values of the stiffness coefficients of each moving mass
Ki can be found using the above natural frequencies and masses of each layer:
m0 ẍ0
m1 ẍ1
m2 ẍ2
m3 ẍ3
m4 ẍ4

= −k0 (x0 − x) − c(ẋ0 − ẋ)
= −k1 (x1 − x) − c(ẋ1 − ẋ)
= −k2 (x2 − x) − c(ẋ2 − ẋ)
= −k3 (x3 − x) − c(ẋ3 − ẋ)
= −k4 (x4 − x) − c(ẋ4 − ẋ)

M ẍ +

4
X

(2)

mi (ẍ + ẍi ) = −Kx + F (t), |x| < ∆

i=0

ẋ+ = −rẋ− ,

|x| ≥ ∆

The last equation describes the impact condition, at which the velocity after
impact ẋ+ is related to the velocity before impact ẋ− through the restitution
coefficient 0 < r ≤ 1.
3. Influence of a vibroimpact motion onto the sloshing dynamics
To study the effect of impacts on sloshing dynamics, first a nonimpacting
model should be validated against an established experimental or numerical
result. For this purpose the experimental and numerical results reported in
[53] were used with the rectangular tank size 1.73m×0.2m and the water level
of h = 0.6m. Figure 6 demonstrates the results of the numerical simulations
obtained using equations from (1) (left column) and the results presented in
[53] for the excitation period of T = 1.3s (top row) and T = 1.5s (bottom
row) correspondingly. The simulations used ”zero” initial conditions and the
same excitation amplitude. As expected the results are agreed well away
from the resonance, whereas the results closer to the resonance area, shown
in the bottom row, have a slightly different pattern. Namely, the produced
results are symmetric due to the linear assumption used, whereas the presented in [53] results demonstrate some nonlinear behavior with asymmetric
pattern. The effect of nonlinear behavior was mentioned in [11] and thus it
was expected to have some discrepancies in the near-resonant behavoir due
to adapted linear model. However, because the overall response amplitude
agrees well (the same peak-to-trough magnitude slightly over 0.65m) and
9

(a)

(b)

(c)

(d)

Figure 6: Comparison of the results produced in this paper for T = 1.3 (a) and T = 1.5
(c) and the corresponding results reported in [53]

based on the excellent agreement with the far-from-resonance pattern the
proposed model is considered to be adequate for the purpose of studying the
vibroimpact response. It should be noted that a similar approach with a
nonlinear lumped-mass pendulum model was used in [54] and proved to be
adequate for predicting a sloshing response in the cylindrical container for
low and moderate amount of fuel.
At this point another tank dimensions are taken to simulate the system
response, which is presented in Figure 7, where the maximum amplitude of
each mass is shown. In all the future simulations, except when it is stated
otherwise the restitution coefficient was taken r = 0.9. The natural frequencies of the moving masses were relatively close to each other and for
the presented case of h/a = 0.5 they were ω0 = 2.2, ω1 = 2.56, ω2 = 2.99,
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Figure 7: Forced sloshing of a non-impacting system for h/a = 1

ω3 = 3.43 and ω4 = 3.82 correspondingly. Figure 7 demonstrates the forced
non-impacting response of the system for different values of the excitation
frequency. One can observe a number of peaks including the first peak near
0.5rad/sec, which corresponds to the response of the main mass M . Time
responses of the system at different frequencies are shown in Figure 8 for
specified values of the excitation frequency as a function of time for different
values of h/a ratio.
As expected all the curves in all the figures have distinct peaks at the
natural frequency of the main mass M . With the increase of h/a ratio the
peak values go down (h/a = 1) and then go up again for higher values of
h/a ratio. Since it is not relevant to the sloshing itself but is a feature of
the external frequency of the tank one can ignore this peak around ω = 0.5.
The pattern of vibrations changes with the increasing h/a ratio, but the
peak of each layer in the vicinity of its natural frequency remains common
to all the figures, where the peak of the m4 is lower than the peak of the
m3 , which in its turn is lower than the peak of m2 and lower than that of
m1 . However the peak of m0 varies and can be lower than that of m4 , like
11

(a)

(b)

(c)

(d)

Figure 8: Dependence of sloshing on h/a ratio:(a) h/a = 0.5, (b) h/a = 1.0,(c) h/a =
1.5,(d) h/a = 2.0

in Figure 8(a) and Figure 8(b), or higher than the peak of m4 as shown in
Figure 8(c) and Figure 8(d). With the increase of h/a ratio from 0.5 to 1
sloshing intensifies for the main harmonics and reduces for higher harmonics.
Moving from h/a = 1 to h/a = 1.5 and h/a = 2 the level of sloshing either
reduces or remains unchanged. Interestingly enough the level of vibrations
of the higher harmonics, corresponding to mass m4 remains about the same
for all presented values of h/a.
Next set of plots in Figure 9 demonstrates the time response of the moving
masses for h/a = 1 and different values of the excitation frequencies, which
were selected at the peak response of m1 , m2 , m3 and m4 correspondingly.
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(a) ω = 2.5rad/s

(b) ω = 3.0rad/s

(c) ω = 3.5rad/s

(d) ω = 3.8rad/s

Figure 9: Time response of the moving mass for h/a = 1

In Figure 9(a) mass m0 is moving almost in anti-phase with other masses,
whereas in Figure 9(b) masses m0 and m1 are moving in anti-phse to the
upper layers. When the excitation frequency is close to the natural frequency
of m4 , as can be seen in Figure 9(d), all masses are moving in phase with a
lag behind the main mass.
Imposing a two-sided barrier to the system will result in the tank vibroimpact motion against these barriers as soon as the tank’s displacement reaches
∆. The plots in Figure 10 represent the maximum response amplitude of a
relative motion of the moving masses for different values of h/a ratio. In
the first two plots there is a distinct dip around ω = 2.2, which disappears
when h/a = 2. This dip is associate with the fact that no vibroimpact motion happens in the vicinity of this frequency as can be seen from Figure
13

(a) h/a = 0.5

(b) h/a = 1.0

(c) h/a = 1.5

(d) h/a = 2.0

Figure 10: Dependence of sloshing on vibroimpact motion for different values of h/a ratio

11(a), where the phase portrait of the main mass M is presented. When
h/a = 2 the vibroimpact motion of the main mass occurs and the dip has
disappeared, as can be seem in Figure 11(b). Thus the response for small
values of h/a ratio is very similar to one in Figure 8, as can be seen from Figure 11(c). Figure11(d) shows a typical vibroimpact response of the moving
masses, where the piecewise continuous response curves can be observed.
Apart from this particular dip the overall comparison with no-impact
case in Figure 8 demonstrates the increase in the sloshing intensity by higher
level of vibrations for all the modes. This increase is directly associated with
vibroimpact motion of the main mass and this motion basically excites higher
sloshing modes with relatively high response amplitudes.
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(a) h/a = 1

(b) h/a = 2

(c) h/a = 1

(d) h/a = 2

Figure 11: Time response of the moving masses for ω = 2.3.

4. Numerical study of a sloshing mitigation strategy using a flexible
baffle
The above results indicate that, first of all, the impacts make the sloshing
more intense increasing the overall force acting on the tank walls, thereby
actively influencing the tank carrying structure, and secondly, the impacts
excite high sloshing modes. This increasing force, on another hand, can
move the system away from the vibroimpact regime, which results in reduced
sloshing intensity. The baffle or barrier, which is usually assumed to be
absolutely rigid and can vary in height, changes the flow pattern and in some
cases indeed reduces sloshing. In this paper a flexible baffle is introduced,
which can be represented by a vertically oriented beam as shown in Figure
15

(a)

(b)

Figure 12: A flexible baffle (left) and its model using springs (right).

12(a). One can model it as a set of extra linear springs added to each mass, if
required, as shown in Figure 12(b), where Kb0 , Kb1 , and so on are the stiffness
of the baffle at the corresponding level. When a rigid baffle is assumed it can
be modeled as a very stiff barrier with a high stiffness coefficient.
The following set of plot in Figure 13 presents a case of a short baffle
tuned to the first sloshing mode only. Four figures correspond to different
values of the stiffness coefficient Kb0 and ω = 3.0. The presented results can
be compared with the case of no baffle depicted in Figure 10(d), where the
peak responses of m4 ,m3 and m2 cross the level of 3.5. In Figure 13(a) the
response of m2 reaches 5 and is higher than that in the case of no baffle and
with increase of Kb0 value the response remains high for the higher modes.
In Figure 13(b), however, the response has reached a steady state level after
400 sec where the main system was moved away from a vibroimpact motion.
Interestingly enough the increase in the baffle stiffness does not mitigate the
sloshing, but keep the system in the vibroimpact mode with high oscillation
level.
Next the baffle height is increased and reaches the values associated with
the second moving mass m1 , i.e. tuned to the second sloshing mode, thus
two stiffness coefficients can be selected KB0 and KB1 . For example, it can
be achieved by appropriately selecting the baffle thickness, keeping other
parameters the same. Figure 14 presents four responses for the ratio h/a =
2, ω = 3 and four sets of stiffness coefficients. Figure 14(a) presents the
response of the moving masses for Kb0 = 1.2K0 and Kb1 = 1.2K1 , whereas
in 14(a) the stiffness coefficients were take Kb0 = .2K0 and Kb1 = .2K1
16

(a) Kb0 = K0

(b) Kb0 = 2K0

(c) Kb0 = 3K0

(d) Kb0 = 4K0

Figure 13: Influence of a short baffle for ω = 3.0 and h/a = 2.

correspondingly. In both these cases the extra stiffnesses of both the masses
have been increased proportionally and as one can see the high intensity
sloshing, resulted from the vibroimpact motion, continues in the system.
The next two plots in Figure 14(c) and Figure 14(d) demonstrate the results
for the different increase in the values of the stiffness coefficients, so that the
bottom mass has higher stiffness coefficient than the one on top of it. In
both these cases a relatively high level of oscillations and therefore sloshing
is observed with a periodic steady-state vibroimpact motion of the main
mass. Following this design procedure the baffle height is extended to achive
the values associated with the first four moving mass with the potentially
17

(a) Kb0 = 1.2K0 and Kb1 = 1.2K1

(b) Kb0 = 0.2K0 and Kb1 = 0.2K1

(c) Kb0 = K0 and Kb1 = .5K1

(d) Kb0 = K0 and Kb1 = .2K1

Figure 14: Influence of a short baffle for ω = 3 and h/a = 2.

different values of the stiffness coefficients.
Next four plots in Figure 15 demonstrate the response of all the moving
masses for different values of the stiffnesses coefficients modeling the baffle.
Staring from the similar increase in the stiffness coefficients Figure 15(a)
presents results for Kb0 = .2K0 , Kb1 = 0.2K1 , Kb2 = 0.2K2 and Kb3 =
0.2K3 , these coefficients increased to Kb0 = K0 , Kb1 = K1 , Kb2 = K2 and
Kb3 = K3 in Figure 15(b) and reach values Kb0 = 2.2K0 , Kb1 = 2.2K1 ,
Kb2 = 2.2K2 and Kb3 = 2.2K3 in Figure 15(c). One can clearly observe from
the presented graphs that the increase in the stiffnesses does not reduce the
sloshing intensity and oscillations of all the moving masses remain intense.
In Figure 15(d) one can see the response of the system when the stiffness
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(a)

(b)

(c)

(d)

Figure 15: Influence of a long baffle for ω = 3, h/a = 2 and different values of stiffness
coefficients Kb0 , Kb1 , Kb2 , Kb3 .

coefficients were increased disproportionately, namely Kb0 = 2.0K0 , Kb1 =
1.5K1 , Kb2 = K2 and Kb3 = .5K3 . In this case the level of oscillations remains
high and is very similar to one depicted in Figure 15(c). Nevertheless, it is
possible to select the coefficients to mitigate the sloshing quite effectively,
as shown in Figure 16 for Kb0 = .5K0 , Kb1 = 0.4K1 , Kb2 = 0.3K2 and
Kb3 = 0.1K3 . It can be seen that the maximum response for the selected set
of parameters reaches only 0.3, which is 10 times smaller than that without
such a baffle. Moreover, the response amplitude of the free surface of the 5th
mode, modeled by mass m4 , is reduced to the level of 0.1, which is almost
40 times.
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Figure 16: Influence of a long baffle for ω = 3, h/a = 2 and Kb0 = .5K0 , Kb1 = 0.4K1 ,
Kb2 = 0.3K2 and Kb3 = 0.1K3 .

5. Conclusions
The paper studies the sloshing phenomenon in a rectangular tank, subjected to a vibroimpact harmonic motion. The sloshing was approximated
by the five-lumped-mass model with a linear spring and viscous damping,
where each mass system was representing a sloshing mode. The proposed
model without impacts was validated against existing experimental and numerical results, presented in [53] and demonstrated a good agreement in the
far-from-resonance region. The results of the numerical simulations have indicated high sloshing intensity due to the vibroimpact motion of the tank
when compared to the nonimpact harmonic response. The sloshing mitigation strategy represented by a flexible baffle has been proposed and studied
numerically. The flexible baffle was modeled as an extra set of linear springs
whose stiffnesses were selected appropriately to tune to a selected number of
sloshing mode. It has been shown that a rigid baffle may not be the most
effective sloshing mitigation strategy. Numerical results have indicated that
a flexible baffle with a properly selected step-wise linear stiffness is significantly more effective than its rigid analogy. Namely, it has been shown that
a high sloshing intensity expressed in the oscillation amplitudes of sloshing
20

modes has been reduced more than 10 times with a proper selection of the
stiffness coefficients of the flexible baffle.
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