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Abstract:

This paper presents the result obtained from a series of experiments conducted on different scaled rectangular tanks
mounted on shake table, to study the scale effects of sloshing with sway excited motion. Three different tanks of model
scales of 1:86, 1:57 and 1:43 are considered for present study.The tests are carried out for the aspect ratio (hs/l, where
hs liquid depth and | is the length of the tank)of 0.1625, 0.325, and 0.4875 which represents 25%, 50% and 75% of
liquid fill levels, respectively. The sloshing oscillations occur in the longitudinal axis when subjected to sway
excitations. Sloshing forces and sloshing oscillation time histories are measured using load cells and wave probes,
respectively. The effect of excitation amplitudes and excitation frequencies on sloshing oscillations and sloshing force
are presented herein. It is found that violent sloshing is experienced for 50% filled condition irrespective of scaled
tanks, excitation amplitudes and excitation frequencies. The sloshing force is maximum in 1:43 scaled tank than other
scaled sloshing tanks irrespective of the excitation frequency and amplitude for 50% fill level. Based on the
experimental observations and analysis of results, it is concluded that proportionate volume of water and tank size
decides the severity of sloshing in the partially filled moving tanks.
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1. Introduction

Motion of free liquid surface in partially filled containers due to external disturbances is defined as sloshing.
For any partially filled tanks, dynamic behavior is significantly affected by the dynamic motion of the free surface
liquid. Sloshing is experienced in various engineering applications such as liquid transporting trains and trucks,
oil carrying ships, fuel tanks on space crafts and rockets, water oscillation in liquid storage tanks and
reservoirs subjected to earthquake excitations. Oil transportation between countries in terms of both import
and export is one of the major trades, supporting the economy of the country. Sloshing is a severe problem
in the oil carrying ships. Violent oscillation of the oil inside the tank will lead to the instability and damage of
the liquid cargo ships. Understanding the liquid sloshing phenomena will help the Engineers to incorporate the
additional loads, in the design oftanks of liquid carrying ships and trucks. Studies have been carried out in the
field of sloshing from 17" Century.

A detailed review of the existing literature reveals the importance of sloshing. Numerous studies were carried
out to study the phenomena of sloshing experimentally, analytically and numerically. Liquid sloshing was initially
investigated by Faraday (1831) which was followed by Benjamin and Ursell (1954). Moiseyev (1958) proposed a
nonlinear theory to predict the sloshing behaviour in partly filled sway excited tank.

Faltinsen (1974) numerically simulated the nonlinear behaviour of sloshing under sway and roll motions. Nakayama
and Washizu (1980) used a finite element based nonlinear approach to investigate the liquid motion and the resulting
sloshing pressure in a container excited under forced oscillations. Series of experiments was conducted out by
Scheffer and Fittschen (1984) to study the effects of wave approach angle and water depth on behavioral motion
of ship. Waterhouse (1994) explicated the significance of aspect ratio in sloshing problem. Armenio
and La Rocca (1996) developed mathematical models to analyse liquid sloshing in open rectangular tanks. Cariouu
and Casella (1999) examined the mathematical works for the sloshing simulations and emphasized the scope for
further research work on impact loads and peak pressures. Kim (2001) studied the impact load on sloshing force
using finite difference method in the two- and three-dimensional containers. Rognebakke and Faltisen (2001)
investigated the sloshing effects on the partially filled tanks subjected to regular beam sea waves. Celebi and Akyildiz
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(2002) studied the nonlinear behaviour of liquid in partially filled rectangular tank using finite difference method by
solving Navier-Stokes equation. Sames et al. (2002) studied the pressure responses due to sloshing in cylindrical
and rectangular tanks. Frandsen (2004) studied the multiple resonance conditions developed in combined heave and
sway excitations. Akyildiz and Unal (2005) compared the pressure distribution in a tank excited by roll motion for
different fill levels. The nonlinear and linear behaviour of liquid sloshing dynamics in elastic containers and
supported structures was presented by Ibrahim (2005). Graczyk et al. (2007) studied the sloshing induced pressure
on the walls of the tank under random excitation and the structure response of the LNG tank subjected to vertical
and horizontal accelerations. Liu and Lin (2008) studied the three-dimensional nonlinear sloshing behavior using
numerical model (NEWTANK) and the numerical study was validated analytically. Virella et al. (2008) employed
finite element tool (ABAQUS) to study the influence of non-linear behavior of sloshing on its model pressure and
natural periods. Chen et al. (2009) calculated the impact pressure exerted by dynamic load due to sloshing in a partly
filled tank. Khezzar et al. (2009) studied the sloshing phenomenon on a test platform (560 mm x 160 mm x 185 mm
rectangulartank), subjected to impulsive impact. Panigrahy et al. (2009) observed the fluctuation in pressures exerted
on the tank walls near the free surface and at the deeper surfaces. Nasar et al. (2010, 2012) investigated sloshing
behaviour in a rectangular tank mounted on a barge andthe barge responses under random excitations. Bogaert et al.
(2010) conducted tests on full scale and large scale to study the hydro-elastic effects. Kim et al. (2012) conducted
comparative study on model-scale tanks. The sloshing pressure at 1/50 scale tank at Seoul National University (SNU)
was compared with the data’s measured at MARINTEK facility. Xue et al. (2012) reported the influence of vertically
arranged baffles on sloshing frequency with shake table tests. Hashemi et al. (2013) determined the dynamic sloshing
effect in a 3-D rectangular tank analytically under earthquake ground motion. Mei-rong et al. (2014) compared the
pressure and sloshing elevation by varying excitation frequencies for elastic tank with rigid tank. Kim et al. (2017)
studied the scale effects of sloshing under roll and sway motions using three different scaled tanks. The results from
the experiment were statistically analysed and a comparison of performance at three different fill levels (0.15h, 0.70h
and 0.95h, where h is the height of tank) was also done. Sifting over the literatures, the dynamics of sloshing
characteristics was varying with the fill levels hence the experimental and numerical studies have to be carried out
for different fill levels. The present study focuseson to explore the sloshing effects in three different scaled sway
excited tanks of rectangular ship tanks.

2. Experimental setup

The experimental study is carried out using shake table in the Department of Water Resources and Ocean
Engineering at National Institute of Technology Karnataka (NITK), Surathkal. An experimental setup is designed
and devised to measure the sloshing force based on ballast mass concept. The cross-section of the
experimental setup is shown in Fig. 1. An indigenous make (Geotran) servo-hydraulic, single axis shake table
of payload capacity 500 kgf is connected to a digital amplifier which is driven by a hydraulic actuator. The
inertial forces experienced by the masses placed on the shake table platforms are measured by load cells.
Capacitance type wave probes are used to capture sloshing motion of liquid inside the tank. The horizontal
displacement of the shake table is measured using LVDT. Wave transformer (Scientech) is used to control
excitation frequencies and amplitudes.
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Fig. 1: Cross-section of the experimental setup.
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4.1 Model tank details
Rectangular tanks of scale 1:86, 1:57 and 1:43 are fabricated using 12 mm thick acrylic sheets [Nasar et al.
(2008)] and Table 1 specifies dimensions of rectangular tanks. The model tanks were selected based on the prototype

of Liquid cargo carriers. The photographic view of the three-scaled tanks is shown in Fig. 2.

Table 1: Dimensions of the sloshing tanks

Dimensions in mm
Sl Designation of tank Tank 1 Tank 2 Tank 3
No. (1:86) (1:57) (1:43)
1. Length (1) 500 750 1000
2. Width (b) 200 300 400
3. Height (h) 325 487.5 650

i I N )

N‘Lﬂ d‘“i [ 177

Fig. 2: Photographic view of rectangular scaled tanks.

3. Methodology

The tank partially filled with liquid is mounted on the shake table and the table is harmonically excited in sway
motion at different excitation amplitudes and frequencies. Experiments are conducted using Shake table for 25%,
50% and 75% fill levels. Natural frequencies for different fill levels (f,) are calculated using the mathematical
expression [Ibrahim (2005)] as follows:

gL |n7g tanh(n”hsj, nN=123,.... @

" 2z | |

Where, n is the surface mode number, hs is the static water depth and | is the tank length.

The excitation frequencies for 1:86 scaled tank ranges from 0.4566 Hz to 2.794 Hz which covers up to fifth mode of
sloshing excitation. Similarly, the excitation frequencies range between 0.4566 Hz to 2.813 Hz (fs) and 0.4566 Hz to
1.9757 Hz (fs) for 1:57 and 1:43 scaled tanks, respectively. Two different excitation amplitudes (a) of 4 mm and 8
mm are considered.

4. Results and Discussions
With the results obtained from the series of shake table experiments, the sloshing dynamics is explored
with the following experimental parameters such as maximum free surface response (Tmax), root mean square

elevation (7)ms), maximum sloshing force (F’max), and average of ten largest sloshing peaks (F’ayg), sloshing
oscillation spectra and statistical analysis for three scaled tanks in sequence.

4.1 Maximum free surface response (#max)
The maximum free surface response gives the maximum sloshing run-up for given excitation amplitude and
excitation frequency in the sway excited rectangular sloshing tank. The variation of normalized maximum free
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response (Nmax/a) for different frequency ratio (f/fi)and different fill levels are projected in Fig. 3 for 1:86, 1:57
and 1:43 scaled tanks.

A comparison of experimental results with numerical results of Nasar et al. (2012)is performed. At
odd sloshing frequencies, acceptable correlation between maximum free surface responses is observed. For
all the scaled tanks, maximum free surface response is higher for 50% fill depth (hs/l = 0.325) than the response
obtained for 75% fill depth (hy/I = 0.4875) and 25% fill level (hs/l = 0.1625). It is also observed that the first mode of
sloshing (f = f1) is the critical mode for partially filled tank under sway excitation. The free surface response is in
decreasing order with the wave excitations at f = f;, f3 and fs. On comparison of three different fill levels, the higher
sloshing oscillations are observed in the order of 50%, 75% and 25% fill levels. Irrespective of the fill depths, the
1:43 scaled tank shows more sloshing response in comparison with 1:57 and 1:86 scaled tank.

—5— a=8mm
—A— a=4mm
Nasar.et al(2012)

T T I

Fig. 3: Variation of nmax/a with frequency ratio (f/f,) for, (a) hs/l = 0.1625 for 1:86, (b) hs/l = 0.325 for 1:86,
(c) hs/l =0.4785 for 1:86, (d) hs/l = 0.1625 for 1:57 (e) hs/l = 0.325 for 1:57, (f) hs/l = 0.4875 for 1:57,
(9) he/l =0.1625 for 1:43, (h) hs/l = 0.325 for 1:43 and, (i) hs/l = 0.4875 for 1:43 scale tank.
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4.2 Root Mean Square Surface Elevation (1ms)

The variation of normalized Root Mean Square surface elevation (nms/a) with frequency ratio (f/f1) is

illustrated in Fig. 4 for different fill levels and different scaled tanks.
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Fig. 4: Variation of nms/a with different frequency ratio (f/f1) for, (a) hs/l = 0.1625 for 1:86, (b) hs/l = 0.325 for
1:86, (c) hs/l = 0.4785 for 1:86, (d) hs/l = 0.1625 for 1:57 (e) hs/l = 0.325 for 1:57, (f) hs/l = 0.4875 for 1:57,

(9) hs/l = 0.1625 for 1:4.
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By considering all the scaled tanks, normalized root mean square surface elevation is higher for 50% fill
depth (hs/l = 0.325) than the response obtained for 75% (hs/l = 0.4875) and 25% (hs/l = 0.1625) fill depth.
Normalized root mean square surface elevation is observed in the decreasing order, f=f, >f=f; > f = f5 i.e. at
odd mode sloshing frequencies. Irrespective of the fill depths, the 1:43 scaled tank shows more sloshing response
in comparison with 1:57 and 1:86 scaled tanks.

4.3 Sloshing dynamics

Sloshing dynamics is explained with the help of energy spectrum of sloshing oscillations for three different
scaled (i.e., 1:86, 1:57 and 1:43) rectangular tanks at three fill depths (i.e. 25%, 50% and 75%). Odd modes
contributions are dominating even modes and hence comparison of sloshing oscillation spectra of f = i, f = f;
and f =fsis projected.

400 150 100
1 (a) 1@ 1@ 7
300 J fi 0 !
- — — i -
= | = 100 £ 7
3 3 S 60 —|
200 —| = - = 4
S~ | ) 40 -
~ ~% 50 | ~
mwo_ %) %) 20;
0 ] J\ 0 T /\ 07 ™ \J} —
0 1 2 3 0 1 2 3 0 1 2 3
7 VA Vi
200 120 100
- (b) (¢) .
160 —| f ] f; 80—(h) /s
£ £ s £
S 120 - & 8 60 —|
~ ~ ~
S 80 — ‘S S 40 —
V}l—' B rﬂp 40 — U]P B
40 —| | 20 —
ST T SO I L L L L B
0 1 2 3 0 1 2 3 0 1 2 3
Vi VA T
160 40 25
1(c) 1(® 1 () f
f5 f 20 — 3
~ 120 - — 30 — 5 -
= o H -
% 1 % W 15
= 80— 20 e
S S S
COP 40 — lem_ WP 5;
T T T T S B T T
0 1 2 3 0 1 2 3 0 1 2 3
7 I M

Fig. 5: Sloshing oscillations spectra for hs/l = 0.1625 and excitation amplitude of 4 mm; (a) f = f1 for 1:86 scale
tank, (b) f = f3 for 1:86 scale tank, (c) f = f5 for 1:86 scale tank, (d) f = f1 for 1:57 scale tank, (e) f =3 for

1:57 scale tank, (f) f = 5.
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Fig. 6: Sloshing oscillations spectra for hs/l = 0.325 and excitation amplitude of 8 mm; (a) f = f; for 1:86 scaletank,
(b) f = f5 for 1:86 scale tank, (c) f = fs for 1:86 scale tank, (d) f = f, for 1:57 scale tank, (e) f = f; for 1:57 scale
tank, (f) f = fs for 1:57 scale tank, (g) f = f1 for 1:43 scale tank, (h) f = f5 for 1:43 scale tank, (i) f = fs for 1:43

scale tank.
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Fig. 7: Sloshing oscillations spectra for hs/l = 0.325 and excitation amplitude of 4 mm; (a) f = f; for 1:86 scaletank,
(b) f = f3 for 1:86 scale tank, (c) f = f5 for 1:86 scale tank, (d) f = f; for 1:57 scale tank, (e) f = f3 for 1:57scale
tank, (f) f = f5 for 1:57 scale tank, (g) f = f; for 1:43 scale tank, (h) f = f; for 1:43 scale tank, (i) f = fs for1:43
scale tank.
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Fig. 8: Sloshing oscillations spectra for hg/l = 0.325 and excitation amplitude of 8 mm; (a) f = f; for 1:86 scaletank,
(b) f =fs for 1:86 scale tank, (c) f = fs for 1:86 scale tank, (d) f = f, for 1:57 scale tank, (e) f = f3 for 1:57scale
tank, (f) f = fs for 1:57 scale tank, (g) f = f; for 1:43 scale tank, (h) f = f3 for 1:43 scale tank, (i) f = fs for1:43

scale tank.
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Fig. 9: Sloshing oscillations spectra for hs/l = 0.4875 and excitation amplitude of 4 mm; (a) f = f, for 1:86 scaletank,
(b) f = f; for 1:86 scale tank, (c) f = s for 1:86 scale tank, (d) f = f; for 1:57 scale tank, (e) f = f; for 1:57 scale

tank, (f) f = f5 for 1:57 scale tank, (g) f = f1 for 1:43 scale tank, (h) f = f3 for 1:43 scale tank, (i) f = f5 for
1:43 scale tank.
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Fig. 10: Sloshing oscillations spectra for hs/l = 0.4875 and excitation amplitude of 8 mm; (a) f = f1 for 1:86 scale
tank, (b) f = f3 for 1:86 scale tank, (c) f = 5 for 1:86 scale tank, (d) f = f1 for 1:57 scale tank, (e) f = f3 for
1:57 scale tank, (f) f = f5.

From Fig. 5 and Fig. 6, it is seen that there is an increase in energy concentration for 25% fill level (hs/l =
0.1625) as the excitation amplitude increases from 4 mm to 8 mm.The energy concentration decreases with
increase in sloshing mode for all the scaled tanks. When comparing the three tanks for hg/l = 0.1625, the
energy concentration in the scaled tank is in the order, 1:86 > 1:57 >1:43. For 50% (Fig. 7 and Fig. 8) and 75% fill
levels (Fig. 9 and Fig. 10), when comparing the three scaled tanks, the energy concentration is in the order, 1:57
>1:86 > 1:43.

4.4 Sloshing force

A proper estimation of sloshing force is the significant part of sloshing dynamicsand it is the deciding
parameter for the design and operation of any moving/fixed object which is carrying/holding a tank with
partially filled liquid. Sloshing force mainly depends on the frequency of the moving tank, excitation amplitude,
geometry, size of sloshing tank and depth of liquid filled in the tank. By considering all above-mentioned factors,
the sloshing force is measured using ballast mast concept for the shake table excitation frequencies.

The sloshing force is represented in normalized peak sloshing force (F’max) and normalized average sloshing
force (F’ag) of ten largest peaks. The variation in the maximum sloshing force is normalized with the inertial
force of liquid as it is treated as solid mass. The normalized peak sloshing force and normalized average sloshing
force are given as follows, (Jamie, 2007):
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Where, a is excitation amplitude, my is total mass of the fluid and f is excitationfrequency.
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Fig. 11: Comparison of F’ma With frequencies ratio (f/fy) for different scaled tanks (a) hs/l = 0.1625 for 1:86, (b) hs/I
= 0.325 for 1:86, (c) hs/l = 0.4875 for 1:86, (d) hs/l = 0.1625 for 1:57, (e) hs/l = 0.325 for 1:57, (f) hs/l =

0.4875 for 1:57, (g) hs/l = 0.1625 for 1:43, (h) hs/l = 0.325 for 1:43 and, (i) hs/l = 0.4875 for 1:43 scale tanks.
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As the mode of frequency increases, F'max and F’aq decreases. Sloshing force is observed as high for the first
mode of frequency compared with other modes of frequencies. Also, it is evident that the increase in
excitation amplitude (from 4 mm to8 mm) leads to increase the sloshing force. It is understood that 50% (i.e. hd/I
= 0.325) water depth experiences higher sloshing force than 25% (i.e. hs/l = 0.1625) and 75% (i.e. hd/l =
0.4875) water depths (Fig. 11 and Fig. 12). Sloshing force is high for smallesttank (1:86 scale tank) at low water
depth (25% depth) irrespective of the excitation frequency and amplitude.
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Fig. 12: Comparison of F’avg with frequencies ratio (f/f1) for different scaled tanks (a) hs/l = 0.1625 for 1:86, (b)
hs/l = 0.325 for 1:86, (c) hs/l = 0.4875 for 1:86, (d) hs/l = 0.1625 for 1:57, () hs/l = 0.325 for 1:57, (f) hs/l =
0.4875 for 1:57, (g) hs/l = 0.1625 for 1:43, (h) hs/l = 0.325 for 1:43 and, (i) hs/l = 0.4875 for 1:43 scale tanks.

When the water depth is more than 50% of tank height (i.e. hs/l = 0.325), then, sloshing force is maximum
in the biggest tank (1:43 scale tank) than other scaled sloshing tanks irrespective of the excitation frequency
and amplitude. From above observations, it is concluded that proportionate volume of water and tank size would
decide the severity of sloshing in the partially filled moving tanks.
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4.5 Statistical Study

Experimental results are analyzed statistically by three parameters Weibull distribution to study the
probability of exceedance of forces at different fill depths (25%, 50% and 75%) in scaled rectangular tanks
(1:86, 1:57 and 1:43). The cumulative probability distribution function (F(x)) of Weibull distribution is represented
as,

F(x)=1-exp(-[(x-0)/ 5T ) 4)

Where B is the scale parameter ( > 0), y is the shape parameter (y > 0) and & is the location parameter.

Method of moments of curve fitting is used to obtain the above-mentioned parameters. Probability of
exceedance (S(x)) for Weibull distribution is represented as,

S(x)=1-F(x) ©)

For all scaled tanks at three fill levels, semi-log graph gives the relation between probability of exceedance and
corresponding force.
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Fig. 13: Probability of exceedance of sloshing forces for hs/l =0.1625 for tank scales, (a) 1:86, (b) 1:57 and, (c) 1:43

A right ward shift in the plots (Fig.13, Fig.14 and Fig.15,) is observed at same probability of exceedance when
the excitation amplitude changes from 4 mm to 8 mm.This indicates that the sloshing force experienced by tank
containment walls at 4 mm excitation amplitude is lesser compared to that at 8 mm excitation amplitude. At a
specific probability of exceedance, among the five sloshing modes considered, the force exerted with first mode of
oscillation is found higher compared to other four modes.

For different scaled tanks and at 25% fill depth, the 1:86 scaled tank experiences moreforce in comparison with 1:57
and 1:43 scaled tanks for both 4 mm and 8 mm excitation amplitudes.

At 50% and 75% fill depths, when tanks excite with 4 mm and 8 mm excitation amplitudes, the 1:43 scaled tank
experiences more force compared to 1:57 and 1:86 scaled tank.
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Fig. 15: Probability of exceedance of sloshing forces for hs/l =0.4875 for tank scales, (a) 1:86, (b) 1:57 and,

(c) 1:43.
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Fig. 14: Probability of exceedance of sloshing forces for hs/l =0.325 for tank scales, (a) 1:86, (b) 1:57 and, (c) 1:43.
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5. Conclusions

The sloshing phenomena and its characteristics in rectangular tanks excited in harmonic sway motion are
presented by using shake table experiments. Sloshing behaviour is reported for 1:86, 1:57 and 1:43 scaled
tanks with three different fill levels. The key conclusions drawn from the experimental study are given below:

e Anexperimental setup is designed and devised for measuring sloshing force using ballast mass concept.

e Itis concluded from the experiment that the critical mode of sloshing is the first mode of sloshing (f = f.),
for all fill depths (25%, 50% and 75%) and scale ratios (1:86, 1:57 and 1:43) considered.

e Normalised maximum free surface (nmax) response and normalised root mean square of sloshing elevation
(Mrms) is observed in the order f = f;, f = fz and f = fsi.e. at odd mode sloshing frequencies.

e Maximum energy (spectral energy) is concentrated for 50% fill level irrespective of the scaled tanks and
excitation amplitudes. Energy concentration decreases in an order of 1:86, 1:57 & 1:43 for 25% fill level.
For 50% and 75% fill level, energy concentration decreases in the order of 1:57, 1:86 & 1:43 irrespective
of excitation amplitudes.

e Sloshing force (F’max and F’avg) is high for 1:86 scaled tank at 25% fill level for all excitation amplitudes
and frequencies considered.

o When the fill level is more than 50% (hs/l = 0.325), sloshing force is maximum inthe 1:43 scaled tank than
other scaled sloshing tanks irrespective of the excitationfrequency and amplitude.

e From the experimental observations, it is concluded that proportionate volume ofwater and tank size decides
the severity of sloshing in partially filled moving containers.

e Itis also concluded that the 50% filled condition experiences violent sloshing irrespective of the scaling
tanks, excitation amplitudes and excitation frequencies.
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