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Abstract:
This paper presents the result obtained from a series of experiments conducted on differentceaigdlar tanks
mounted on shakable, to study the scale effects of sloshing with sway exuitédn. Three different tanks of model
scales of 1:86, 1:57 and 1:43 are considered for present Jtoeyests are carried out for the aspect ratig/l({lwhere
hs liquid depth and | is théength of the tanif 0.1625, 0.325, and 0.4875 which represents 25%, 50% and 75% of
liquid fill levels, respectivelyThe sloshing oscillations occur in the longitudinal axis when subjected to sway
excitations. Sloshinéprcesand sloshingoscillation time historiesare measuredisingload cells and waveprobes,
respectively. The effect of excitation amplitudes and excitation frequencies on sloshing osalfatisloshing force
are presented herein. It is found that violent sloshing is experienceiD%6rfilled condition irrespective of scaled
tanks, excitation amplitudes and excitation frequencies. The sldshaggis maximum in 1:43 scaled tank than other
scaled sloshing tanks irrespective of the excitafimguency and amplitude for 50% fill ldveéBased on the
experimental observations and analysisesults, it is concluded that proportionate volume of water and tank size
decides the severity sfoshing in theartially filled moving tanks.
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1. Introduction

Motion of free liquid surfacein partially filled containersdue to externaldisturbancess definedassloshing.
For any partiallyfilled tanks,dynamicbehavioris significantly affectedby the dynamicmotion of the free surface
liquid. Sloshingis experiencedn variousengineeringapplicationssuchas liquid transporting trains andtrucks,
oil carryingships,fuel tanks on space crafts and rockets, water oscillation in liquid storage tanks and
reservoirssubjectedto earthquakeexcitations. Qil transportationbetweencountriesin terms of both import
and export is one of themajortradessupportinghe economyof the country. Sloshingis a severeproblem
in the oil carryingships.Violent oscillationof the oil insidethe tank will lead to theinstability anddamageof
theliquid cargoships.Understandingheliquid sloshingphenomenawill help the Engineersto incorporatethe
additional loads, in the design oftanks ofliquid carryingships andrucks.Studies havéeencarriedoutin the
field of sloshingfrom 17" Century.

A detailed review of the existing literature revealsthe importanceof sloshing.Numerous studies were carried
out tostudy the phenomena of sloshiegperimentally analytically and numericall Liquid sloshing was initially
investigated by Faraday (183@hich was followed by Benjamin and Ursell (1954). Moiseyev (1958) proposed a
nonlineartheory to predict the sloshing behaviourin 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 containerciéed 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 theignificance 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@rasieed 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 twand threedimensional containerflRognebakke and Faltisen (2001)
investigatedhe sloshing effects on the partially filled tanks subjected to regular beam sea®@e&debsand Akyildiz
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(2002) studied the nonlinear behaviour of liquid in partially filled rectangular tank using finite difference method by
solving NavierStokes equatim Sames et al. (2002) studied the presstesponses due to sloshing in cylindrical
and rectangular tanks. Frandsen (2004) studiechthiiple resonance conditions developed in combined heave and
sway excitations. Akyildiand Unal (2005) compared theepsure distribution in a tank excited by roll motion for
different fill levels. The nonlinear and linear behaviour of liquid sloshing dynamics in etasttainers and
supported structures was presented by Ibrahim (2005). Graczyk et al. $a0dié}l tle sloshing induced pressure

on the walls of the tank under random excitation dhd structure response of the LNG tank subjected to vertical
and horizontal accelerations. Land Lin (2008) studied the threl#mensional nonlinear sloshing behavior using
numericalmodel (NEWTANK) and the numerical study was validated analytically. Virella et al. (2008)poyed

finite element tool (ABAQUS) to study the influence of Aorear behavior otloshing on its model pressure and
natural periods. Chen et al. (20@@Jculated the impagiressure exerted by dynamic load due to sloshing in a partly
filled tank. Khezzar et al. (2008}udied the sloshing phenomenon on a test platformif56® 160mmx 185mm
rectangulaiank), subjected to impulsive impact. Panigrahgl. (2009) observed the fluctuatiorpiressures exerted

on the tank walls near the free surface and at the deeper surfaces. Nes€20dt0, 2012) investigated sloshing
behaviour in a rectangular tank mounted on a bargiharhrge responses undandom excitations. Bogaert et al.
(2010) conducted tests on fgitaleandlarge scaleto studythe hydro-elasticeffects.Kim etal. (2012) conducted
comparative study on modstale tanks. The sloshing pressure at 1/50 scale tank at\&gmuial Unversity (SNU)

was compared with the dat aBueetalg2052)reperigd tiaetinflubhddof vBrficalliK f a c i
arranged baffles on sloshing frequemdth shake table tests. Hashemi et al. (2013) determined the dynamic sloshing
effect ina 3D rectangulatankanalyticallyunderearthquakegyroundmotion. Mei-ronget al. (2014)compared the
pressure and sloshing elevation by varying excitation frequencies for &arbtiwith rigid tank. Kim etal. (2017)
studied the scale effects of slaghunder roll andway motionaising thredifferentscaledtanks.Theresultsfrom
theexperimentverestatistically analysed and a comparison of performance at three different fill levels 715B

and 0.95, whereh is the height of tank) was alstone. Sifting over the literatures, thgnamics of sloshing
characteristics was varying with the fill levels hence the experimantahumerical studies have to be carried out
for different fill levels. The present study focusego explore the sloshineffects in three different scaled sway
excited tanks of rectangulahiptanks.

2. Experimental setup

The experimentalstudy is carried out using shake table in tH2epartment oWaterResourceandOcean
Engineering aNationallnstitute of Technology KarnatakéNITK), Surathkal An experimentaketup is designed
and devised to measure the sloshingforce based on ballast mass concept. The crosssection of the
experimentabketupis shownin Fig. 1. An indigenous make (Geotran) servehydraulic, single axisshaketable
of payloadcapacity500 kgf is connectedto a digital amplifier which is drivenby ahydraulic actuator. The
inertial forces experiencedby the massesplaced orthe shake table platforms are measuredby load cells.
Capacitancetype wave probesareusedto capture sloshing motion of liquid inside the tank. The horizontal
displacementof the shake table is measuredusing LVDT. Wave transformer(Scientech)s used tacontrol
excitation frequencieandamplitudes.
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Fig. 1: Crosssection of the gxerimental setup.
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4.1 Model tank details

Rectangulartanks of scale 1:86, 1:57 and 1:43 are fabricated using 12 mm thick acrylic sheets [Nasar et al.
(2008)] andrable 1 specifies dimensions of rectangular tariise modeltankswereselectedasedntheprototype
of Liquid cargocarriers.The photographic vievof thethree scaledtanksis shown inFig. 2.

Tablel: Dimensions of the sloshing tanks

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

Fig. 2: Photographiwiew of rectangulascaled 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 aftdquencies. Experiments are conducted using Shake table for 25%,
50% and 75% fill levels. Natural frequencies for different fill levefly &re calculated using the mathematical
expression [Ibrahim (2005)] as follows

fnzi @tamhgen"i—kg 8n =1,2,3,.... (1)
[ -

Where,n is the surface mode numbeég,is the static water depth ahd the tank length.

The excitation frequencies for 1:86 scaled tank ranges from OHb5&62.794Hz which covers up to fifth mode of
sloshing excitationSimilarly, the excitation frequencies range between 0.4560 2.813Hz (fs) and 0.45661z to
1.9757Hz (fs) for 1:57 and 1:43 scaled tanks, respectively. Two different excitation ampli)ddes4 mmand 8
mmare considered.

4. Resultsand Discussions
With the results obtained from the series of shake table experiments, the sloshingdynamicsis explored
with the following experimental parameterssuch as maximumfree surfacerespons€Nmay), root meansquare

elevaton (/m9, maximumsloshing force(F @y, and averagef ten largestsloshing peakgF &), sloshing
oscillationspectra and statisticahalysisfor threescaledtanksin sequence.

4.1 Maximum free surfaceresponse(max)
The maximum free surface resporgiges the maximum sloshing rup for given excitationramplitude and
excitationfrequencyin the sway excitedrectangularsloshingtank. The variation of normalized maximum free
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response(Nmala) for different frequencyratio (f/f;)anddifferentfill levelsareprojectedin Fig. 3 for 1:86,1:57
and1:43 scaledanks.

A comparisonof experimental results with numerical results of Nasar et al. (2012)s performed. At

odd sloshing frequencies,acceptablecorrelation between maximumfree surfaceresponseds observed.For

all the scaledtanks, maximum free surfaceresponse is higher for 50% fill depth/{ = 0.325) than the response
obtained for75% fill depth byl = 0.4875) and 25% fill leveh/l = 0.1625). It is also observed that the first mode of
sloshing { = f1) is the critical mode for partially filled tank under sway excitation. The free surface response is in
decreasing order with theave excitations dt= f;, f3 andfs. 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 respan comparison with 1:5hd 1:86 scaled tank

—5— a=8mm
—A— a=4mm
Nasar.et al(2012)

T T I

Fig. 3: Variationof hma/a with frequencyratio (f/f1) for, (a) hy/l = 0.1625for 1:86, (b) hyl = 0.325for 1:86,
(c) hdl = 0.4785for 1:86,(d) hy/l = 0.1625for 1:57 (e)hy/l = 0.325for 1:57,(f) hyl = 0.4875 forl:57,
(9) hyl =0.1625for 1:43,(h) hyl = 0.325for 1:43and, (i) hy/l = 0.4875for 1:43scaletank
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4.2 Root Mean Square Surface Elevation (hims)

The variation of normalized Root Mean Square surface elevation (himda) with frequency ratio (1) is
illustrated in Fig. 4 for different fill levels and differentscaledtanks.

—O— a=8mm
—A— a=4dmm

30 30 30

(a) @ (©

Ny @

Fig. 4: Variation ofh,mda with different frequency ratio (f/f1) for, (a) hs/l = 0.1625 for 1:86, (b) hs/l = 0.3:
1:86, (c) hs/l = 0.4785 for 1:86, (d) hs/l = 0.1625 for 1:57 (#)h6.325 for 1:57, (f) hs/l = 0.4875 for 1:!
(9) hs/l = 0.1625 for 1:4
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By considering all the scaled tanks, normalized root mean square surfaceelevation ishigherfor 50% fill
depth (hd/l = 0.325) than theresponse obtained for 75% (hJl = 0.4875) and 25%h{/l = 0.1625) fill depth.
Normalized root mean square surfatevation is observed in thiecreasing ordef=f, >f=f3 > f = f5 i.e. at
odd modesloshingfrequencieslrrespectiveof thefill depthsthe1:43scaled tank shows moresloshingresponse
in comparison witl:57 andl:86 scaledtanks.

4.3 Sloshingdynamics

Sloshingdynamicsis explainedwith the help of energy spectrumof sloshingoscillationsfor three different
scaled(i.e., 1:86, 1:57 and 1:43) rectangulartanks atthreefill depths(i.e. 25%, 50% and 75%). Odd modes
contributions are dominatingeven modes and hencemparison of sloshing oscillation spectod f = fi,f = f3
and f =fs is projected.
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Fig. 5: Sloshing oscillations spectra for hs/l = 0.1625 and excitation amplitude of 4 mm; (a) f = f1 for 1:
tank, (b) f = f3for 1:86 scale tank, (c) f = f5 for 1:86 scale tank, (d) f = f1 for 1:57 scale tank, (e) f:

1:57 scale tank, (f) f=15

Sloshing dynamics in sway excited rectangular scaled tanks

10z



Shwetha Shri, T. Nasar / Journal of Naval Architecture and Marine Engineering, 19(20622)1 97

250 100 80
() 1 1@
R lfi _ \f _ 60— (Iﬁ
[ 1 - 1 ! [
:Ef 150 — | & oe0 H ':? |
2 ns g . 40— !
S 100 | = w0 H = ‘
et - “ i “ i ‘\ “ |
I | I\ 20 — J/\ | |
l -
A5 LV NSO e S . [ 0 Y
0 1 H 3 4 [ 1 2 3 4 o 1 2 3 4
vis il Jh
0 2% 20
b q(e 1
) ( ) J{;‘ =0 ) f; | (h) { f}
R - £
B} B 15— s 12
o S Sd |
w7 u | “ |
5 — ” 4 — J"
e f[. = e I I" T s |' : T
0 1 2 3 4 [ 1 2 3 4 o 1 2 3 4
S S Vit
30 25 -]
IS . 1o P B -
20 —| fi 5
5'_ 20 — = E;Tzi— {l
g & e . |
3 B s I
gowf | ;, i / ;lfazf |
| J ] / j |
I 4 f n |
i / N L / L
0 \I T '\l ,| T 0 |\!\| T \‘| Y‘\ D*LT":T_!_‘JI‘L'_'}_'
o 1 2 3 4 o 1 2 3 4 ] 1 2 3 4
g 1ty S

Fig. 6: Sloshing oscillations spectra fbyl = 0.325 and excitation amplitude oih@ (a)f = f; for 1:86 scal&ank,
(b) f =f3 for 1:86 scale tank, (€)= fs for 1:86 scale tank, (d)=fi for 1:57 scale tank, (é)=f3 for 1:57scale
tank, (f)f = fs for 1:57 scale tank, (d)=f; for 1:43 scale tank, (H)=f; for 1:43 scale tank, (i)=fs for 1:43
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Fig. 7: Sloshingoscillationsspectrafor hy/l = 0.325andexcitationamplitudeof 4 mm (a) f = f; for 1:86 scal@ank,
(b) f =f3for 1:86 scale tank, (d)=fs for 1:86 scale tank, (d)=f, for 1:57 scale tank, ()= f; for 1:57scale

tank, (f)f =fs for 1:57 scale tank, (d)=f; for 1:43 scale tank, (H)=fs for 1:43 scale tank, (f)= fs for1:43
scaletank
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Fig. 8: Sloshingoscillationsspectrafor hy/l = 0.325andexcitationamplitudeof 8 mnt (a) f = f1 for 1:86 scaléank,
(b) f =fs for 1:86 scale tank, (d)=fs for 1:86 scale tank, (d)= f1 for 1:57 scale tank, ()= f3 for 1:57scale
tank, (f)f = fs for 1:57 scale tank, (d)=fi for 1:43 scale tank, (H)=fs for 1:43 scale tank, (f)=fs for1:43
scaletank

Fig. 9: Sloshingoscillationsspectraor hyl = 0.4875andexcitationamplitudeof 4 mny (a) f = f, for 1:86 scal&nk,
(b) f =f5 for 1:86 scale tank, ()= fs for 1:86 scale tank, (d)=f; for 1:57 scale tank, ()= f; for 1:57scale
tank, (f)f = f5 for 1:.57 scale tank, ()= f1 for 1:43 scale tank, (H)=f3 for 1:43 scale tank, (i) = f5 for
1:43scaletank
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