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Abstract.

We investigate by direct simulation the problensca#ling for a rectangular tank partly filled withranular
material. The work is a step in a longer - ternoeffaimed to developing a mathematical model adsines
coupled motions of ships in waves, having loos&stamherein cargos in bulky form are transportede Th
developed discrete - particle fluid model is basedthe “soft sphere” Molecular Dynamics method with
nonlinear frictional forces. Material particles amnsidered at this stage as spherical (3mm) aryd Tiey can
be translated or rotated in any direction. Simubatiresults for geometrically similar containers thiree
different sizes are presented, assuming horizdrdahonic vibration of the container. In another ¢ypf test is
investigated the avalanching phenomenon of thedueface during slow tilting, in containers of difént size.
Preliminary conclusions are drawn about the infloerof scaling on these motions.

1 INTRODUCTION

Materials in granular form (powders, sands, grainstal ore etc.) are basically conglomerationsiséréte and
solid macroscopic particles (Brown & Richards 197)eir behaviour is of great interest, since tbagy present
the physical properties of two or more states oftenaCoulomb, Faraday, Reynolds, Brigadier Bagreoid
other eminent scientists have set the foundatidnthis field. When a collection of grains form depin a
container, it can be compared to a solid (statite¥t If the container is sufficiently tilted, tigeganular material
starts to flow, resembling a liquid (dynamic sta@¢tween these two states a granular assemblyerprience
a quasi - static state. For example, when the guwertas vibrated at a relatively high frequencye thrains
rearrange themselves in the packing (decreaselofme). On the other hand, if the container is v&rpngly
vibrated, the grains display free motion and thengtar assembly behaves like a dissipative gas élyuen al,
2012). Subsequently, their handling often needsiapattention.

Further to its scientific interest, granular mastdsehaviour is of great practical significanceattics suggest
that, 40% of the capacity of many industrial plastsvasted because of problems related to matetiatssport
(Ennis et al., 1994). Moreover, In the field of ftiave transportation it is well known that, loosalky material
inside ship holds can become perilous (Spando®gidBpyrou 2012). Cargo shift represents a majorahfer
ship safety and probably the most common causeaps$ize of large ships. It is notable that more t8@a
seamen lost their lives in the last two decadesulk carrier vessels (INTERCARGO 2012). Internasibn
regulations have been developed and they are mbguipdated, aiming to control the method of trasrspmf
these materials and to specify testing techniquétde for verifying that a certain cargo can ladely
transported (IMO 2012). At the same time, compatati methods have progressed and they can be adient
very useful for better understanding the behaviouthese materials and for creating more effectasting
procedures.

In the current paper we present a computationahoteaind some preliminary results on the problermodel
scaling, that is faced in practice when one empkysapparatus of a certain small size for testimgyaaular
cargo’s suitability for transport. The dynamic bebar of particles inside three geometrically simil
rectangular containers is simulated. The contaiasgssubjected to: a) horizontal vibration andilbihg with a
relatively slow angular velocity.

2 SIMULATION APPROACH

The calculation scheme is based on the method eddhel & Schwager (2005). Concerning the interadioce
model, several options are available (Schafer 8086, Zhou et al 2001). Normally to the line oftaxt during
collisions we have considered nonlinear elastic faintlonal forces; while transversely we have assumed acting
a purely frictional force (Figure 1). Granules werensidered as smooth dry spherical particles ikbd
diameters (3 mm) that can be translated or rotaiea vertical plane.
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Figure 1 Grains penetration.

More specifically, for the normal force we adopted dissipative Hertz - type force for viscoelastiaterials
proposed by Brilliantov et al (1996):

Fn = _kn<(3/2 _ anllzf (1)
wherey, is a damping constant connected to the radii ®sgpheres and the coefficients of bulk viscositys a
non-linear stiffness of a spring whose elongatsf (£ = max (0, R+ R - Iri —rj[)), the deformation of the grain,
connected to the elastic properties (Young ModuRaisson ratio) and to the radii of the spheress Tifodel
was originally developed for stiff particles aghe case of our investigation.
As for the transverse force, the following modelHsff & Werner (1986) was adopted:

Fe = _min(‘ys (g IUEFn‘)B;ign (us) (2)

75 is shear damping constant;is the shear velocity component that for a 2D issxpressed as:
u,=(u -u )5+ @R+ R ®)

u stands for the dynamic friction coefficient arsdis the unit vector that for spheres is alonggbgpendicular
to the line of contact. Kuwabara & Kono (1987) aduhat simulation results based on Equation 2rageod
agreement with experimental results wheg receives high valuege.g. 20 Ns/m) Particles’ motions are
governed by Newton’s second law for translatiomal eotational motions.

Trajectory generation refers to the paths of adargmber of particles and it is divided into threejor steps:
initialization, equilibration and production. Ofetlarge number of available finite - difference esties, Gear’s
(1971) predictor - corrector was used which isatlé for MD due to its numerical stability.

Verification of the code was based in conservatwimciples during both the initial equilibration drthe
subsequent execution of the coded on systematic error, while its validation involvetmparison of
characteristic obtained results with experimenghdSpandonidis & Spyrou 2013). The results aoegssed in
order to assess the computed trajectories and lwelaed the quantities that are representativiheftargeted
collective phenomenon (e.g. shift of cargo’s cenfrenass). For trajectory visualization we haveduses open-
source multi - platform ParaView 3.12 (Sawley et20107) whose flexible and intuitive front - endaghical
user interface (GUI) is amenable to complex ande'f grained” data manipulation.

3 SIMULATION RESULTS

We consider a mobile, rectangular, smooth and tigitk, filled partly by dry granular material. Tbegin of
the coordinate system is placed at the left sideuf’s bottom (Figure 2). Tank is free to moveaiy possible
direction, depending on the desired excitationldvahg Schafer et al (1996) and basically what istandard
practice, our tank walls are built of particlesntodel surface roughness. Motion of the walls espribed and it
can be periodic or random. Cellulose acetate spheith diameter 3 mm were used. Table 1 summatizes
material properties.
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Figure 2. The origin of the coordinate system &ptl at the left corner of each tank’s bottom. Agight-to-
width-ratioh/l;, (1<i < 3)is fixed to a constant value.

Three different tank configurations (tank A, B a@dn Figure 4)) are used in order to investiga shaling
effects in the dynamic behaviour of the materianR widths aret; = 6 cmfor tank A, |, = 15 cmfor tank B;
and I; = 18 cmfor tank C The height-to-width—ratio was kept fixell/l(=0.256).

Two different simulation results per tank configioa are produced. Firstly, we monitored the moveta# the
granules’ mass centre for various pure sway o$iotla when harmonic external excitation is appliddwvide
range of excitation frequencies and amplitudesimasstigated (0 - 3.7 Hz and 0 - 4 cm, respectivédased on
these simulations, diagrams in comparative formcagated for material’s dynamical behaviour in diféerent
tanks. Furthermore, in order to determine scaliifgceon theangle of reposethat isthe maximum slope angle
of non-cohesive (i.e. free-flowing) granular madérive tested the response of the free surfacerumdertain
rate of tilting, monitoring the initiation of avadahing.

Table 1. Numerical values for particle coefficients

Parameter value Parameter value
Diameter (m) 3 Young modulusN/nf) 3.2x 10
Density gr/cnt) 1.319 Coulomb friction 0.25
Poisson ratio 0.28 Shear dampihgg/n) 20

* Cellulose acetate particles

3.1 Horizontal motion under sway excitation

Although less investigated than vertical oscillati@a rich variety of interesting macroscopic pheanaasuch
like convection, segregation and compaction appdsn a rectangular tank, filled with granular miteis
shaken horizontally (Poschel & Rozenkranz 1997).0Aghall these phenomena what interests us is that o
fluidization; that is the transformation of matési®ehaviour after a critical point of a systemériable (most
commonly excitation frequency and amplitude) hasnbeeached, from solid like to fluid - like behawioln
Figure 3 are presented time instants of matermabf$ion inside tank C (large) for a case where ¢hitical point
has been exceeded. In order to investigate diff@®rmetween the dynamic behaviour of the same imlater
inside different tanks, we performed a great numddfesimulations for each tank configuration varyitige
excitation frequency and amplitude. The displacentdnmaterial’'s mass centre both in y and z-axigewe
captured and graphically presented. In Figure 4rnats mass centre displacement inside tank Cditberent
excitation frequency and excitation amplitude 4isrmepicted. There is a critical frequency vallgse to 1.2
Hz after which the material starts to behave alrtiksta fluid.

Figure 3. Motion of material inside tank C (exditat frequency 1.5 Hz). Left: time instant littletef the
beginning of the motion; middle: time instant whiée maximum amplitude is reached for the first timght:
time instant after tank crosses the initial poortthe first time.
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Figure 4. Horizontal (left) and vertical (right) mement of material’s centre of mass inside tankL& ¢m
width) under sway oscillation for three differemtcéation frequenc (excitation amplitude is 4 cm).
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Figure 5. Mass centre response amplitude for varimguency and amplitude excitation values.

By working in a similar manner for more than 30tsiations (for the three tank configurations) we able to
demonstrate the dynamic behaviour of the matensile the tank in the frequency region near toctiitecal
(bifurcating) point. In Figure 5 is shown the massitre response amplitudg,; for various frequencies .

The prime indicates a non - dimensionalised quaniihe excitation amplitudeyy had a fixed value for all
cases. The scaling laws were as follow: = vy /1; , d =y Ji/g and ni=n/li, 1<i<3 (Lloyd 1989).

For small values of excitation frequency the matarioves with the tank, but for higher values dtrtst to flow.
What is interesting is that tank’s A bifurcatingiptas at a different place, in comparison to thieeo two tanks,
inside which the material demonstrated almost idahbehaviour. Another interesting observatiothat, in the
tank A there is a second critical point where sdimied avalanching is realized, located at lowegtiency.
Mass centre’s shift between these two critical f®oiis relatively small. These observations leadthe
suggestion that there must be a critical widtterafthich the material behaves in an almost idehtiaaner; but
before this width (smaller values) the materialved@lmost no difference in its behaviour. This elifince is
believed to be due to the fact that friction playsiore crucial role when the dimensions are srbatljts role is
not so important when the physical dimensions eftfoblem are large enough.

3.2 Slow tilting of thetank - angle of repose identification

Granular matter is often imagined in the form ofaamdpile. Indeed the formation of sandpiles isandy an
everyday experience but an event relevant to maagtipal applications also. Angle of reposesisiply the
maximum slope angle of non - cohesive (i.e. fréwing) granular material and one of the most imiant
macroscopic parameters, characterizing materiaisabiour. An interesting challenge is to underbtéme
dependence of avalanching when the critical angke been reached; upon physical parameters of gtensy
(e.g. moisture content, particle diameter, walhrtigle friction etc) either by experimental (Dolb&@005) or by
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numerical (Maleki et al 2007) methods. It has béewnd that this angle strongly depends on matearial’
properties such as particle density and size (#tal, 2001) and also tank’s depth (Zhou & Zhan@20
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Figure 6 Displacement of material’'s centre of nfass tilting rate 0.3°/s. Comparative study foreth tank
configurations. Sufficiently high tank walls aresamed.

The recommended from IMO test method for deternginime angle of repose is the so called “tilting box
method” which is suitable for non-cohesive granufaterials with a grain size not greater than 10. mn
standardized box (600mm long, 400mm wide and 200mgh) is filled with the material to be tested ahe
tilting mechanism is then activated, with rateitting approximately 0.3s. It is stopped as soon as the material
begins to slide. Other common methods include nmigasthe angle of repose of a pile formed on adiked or
inside a revolving cylinder (Train 1958). Even tgbuthese methods are adequate for static anglepafse
identification, they are largely empirical and maimes predict contradictory results due to différangles
measured (Liu et al 1991). Furthermore they cahaotlle situations where the dynamic motion of tgac is
dominant.

Following the most common definition of angle opose in the maritime field (IMO 2012) and considgrthat
the critical angle has been reached only when e $urface starts to continually flow (thus exaigdinitial
reordering of the free surface) we tilted the thaifferent tanks with tilting 0.%s. In previous work
(Spandonidis & Spyrou 2013) we have observed tleavalue of the angle of repose depends on sideheight
and tilting rate. However this dependence is elated for slow tilting. Although not the customarmagtice,
predictions seem to be more reliable when theisgsérformed for high enough side walls (also, thia more
realistic scenario). Figure 6 presents the dispiece of the centre of mass along the y-axis, imatance to the
tilting angle, for the three tank configurationss dbserved in Fig. 6, there is a slight initial tterof mass offset
for all three tanks, owed to different free surfatignment which is a natural occurrence and thusffort was
made to remove it. As the tilting begins, and umbout an angle of 25the particles on the surface show a
tendency to be realigned. Also, a small hip is fedrmear to the wall that is furthest from the riotataxis
(Spandonidis & Spyrou 2012). Then the material ekdike a solid, till a critical angle is reach&lddenly
the material behaves almost like a fluid but itrsoeturns again to a solid - like behaviour (st behaviour);
till the next critical angle is reached. In the temaller tanks the material exhibits a steppedstitian. We
identified the first critical angle as the anglergpose although this is a matter to be furthesictamed.

Following Lee & Hermann (1993) we repeated each emizal experiment 12 times, with slightly different
initial free surface configuration (which also Heeen found to be crucial in angle of repose presigtand then
we calculated the predicted angle of repose foryetamk. Each angle presented in Figure 7 is catedl mean
angle over the 12 experiments and the error isrtb@n square sample-to-sample fluctuation. As rbtidesre is
a slight dependence of angle of repose on tankdthwin the sense that the smaller the tank theetatige
predicted value. In order to obtain safer resudtstlis dependency more experiments (not only nicalkebut
physical as well) have to be performed with lar@aks. In this way one could establish a criticalttv value
beyond which every predicted angle is practicdlly $ame.
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Figure 7 The angle of repose against the width@tank when the height-to-width ratio is constant

4 NEXT STEPS

Figure 8 Vibration test system installed at schafaiaval architecture and marine engineering, Niatio
Technical University of Athens.

Experimental reproduction of the performed numérieats will be attempted in the next stage. A datid
facility for investigating granular material andiifi dynamics in vibrated containers has been rgcamttalled

in our School, consisting of a shaking table tret be driven in six degrees of freedom (6-DOFijs Kuitable
for producing low frequency excitations like thgeeduced on ship cargos under the effect of wa&s.input
time histories are used to describe the desiretbmobf Roll, Pitch, Yaw, Surge, Sway, and HeaVée table’s
motions cannot exceed +40 Degrees and +0.5 Metessipplied Labview interface program reads or getesy
these time histories and computes the correspondirigator motions to translate the table platform.
Calibration/measurement of table’s real motiondsa by real time PID loops that control the sixuatbrs and
by the use of a table-mounted Miniature Attitudeatieg Reference System (AHRS) with GPS (Microstrain
3DM-GX3-35) that reports to the main PC the exaudition of the table at any time. A number of sgubase
and cylindrical vessels with various dimensiongétting used. The vessels are made from Perspé&xnain
thickness to permit direct observation.

Flow visualization is possible by the use of a higleed video system. This system consists of tgb speed
video cameras (Trouble-Shooter HR - color) withesotution of 1280 x 1024 pixels and a maximum spafed
16,000 images per second that cooperate in a nfelater mode. A specialized software programme (MEDA
4.0) is used for event-capture camera control, lsyrgzation with data sources, and automated mongo

The use of two PCD-300B sensor interfaces working master/slave mode enables the main PC to perfpr
to 16 different stress and force, pressure, actiber and displacement measurements through thefusteain
gages and transducers, respectively. DCS 100A digndata acquisition software enables easy, intemact
setting of measuring conditions and sensor infoionads well as monitoring of measuring data on micrend
various graph windows.
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5 CONCLUSIONS

Scaling effects influencing the behaviour (from &static to dynamic) of granular matter, placeddesthree
geometrically similar small size containers wereestigated at preliminary level. The investigativas based
on simulations relying on the so called “molecudgnamics” method. Cellulose acetate spheres wiamdter 3
mm were considering. The tanks were successivehibipted in sway assuming prescribed harmonicreate
excitation and ii) tilted with low tilting rates.

As far as horizontal vibration is concerned, théiaal point after which the phenomenon of fluidiba occurs
was targetted. Observations lead to the suggestaira critical size of container exists after whihe material
behaves in an almost identical manner irrespegtigélcontainer’s size. It is conjectured that fioct plays a
greater role in the smaller sizes, hence the appditierence in the dynamic behavior.

Furthermore, tilting of the three tanks with a sloate (0.3°/sec), in order to identify the critieaigle where
avalanching of material’'s free surface appeardcaidd that there is some dependence of this angkank’s
width. Specifically, it was observed that the serathnk leads to a larger critical angle. In orteobtain safer
results for this dependency more tests should brmpeed with a much wider tank. In this way one Idou
establish a critical width value beyond which evergdicted angle is practically the same.

Of course, experimental reproduction for both theys and tilting experiments will be required befdhe
suggested dependency is considered as establisdtestnpof the behaviour of the physical system unde
consideration.
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