NUMERICAL INVESTIGATION AND DYNAMIC MODELLING OF
SLOSHING IN A LIQUID PROPELLANT LAUNCH VEHICLE

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ALP KALIPCILAR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ORMASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

AUGUST 2025






Approval of thehesis:

NUMERICAL INVESTIGATION AND DYNAMIC MODELLING OF
SLOSHING IN A LIQUID PROPELLANT LAUNCH VEHICLE

submitted byALP KALIPCILAR in partial fulfilment of the requirements for the
degree oMaster of Sciencan Mechanical Engineering Middle East Technical
University by,

Prof. Dr. Naci Emre Altun
Dean,Graduate School of Natural and Applied Sciences

Prof . Dr. Serkan Daj
Head of the Departmen¥echanical Engineering

Prof. Dr. YijJit Yazéceéeojlu
SupervisorMechanical Engineering, METU

Assoc Prof. Dr. Mehmet Biilent Ozer
Co-SupervisorMechanical Engineering, METU

Examining Committee Members:

Prof. Dr.Mehmet Metin Yavuz
Mechanical Engineering, METU

Prof. Dr. YijJit Yazéceéeojlu
MechanicaEngineering, METU

Assoc Prof.Dr. Al i Kar akuk
Mechanical Engineering, METU

Asst. ProfDr.¥ zg¢r Ujrak Bar an
Mechanical Engineering, METU

Assoc. ProfDr. Hiiseyin Enes Salman
Mechanical Engineering, TOBB ETU

Date:27.08.2025



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited andkferenced
all material and results that are not original to this work.

Name LastnameA|l p Kal ép-él ar

Signature :



ABSTRACT

NUMERICAL INVESTIGATION AND DYNAMIC MODELLING OF
SLOSHING IN A LIQUID PROPELLANT LAUNCH VEHICLE

Kal e pApél ar
Master of SciengeMechanical Engineering
SupervisorPr of . Dr . Yijit Yazéceéeojlu
Co-SupervisorAssoc Prof. Dr. Mehmet Biilent Ozer

August 2025266 pages

The complex dynamics of propellant sloshing in liquid propellant rocket engine
tanks significantly affect the stability, control, and structural integrity of launch
vehicles. To analyze and estimate the effects of lateral sloshing on a system, this

thesispresents a dynamic model methodology for use in the early design phase.

An experiment was conducted to validate the analytical approach, linear potential
theory, which forms the basis of the dynamic model. Consistent results were obtained
by comparing theatural frequency from the experiment with the analytical solution.

A numerical approach using FLOBD was employed to analyze various parameters
and validate the dynamic model. The comparison of studinced lateral forces and

moments shows that the ddmic model aligns well with the numerical results.

The dynamic model was linked to aD®F rocket dynamics model to study the
effects of aerodynamic coefficients. It was found that sloshing forces and moments
increased with higher lift coefficients andwler drag coefficients. The moment
coefficient was analyzed in terms of amplitude and frequency, considering it as
oscillatory. An increase in the moment coefficient amplitude led to greater sloshing

effects. Additionally, the analysis of the moment fregquyeshowed that sloshing



intensified as the natural frequency approached. The critical case was examined with
and without baffles.

Keywords: Liquid Propellant Rocket EngineSloshing Dynamics Equivalent

Mechanical ModelNumericalApproach ExperimentaMethods
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SI'vl YAKI TLI FI' RLATMA ARACLARI NDAKK C¢AL
SAYI SAL KNCELENMESK VE DKNAMKK MODELL

Kal eép-¢él ar, Al p
Yuksek LisansMa ki na M¢hendi sl i 7]
Tez Yoneticisi:ProfeséDoktorYi J it Yazéceéeoj |l u
Ortak Tez Yoneticisi: DogentDoktor Mehmet Biilent Ozer

A] ust o,266saya?2 5

Séveée yaketl é roket motoru tankl aréendaki
e

ferl atma ara-|larénén kararl él éj eéne, kont
etkiler.Y a n a | -al kal anmanén bir sistem ¢zerin
etmek i-in bu tez, erken tasarém akamasé@
metodol ojisi sunmaktadeér.

Dinami k modelin temelini ol ukturyaln anal i
teorisini dojrul amak i-in Dbir deney yg¢r
frekansén analitik -°2z¢;mle karkél akter el
parametrel er.i anal iz et mek v e3Ddkullananmi k mo
sayléeshir yakl akém kull anél mékter. ¢al ka
momentl erin karkél akteéereél mase, di nami k r

i -inde oldujunu g°stermektedir.

Di nami k model , aerodinami k katsayél ar éeén
derecel. i bir roket di nami J i model i ne baj
momentl erinin daha y ¢ ksek kal dér ma kat ¢

kat sayeélaréyla arttéejée bulunmuxktur. Mo me
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genl i k veerdndakaasalai-Z2sedi | mi Kkt ir. Moment ka
daha b¢ye¢k -alkanté etkilerine yol a-te. Ay
frekansa yakl akt ék- a -al kant el ar én yojunl

engelleyicilerle ve engelleyiciler mladan incelendi.

Anahtar KelimelerSev é Yakétl é& Roket Mot or u, cal kal an
Mekani k Model, Sayeésal Yakl akém, Deneysel Y
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CHAPTER 1

INTRODUCTION

The usage of rockets in the space industry has rapidly increased by the recent
technological developments. Therefore, the design and the producibility of the rocket
engines has become vital. Rocket engines can operate using chemical, electrical and
nuclear energy sources. Today, chemical rocket engines are one of the most preferred
propulsion alternatives. Chemical rocket engines can be categorized regarding the
propeties of the propellant that is used. The propellant can be solid, liquid or gas.

Among these the solid and liquid propellants are the most commonly used.

The propellant, used in solid propellant rocket motors (SPRMs), is a solid mixture
of oxidizer and he fuel. Those types of motors are more compact and less
complicated than the other systems. Even though, SPRMs have higher thrust, they
have poor performance and can only be used for a single ignition. Therefore, liquid
propellant rocket engines are pmeéel rather than SPRMs for upper orbit level

missions.

The liquid propellant rocket engines (LPRES) use liquid propellant(s) in a single tank
or multiple tanks. The performance of LPREs is higher and more than a single
ignition and variable thrust can be applied by using the required system equipment.
Since tle level of thrust in LPRES is low, those types of rocket engines are generally
used in upper orbits. Even though, LPREs have advantages, they have components
with movable parts such as pumps and valves, which makes the engines more

complicated to control.

One of the vital components of LPRES is the propellant tanks. Different types of
tanks and tank configurations are used in different systSpigerical, cylindrical
tanks with spherical or elliptical domes are commonly used tank geonjétrigds

for exampleacylindrical tank with an elliptical dome is usedthe Saturn V rocket



[3]. Tank shapemay alsachange based on the tank configuratgrch asanks with
tandem concentric andmultiple tank configurationpt] as shownn Figurel.1. The
propellant tanks occupy a larger fraction of the entire rocket. Therédtaemass
of the tank configuration should be assessed carefully since any unintentional

increase in the mastecreases the performance of the rocket.

a) Fuel Oxidizer >
, S
b) ( Fuel Eelium ~D>
\_Oxidizer -D\____‘
xidizer |
- 8 D>

C) [ Helium )—D
C >
C_ Fuel ) ~— |

Figure 1.1: Propellant Tank Configuration&) TandemPropellantTank with
CommonBulkhead, (b)Concentric, (cMultiple PropellantTanks[5]

The propellant in the tanks, is in unrestricted state so that the movement of the
propellant may cause sloshing in the tanks. Sloshing occurring in the tanks in LPREsS
is an important problem and has a significant effadhe system.

Sloshing in generaljs the movement of the liguigas interfacewhich may cause
additional forces and momendsa the systemDepending on thenotion of the tank
or the containedateral, verticgland rotational sloshing occl6].

The sloshing can also béserved in various situations beyond rockets. For example,
structural damage may occur in pools, dams, and water storage tanks due to sloshing
resulting fromvibrations caused by earthquakés Sloshing can be observedtie

ships carrying liquid containeend the tankers carrying liquidBue to the slosh

forces the stabilityof theshipmay bereducedand itsmotionmay be &ected[8, 9].

The cargocontainersarefilled with liquid during transportation to prevent sloshing



[6]. Similarly, if the sloshing irthetankers is not restricted, the stopping distance of
the vehicle is significantly affected. The effect of sloshing on the stopping distance
of the vehicle is reduced by using bafflEmally, it is possible to observe sloshing

in the fuel tanks of carfd 0] andairplaneq11], which hasa significant impact on

the stability and control of these vehicles.

In rocket propellant tanks)oshingcanshift the center of gravity of the vehicknd
additionalforcesand momentsmay occur.Sloshingis mainly observed due to the
translationaimotion of the vehiclgpitching/yawing/rolling, and the overlap of the
control frequency or bending frequency with the sloshing frequigjcyt can be

seen in different phases of the flightich as launching, ascendiagd maneuvering.

Numerous instances abcket failures attributed teloshing can be found in the
literature. In the first flight of Saturn 1, rotational sloshai@round 100 second of
the flightoccurredn one of the liquid oxygen tankisie tathecoupling of thecontrol
frequencyand thesloshingfrequency The baffles became dysfunctional due to the
low fluid levelwhen sloshing occurred in the tank&iscauses theloshamplitudes

to increase in the yaw directi¢@]. Another accident triggered by slash wasthe
failure of theearly Jupiter ballistic missile in 195&luminum cans that fit into the
fueltank and float on the fuel's surface wased to resolve the sloshing problem
the first solutior[12]. In a recent instance, an oscillation, which appeared at around
90 seconds ahe second flight of the SpaceX Falcon 1 rocket in 2085ulted in

an instability that cause flame-out of the engine. It was thought that the primary
contributor to the instality was the liquid oxygen slosh. As anprovementslosh
baffleswere added to the systd8].

For a stable flight, the effect of sloshing phenomamthe systenshould be studied
in the design stagd.o study theconsequenaof sloshing the motion of the liquid

shouldbe examinedby analytical, numericabndexperimentamethods

The fluid motion can be modelledor simple tank geometries under certain
assumptions. The obtained solutions can be usddvelop equivalent mechanical

models and expanthe scope of the solutioGenerally, the equivalent mechanical



models are used to associate a spring mass or alpendystem with fluid motion

caused by sloshing.

To obtain more comprehensive solutions, numerical methods should berheed.
motion of the liquid can be solved numerically by using Computational Fluid
Dynamics (CFD) techniqee CFD is ideal forsimulatng desired conditions, but
requires long solution times. In cases whre computationatime is too high

analytical solution methods can be used under certain assumptions.

It is also possible to examine the effect of sloshiagcurring in the system
experimentally Although the testapparatuss designedor getting resultgjuickly,
the experimental methodse costly and can be difficult tmitate realconditions.

Therefore, mathemiaal models and simulations asemmonlyused.

To guarantee a stable flight and reduce the effect of the sloshing, slosh suppression
devicesare oftenused. Those devices can be investigated uhgeid-surface
devices and baffleSimilarly, the performance of slosh suppression devices can be

studied analytically, numericalland experimentally.

The introduction chaptarovers thesloshing phenomerfarmed in propellant tanks
in LPREs,modelling approactsfor thelateralsloshingmotion a briefexplanation

of the damping of the sloshing, slosh suppression devices, atiee#ie structure

1.1  Sloshing Phenomenan Liquid Propellant Rocket Engines

The majority of spacecraft have tanks filled with liquid fuel, which makes up over
40% of their starting mag$$4]. As a result of thenotionof the rocket, the liquids
disturbedand the sloshinghenomenonccurs. Thisnaycausehe center of gravity

to shiftandproduce extra forces amadomens. Formation of these forces can lead to
dissipation of liquid energy by means of viscous effects or pressure |As=es.
from the motion, frequencglso hasa significantimpacton sloshing There arean
endless number of modes for sloshilpde shapes are divided into symmetric and
antisymmetric mode shape$l15]. Antisymmetric mode shapes are effective in



shifting the center of gwity andproducingfurtherforce and momenmong these
modes, the one with the lowest frequency hasbst significaneffect.Low slosh
frequencies shouldn't coincideith the vehicle's control frequency and bending
frequency duringheflight.

Lateral, verticgl and rotational sloshing can be observedherocket tanksThe
motionamplitudeandthe frequencyappliedto the tank can change the behavior of
the liquid insideLateral sloshing occurs as a result of the translational and pitch/yaw
motion of the rocketDepending orthe motion the liquid can make planar, non
planar swirl, and chaotienotions In Figure 1.2differentfluid behaviororiginating

from lateral sloshingan be seefi6]. The rotational movement of the rocket around
its own axis is called roll motionThis motion is generally seen @pinning
spacecraftDue to roll motionthe propellant in the tangtarts to rotateSimilarly,

the previously mentioned lateral sloshing can cause the ligbiegiarotating.



.

a) Planar Sloshing in Lateral Sloshing

b) Swirl Motion in Lateral Sloshing

b) Chaotic Motion in Lateral Sloshing

Figure 1.2: Lateral Sloshing Motios[16]

Vertical sloshing came seen irpropellanttanks(Figure 1.3). This movement can
be caused by verticalbrationsor by lateral sloshinghotion Since the sloshing that

generally occurs in the vertical direction has symmetric modes, its effect on the
vehicleis low.

Figure 1.3: Vertical Sloshing Due to Vertical Excitati¢6]



Among thetypes of sloshingthe lateral sloshing ishe mostcritical problem. It is
expected to occur during the rise and orientation of the rocket. For this reason, the

mainissueto be addressed in this thesis is the lateral sloshing.

1.1.1 Modeling of Lateral Sloshing

Thelateralsloshing iscrucial in the design of a rockietr a stable flightOttander et

al. [17], emphasized that the first lateral slosh mode is the primary liquid motion of
concern.To investigatethe stability and the effect of the sloshiag the system
modeling is necessarpnalytical, equivalent mechanicand numerical methods

have been developed éstimate thempactof the lateral slosh motion

1.1.1.1  Analytical Approaches

An exact solution ofhe general problem of fluid oscillations in a moving container
can be used to modkteralsloshing.Linear potential flow theory was used for the

calculationsThe followingassumptionshouldbe consideretb solve the problem.

Rigid Tank
Inviscid Flow
Homogeneou§&luid

Incompressible Fluid

Small Displacementd/elocities and Slope®sf Liquid FreeSurface
No Sinks or Sources
No Surface Tension Effects

1
1
1
1
1 Irrotational Flow
1
1
1
1 Constant Ambient Pressure

The coordinate systesmho be used during the solutianeplaced on the free surface
of the liquid asshown inFigure1l.4. Herea Ttis the mean free surfae@dg

is the disturbed free surface



a) 3D View b) 3D View ¢) 2D View Z-X Plane

Figure 1.4: Coordinate System Used liguationsof Analytical Solution

nap T (1.1)
b T B ™ (1.2)

For anincompressible fluidEquation 1.1 is obtained from the continuity equation,

and Equation 1.2 can be used for irrotational flmwthe equationsBis the velocity

vector of a fluid particle andis the vorticity.

The \elocity potentialis applicable inthe case ofincompressiblefluid and
irrotational flow. For bothCartesianand Cylindrical coordinatesdefined onthe
liquid free surface,the velocity is definedas @ "% oo and @

%o 1 h-RfD , respectively. Here, %o is the totalelocity potential.

. Fiko o o (1.3)
0] o ] o ] -FU

5 bo 5 E 6o o oo (1 .4)
T i h— T

The velocity components in terms of velocity potential are givegumationsl.3
and 1.4.



T % T % T %o (15)
o o Ta
N %o Tt (16)

A combination of Equations 1.1 and 1.2 result&guation 1.5which isthe Laplace
Equation. The Laplace equation is the governing equation for the analytical lateral
sloshing problem.

' . (1.7)

% " ., (18)

To solvethe differential equationboundary conditions are necessafe free
surface boundary condition is determined by ug&ngation 1.7, which is théuler

Equation.Equation 1.8 can be obtained by integratimg combination of Equation
1.7, @ n% and D @ - w,which is thegeneral formula for irrotational

flow. Equation 1.8 is call eidthepessurd, nod s
is the fluid density, g is the gravitational accelemtiandd 0 is the integration

constant.

% . " (19)

Equation 1.9 is obtained after the linearization operatrdmch isperformed on

Equation 1.8 by usinthe small displacements, velocitiesnd slopes assumption
@ T The integration constand, 6 was absorbed b¥o. . The operations were

completed by assuming that thikage pressure is constafit5]. As a result, athe

mean free surfac€, T, Equation 1.9 is valid.

Eq



o, 1, T %o (1.10)

06 1 0o ®o T Q
T_,‘ T%o‘ o (1.12)
T o1l a

Additionally, a fluid particle on the free surface is assumed to stay on the free surface.
To ensure thighe velocity of the surface with respect to the partickgisalized to
the particle velocity as given in Equation 1.10. Likewise, a linearization operation
was completed fosmall displacements, velocitieand slopego obtain Equation
1.11 atthemean free surface, T[15].

T %o gI %o 112

S 2— Tl
To T a

The combination of Equation 1.9 and Equation 1.11 gives the free surface boundary
condition. The free surface boundary conditi®defined atthe mean free surface,
G T, is given in Equation 1.12.

T%o‘ b (1.13)
T €

To solve the problentheboundary conditions at the tank wall are necessary. At the
tank wall, Equation 1.13 was used. Hares the normal direction of the tank wall

andou is the normal direction velocity of the tank wall.

% %o %o (1.14)
%o P (1.15)

The tank motion was implemented into the equation by usoationsl.14 and

1.15. In the equation%p is the tank velocity potentighds the potential of the fluid

relative to the tank andP is the tank velocitySeveralanalytical solutiongor a

cylindrical tank under specific motiomse givenn Appendix A.
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1.1.1.2  Equivalent Mechanical Approaches

Equivalentmechanicalmodels area valudle tool for examining tank sloshing.
Through the use of masses, springs, and pendulums, they redeoengsiexfluid
behaviorto a moresimplified systemIn Figurel.5, a spring mass andpendulum

type mechanical model arepresented. As seen from the figure, while a spring mass
system includesa moving mass, a damper, a spring, and a fixed mass)culum
system consists of a pendulum bob, a dangret a fixed mass$n both systems, the
moving masses represent different modes@ghing Depending on the increase in
the number of modes, the number of moving masses, spengsdampers may

incresse.

Parameters in the system vary depending on the model typeThese. parameters

are the stiffnessof the spring, damping coefficierstof the dampes; masgsof the

moving masseand the fixed massthe distance of the masses to the specified
reference in the spring mass system, while in the pendulum system they are the
lengths of the pendulumdamping coefficierst of the dampes; mases of the
pendulumbob and thdixed massthe distancgof thehinge pointgo the reference.
Mechanical system parameters can be determined by using analytical expressions

[15], numerical or experimental ddtB].
g (1.16)
a

(1.17)

<l

The equations used in the models depend on these paramkeiesan be seen most
clearly in the calculation dhenatural frequency. The natural frequency calculations
of the spring mass and pendulum systems are giviéguationsl.16 and 1.1715],
respectively.

11



Spring mass and pendulum systeras beusedfor modelinglinear planar liquid
motion. More complex models, such as spherical pendulums, can be used to simulate

therotating and chaotic sloshing for nbnear slosing event419, 20}
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Figure 1.5: Spring Mass and Pendulum Type Equivalent Mechanical Models

The usage of equivalent mechanical approaches has advantages over the other

methodsThebenefitsare listed below.

1 CFD simulations are more complicated than mechanical models, particularly
when dealing with completank designs or nelinear behaviorMechanical
models are suitable for control system design and early stages of
development, as they requiess computational time and resourdesster
iterations in the design process are made possible by this simplicity.

1 Other structural or vehicle dynamimsodels can be readily combined with
mechanical models. This usedo examine the behavior of the entire system,
including how the sloshingf liquid interacts with the stability and control
of the vehicle.

1 Even though they are simplified, mechanical models can offer useful physical

information abouthesloshing Theycan be usetb comprehentlow various

12



parameterssuch as excitation, tank shape, and liquid fill leirapact the

sloshing response.

Although mechanical models provide many benefits, they have several
disadvantages. They may not adequately represent complicated dinesn
phenomena like wave breakiray splashing Although CFD methods are more
computatonally expensive, they are frequently requireddetailed physics.

1.1.1.3  Numerical Approaches

In conditionswhere analytical and mechanical models are insufficimnterical
analysis of sloshing is an essential method for comprehetidiegmplexbehavior

of liquids inpropellant tanksCFD analysis may be requirédr the following cases:

1 Linear assumptions faill when a large amplitude sloshing occurs
Additionally, the noninear behavior of liquids, such as splashing and wave
breaking,invalidates thdéinearassumptionsTherefore, CFD may be used to
investigate those.

1 Complex tank geometriesuch as common bulkhead tankskesolutions
with analytical and mechanical models difficiturthermore, the propellant
tank mayinclude submergepgarts such apropellant management devices
Analytical and mechanical models are not capable of solving such problems.

1 When the tank structe is impacted by the motion of the liquid avide

versa fluid-structure interactiofFSI) analysesrenecessary

Numerical techniques can be categorized into two general typesibased and

meshfree.

Meshbased methods solve the governing equations with the relevant boundary
conditionsonagrid of elements or cells that discretizes the computing doffiaiite
Volume Method (FVM), Finite Element Method (FEMANnd Finite Difference
Method (FDM)are diferentmeshbasednethodd21]. In these methodgchniques

13



such asvolume of Fluid (VOF) Arbitrary LagrangiarEulerian (ALE), andnarker

and cell (MAC)are used ttrackthe liquid free surface.

On the other handneshfree methods do not use a predefined medhshfree
methodslepictedhe fluidas a collection of particles pointsrather than depending
on a predetermined meshmoothed Particle Hydrodynamics (SPHle Meshless
Local Petrov Galerkin (MLPG)and Finite Point Methods are mefsbe method
[21].

A numerical analysis is completed in the following or@2y:

1 Problem Definition:The Problem domain, fluid properties, andundary
conditions should be decided. Required outmitthe problem should be
defined.

1 Discretization of Domain:After selecting a numerical technique for
discretization, the domain should be discretized.

1 Governing Equations: By using fluid properties and predicting the flow
behavior, suitable fluid models should be chosen.

Boundary ConditionsSuitable boundary conditiorghould be established
Solution Method: A numerical solution methodto solve the disetized
equationshould be selected

1 PostProcessing:The results should be analyzed by usumsualizationor

extracting the necessadata

In anumerical approachith a meskbased method, generally, a mesh independence,

a validationp and a verification study are complet@8]. The mesh independence

study is conductetb show how much the outcomes depend on the mesh density.

Furthermoe , a validation study is completed to
see if it matches the physical realit®n the other handhé purpose of the

verification is toensurehat the model is implemented correctly.
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1.1.2 Experimental Approaches

Experimental approachese performedo understand and validate the models of
liquid sloshing Experimentsare still essentigb investigate thdéree surface motion
preciselybecause of # complexitiesand computing requirements of numerical
models.The experimentare generally carried out on a small sda] and shake
tableg[25] or 6 Degree of FreedonDOF) simulatorg26] to excitefluid in thetank.
The excitation profile anfluid parameters, such as liquid level and liquid properties,

are crucial irsloshbasedests

Transient events such gsick stopg[27] and sinusoidal movemer[8] at different
frequencies and amplitudes are examples of common excifadiies To study
resonant behavior, the excitation frequency is frequently adjusted around the fluid's

theoreticahatual frequencie$29].

Since it has aignificantimpact on the natural frequencies, wave properties, and
overall sloshing response, the liquidifily level is a crucial element. Usually, a
variety of filling levels from shaller to deep water conditions are included in the

experiment$30].

Although studieg27, 31, 32Jmay utilize other fluids to examirike effect of liquid
properties on sloshing, water is commonly chosen due to its -tredwn

characteristics andase ofise

Different measurement techniguesich as level sensdi®7] and laser measuring
deviced33], are usedh theteststo measure the movement of the liquid free surface.
Load cells can be used to measure the force and moment createdlbghimeg27].

The pressure change causedsimgshingat a certain point can be examined with the

assistancef a pressure transdud@e].

It is also possible to examine thl@shmotion by image processitg8, 34} In such
cases, higispeel cameras can be useth methods such as Particle Image
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Velocimetry, information about the flow pattern can be collected by Uasey

illumination and recordingt on highspeed camerd83].

1.1.3 Damping of Sloshing

The dissipation of energy from the oscillating liquid motion inglepropellant
tankis referred to as damping in sloshing. If a container is continuously excited at
its natural sloshing frequency without damping, the wave amplitugtesv
enormously causing structural or control stability issues.Briefly, damping
transforms the liquid's kinetic and potential energy into heat by gradually decreasing
the amplitude of the sloshing wavése liquid damping isnainly causedtby viscous

damping angressureéossesiue tointernal structures inside the propellant tank.

The damping ratio can measure the energy dissipation of the. [lGueddamping

ratio[6] can be measured by:

Ring Force Method

The Drive Force Method

The WaveAmplitude Response Method
The Wave Amplitude Decay Method

= =2 4 A -

Anchor Force Decay Method

Amongthem thewave amplitude decay methadcommonly used

p .. W (1.18)

In this methoda specific motioris given to the tankAfter tank motion stops, the
rate at which the free surface displacement decays is medSlesttithe damping
ratio is calculatethy Equation 1.1835]. In the equationd and® represent the

¢thand(¢ & )thwave amplitudgpeaks respectively
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1.1.3.1  Viscous Damping

This is the dampinglue tothe viscosity of the fluid. Friction occulsth between
fluid-fluid and fluidwall as itmoves Particularly in the boundary layers close to the
walls, this friction releases energy as heat. Althougahitays takes placethe
viscousdamping is sometime®latively smalland insufficient fopropellant tanks

insidearocket.

Q 1.19
187 8 8 8 ™ p Y P T -5
) T8 P °I Q p — 0 . .. 0 p
OElpﬁiJ'El— Al QJEHJT‘I—
8
T (2.20
) nzpcpp—’i 8 Q 8

%3

To model the viscous dampingeveral empirical relations are commonly used for
different tank shapd$]. Equationsl.19 and 1.20 are useatfacylindrical tankand
a spherical tank, respectivdl]. In the equations, is the kinematic viscosity, is

the tank radius'Qis the gravitational acceleration aifis the liquid height. is the

damping factarwhich is equal to the;” —Forhigherdampingvalues] is —

and the damping ratio is——.

1.1.3.2 Slosh Suppression Devices

I n the | iterature, it 1s mentioned that
a damping ratio to be higher than 0.[i5]. Therefore different techniques have

been developed to minimize the effect of sloshing in a rocket. One of these
techniques is passive slosh control, commonly applied by a slosh suppression device
in launch vehiclesTo design a slosh suppression device, mainlyre¢fgairements

given below should be satisfied.
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Those arg[36]

1 High Damping Effect

1 Minimum Weight

1 Minimum Space

1 High Mechanical Strength
1 Easy to Assemble

In the following parts of this sectigndifferent types of slosBuppression devices
were investigated. Mainly, slosh suppression devices are investigated under movable

devicesandfixed baffles.

1.1.3.2.1 Damping by Liquid Surface Devices

Movable devices or liquid surface devicesich as floating cans, diaphragms, and
bags,are used to minimize the sloshing effect inside the propellant tank in a rocket.
The movable devices move with the liquid free surface and absorb the energy of the
liquid in different liquid levels. Thin perforated material with a holkpiheras used

to m&ke floating cansWhenthe cansare stacked closelythe sloshing forceare
effectively dampenefb]. In Figure 1.6, animage of floating cans inside a tank is

given.

18



Figure 1.6: Floating Cans in a Tar[k]

Diaphragms and bags are positive expulsion devices that are used to prevent gas
ingestion. Generally, they are made from elastomeric materials. Additionally, they
have the ability to reduce the sloshing effect. It is found that diaphragms can suppress
thesecond mode and the liquid swirl eff§gf. In these types of devices, the material
thickness is an effective parameter that determines how much sloshing is damped. It
is noted that as the material thickness increasedlaimping ratio increasdé]. In

Figurel.7, a pictureof a diaphragntesttankis given.
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Figure 1.7: Diaphragm Tank37]

1.1.3.2.2 Damping by Baffles

In addition to the movable devices, thin metal sheet plates called rigid baffles are
usedto reducesloshing effectsThey are physical barriers that cause turbulence,
eddies and flow separation by interfering with the sloshing motiBaffles are
assemldd on tank walls andbsorhthe fluid energy taspecific liquid level range.

Baffles can be used asing or anonring, depending onhefluid movements.

Cruciform baffles are one kind abnring-type baffles. These baffles are effective
against sldsing caused by rotation, but are not efficient against sloshing caused by
lateral motion. The damping provided by cruciform baffles is independent of liquid

depth. InFigurel.8, a cruciform baffle placed in a cylindrical tank is given.
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Figure 1.8: Cruciform Baffleg36]

On the other hand, symmetrical ring baffles are the most effective against lateral
sloshing. The geometrical properties and the distance from the liquid level of a ring
baffle influence the damping of the ring baffle. According to the studies, for a given
baffle depth, damping increasegh the baffle width. For a given ring baffle, as the

liquid level increaseghe effectiveness of the baffle decredS&3.

A variety of modifications can be matiethe ring baffle$6]. InFigurel.9, different

ring baffle configuratios are given. Most of the given baffle configurations were
tested and itwasfound that flaplatering baffles providd thebestdamping[6]. To

save weightmostbaffles are perforated. For a given baffle depth, decreasing percent
perforation causes damping to incref3f. Thismeanghatthedamping produced

by a perforated ring baffle is lower than that produced by a solid rirfig.baf
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Figure 1.9: Ring Baffle Configuration$§5]

A theoretical approach to predict the damping of a ring baffle is limitexcircular
cylindrical tank with a baffle, the damping can be predicted by using Midgsition
theoretically[38].
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Miles' equation assumes that the liquid is oscillating in its fundamental frequency,
which is determined by the potential flow theory. As well, it accepts that the flow is
unaffected by the free surface or the tank botf[6nMiles' equation is given in
Equation 121[15].

In the equation’Q is the depth of the bafflé, is the tank radius) is the baffle

width, and — is the wave amplitudé free surface elation Later, the range of

validity was extended by the experi ments

by Bauer[39]. Bauer took into consideration the possibility that during sloshing, a

22

of



portion of the baffle might emerge from the liquid. In addition, the lowest damping
occurs when the free surface is slightly below the baffle and appea@s-dselow
the baffle [15]. In this study,Miles' equation was used since the baffles were

submergedn the liquid.

1.2  Motivation of the Study

Theresearchaims to develom pendulunmodel that simulates tHateralsloshing
phenomenon observed in rockebpellanttanks. The model can be used to prevent
sloshrisks that may occuiluring the preliminary design stages and will be used in
the design of tank interiorsTherefore, important parameters such as tank
configurationsand fuel properties, which are different design parameters, are

included in the model.

This studyincludesadditionalexperimental and numerical studimsvalidate and
verify the modelThese also facilitated the understanding of the basic characteristics
of sloshingand the working principle of bafflel addition, different baffle design

parameters were examinethd the most ideal design was revealed.

A threedegreeof-freedomrocket dynamics modelas usedo demonstrate that the
resulting model can be combined with different physical modules. The parameters
affecting rocket dynami¢csuch as aerodynamic coefficienisgre examined using

this model.

According to thditerature survexompletedhroughout tle study and to the best of
t h e a knbwledge this thesis makes the following contributions:

1 No flexible model was found in terms of tank configurations thatlels
sloshing dynamics.

1 No modelwas discoveredn the literature that is connected to tloeket
dynamicmodel and verified by CFD and experimental methods.

1 There is no study in the literature on the effect of aerodynamic coefficients

onsloshing
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1.3 Structure of the Thesis

Chapter 1introduces the importance sitbshingmainly on rocket propellant tanks.
Furthermore, the modeling approacHes lateral sloshing focus on analytical,
equivalent mechanical, numerical methodmd experimentalstudies Brief
information is given about the damping of sloshing. Viscous dangidgdifferent

slosh suppression devicgem theliteratureare presented

Chapter 2 focuses orpreviouswork on lateral sloshing It provides information
about studies conducted in the literature using analytical, equivalent mechanical

numerica) andexperimentamethods.

Chapter 3 presents an experimental approach to validate ahnalytical
methodologyBy using a quick stop test setup, the natural frequency of a rectangular
tank is measured. The comparison of the analytical and exgstial natural

frequency isncludedin this chapter.

Chapter 4 is devoted tamumerical studiedJsing the commercial program FLOW
3D, a numerical model was builthe FLOW-3D model is validated by using
experimental, numericahnd analytical studies from the literatuféne FLOW3D

model is then used iavestigatedifferent sloshing and baffldesignparameters in

a rocket propellant tanlin optimum baffle wasedected through a design space.

Chapter 5 introduces the pendulum modé€iirst, the derivation of the pendulum
model is givenThe model is then validatday usingthe FLOW-3D model under
differentcircumstanced_astly, the combination @i DOF and pendulum model is

completed. The effect of aerodynamic coefficsam sloshing ipresented

Chapter 6 covers the culmination of this ongoing project. There will alsabe

discussion on potential future research.
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CHAPTER 2

LITERATURE REVIEW

In the pastseveral investigations on the issue of ligsiiashingwith free surfaces
inside moving containers have been conductblemswith sloshingin the

propellanttanksinsiderockets have drawn a lot of attention.

In this chapterthe historical background of modelling of lateral sloshing in terms of
analyticd, equivalent mechanical, and numerical approaches was summarized, and
a summary of experimental studies in the literature prasentedStudies on slosh

suppression devicegere alsancluded in the relevant secti®n

2.1  Analytical and Equivalent Mechanical Approaches

Potential theory serves as the foundation for most analytical solutions. The velocity
potential is used to express the wave elevation, water velocities, pressure, and overall
forces and momentd-or small oscillations locatl distant from the resonance
frequencies, linearized problem solutions are valiee behavior of the fluid within

the tank near the lowest resonance frequency must be predicted using nonlinear
theory[40].

Initially, the eig@frequencies and functions for a few tank designs for which the
governing equations have been analytically solved are provided in[dinhhen

the potential theoretical solutions for sloshing in tanks experiencing harmonical
oscillations for different tank forms were introduced by Abramfgn Using
linearized potential theory, Baug2, 43]investigated the theoretical theory of fluid

oscillations in space vehicle containers and their impact on stability.

In general, equivalent mechanical models were created using analytical solutions.

Mechanical models may vary depending on the movement to be applied to the liquid
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and the tank shapélu et al.[44] constructeda novel analytical formula for the
sloshing mass locations of corresponding mechanical mddeldiquid-filled
cylindrical tanks using periodic movements of lateral sloshing modes and potential
flow theory. Theresearctof Liu et al.[45] introduces a 3DOPBendulum model to
investigate the dynamics of liquid sloshing in a rigid spherical taatier, the model

is tested under plandargeamplitude planar, and largamplitudenon-planar cases.

A two-pendulum model is developéo predict slosh behavior on the Europa Clipper
mission byNg and Bensof46]. Figure2.1 shows the pendulum model déveed

by Ng and Benson [46]

static

prop

Figure 2.1: Pendulum Modelrom Literature[46]

In somestudies[14], equivalent mechanical models are coupled with the rocket
dynamics models$o control the stability of the spacecrafor this purpose both

spring mass and pendulum models are used with a Linear Quadratic Controller and
a Lyapunovbased controllerin Figure 2.2, the spring mass moddkefined in the

spacecraft is given.
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Figure 2.2: Mass Spring System for Spaceciaft]

2.2  Numerical Approaches

In numerical approachesoth mesthased and medinee methodsare usedin
sloshing problemsYu et al. [47] investigated the effects of a vertical permeable
baffle and a vertical impermeable baffle on sloshing using finite element and
arbitrary LagrangiaiEulerian (ALE) method Giuray et al.[48] investigated
sloshing displacement ia rectangular tank by using tlsenooth particle method
(SPH).The SPH code was verified with an experiment and the results of a finite
volume analysis. It is found thatelsPH approach is quitdecentin simulatingthe
sloshing wavesThe results are given ihigure2.3. Guan et al[49] emphasizé¢he
boundaryelement approach for solving the nonlinear sloshing issue in-three
dimensional baffled tankdBy comparing the outcome thi the experiment and

relevant literature, the model is validated.
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Figure 2.3: Sloshing Snapshotfsom Literature[48] (Experimental Study, ANSYS
Fluent and SPH Methgd

There are sloshing analyses involving different tank shapes in the literature.
Commonly used tank shapes are rectangular, cylindrasad spherical tanks.
Akyildiz [50], worked on a numerical study to investigate the effettgedical

baffle on sloshing in twalimensional rectangular tankim et al.[51] worked ona

CFD analysis to thoroughly examine the lateral sloshing of liquid in a spherical tank.
The results can be seenkigure2.4. In a studyperformed by Benson and Ng§2],
STAR-CCM+ CFD models of aircularcylindrical tank without a ring baffle and a
circular cylindricaltank with one were examined using the finite volume method.

The natural frequency and the damping ratio were used to investigate the accuracy
of the models

= & o

i 2 3 4 5 6

Figure 2.4: Sequence of Sloshing in a Spherical Tg1

Analyses ar@rimarily performed to determine the sloshing frequeaicgidamping

ratio, and to examine the sloshing characteristitamg et al.[53] investigated the
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liquid slosh damping using a CFD todlhe challenges of simulating slosh with a
very low damping ratio are covered in this study. The researchers mstiehihg
utilizing the volume of fluid approach thithe CFDACE+ tool. They finished a

mesh convergence analysis for various sizes of bare tanks and a tank with ring baffles
using the experimental data that was already avail&gleording to the study, as

the tank size increases, the number of meshggiresl to achieve the desired

damping ratio also increases.

Utilizing the opersourceCFD toolbox OpenFOAM (Open Field Operation and
Manipulation), severalnumerical simulations were conducted to investigate the
effects of filling level, excitation frequrey, and amplitude on liquid sloshiry
Chen and Xugb4]. The experimental data completely validated these simulations

Furthermore,he fluid-gas interface and the vorticity field around a baffle are studied
by Yang etal. [55] using LoctSTREAM VOF, a verified CFD solver created at
NASA MSFC, to emphasize the dissipation processes at variousastgshiudes

The study discoveresbmecrucial factors influencing fluid damping from a baffle,
including nondimensional slosh frequency, surface liquid depth to tank radius (h/R),
local slosh amplitude to baffle widthnd local slosh amplitude to baftleickness
According to the results, three different regimes were f@asad 0 ¢ for constant
damping,, 0j 0 p Tfor linear damping andj 0 p tfor nonlinear damping.

Theoutcomesaregivenin Figure2.5.

FLOW-3D is a commercial software commonly used in sloshing problems. In the
study of Hu et al[44], FLOW-3D simulation data are comparedth the analytical
formulasto confirm the newly generated expressidglusgrove and Coogdh6] use
FLOW-3D to calculate the damping ratio of an oblate spheroid tardkcalar
cylindrical tank with and without baffles. While doing this, tmegommendtherule

of thumis for meshing in FLOW3D. A few of these are described as follows:
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Z-X, Y-Z, and XY element aspect ratios should all be below 3.0.
Adjacent element ratios should always be less than 1.25 but as near to 1.0 as
feasible. The development of an element's edge length in a single direction
inside a single mesh block is referred to as the adjacent element ratio.

1 At least 100 elements acrodge tank should be used to resolve the mesh
region surrounding the liquid fresurface.

1 The mesh resolution at the liquid freerface is at least the same as the mesh
resolution close the tank baffles.

Damping of a Ring Baffle in a Cylindrical Tank
(Baffle area blockage=23.5%, O'Neil, 1960)
Miles Equation, d/R=0.505
O Exp, d/R=0.505
/ —e . CFD,d/R=0.505
Miles Equation, d/R=0.253

0.03 A A& Exp, d/R=0.253
CFD, d/R=0.253

0.04

Damping, y
o
o
N

0.01

T
0 0.04 0.08 0.12 0.16 0.2 0.24
Wave Amplitude/Tank Radius,n/R

Figure 2.5: Comparison of CFD, Experimental Datand Miles Equation at
Different Amplitudeq55]

FLOW-3D has been used to model several LNG tank sloshing sceiraties et

al.'s study [57]. Impact pressure was evaluated in relation to liquid turbulence,
viscosity, density ratio, ullage pressure, and compressibility. Overall, there is a
strong correlation between the current numerical results and the exyiaiiotesh

Fluid structure interactions (FSI) can be investigated in a sloshing analysis. The
study completed bysances et al[58], examines the sloshing phenomena in a
diaphragm propellant tank lateral velocity for excitabn is usedand the amplified

diaphragm deformation is givem Figure?2.6.
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t=0s t=0.1s

Figure 2.6: Amplified Diaphragm Deformation Results8]

The turbulence model used in the analysis can also affect the results. Turbulence
models used in the literature are lisiadTable 2.1. Since turbulence models are
primarily used in the literature, it was decided to use the turbulence model in this
study.

Table 2.1: Turbulence Mdel Selection in Literature

Authors Turbulence Model
Cai et al[59] LES
Wright et al.[60] LES LES
Liu et al.[61] LES and VLES
Tahmasebi et al62] RNG ke
Park. et al[63] k-e
Arslan et al[9] k-e
Godderidge et a[64] k-e
Liu et al.[65] RANS k-e
Thiagarajan et a[66] k-e
Hu and Kamrg67] k-w
He et al[68] k-w SST
Mahfoze et al[69]
ModaressiTehrani et al[70]
Battaglia et al[71] No Model
Yu et al.[47]
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2.3  Experimental Approaches

Specific parameters such as natural frequency and damping ratio can be easily
achieved by conducting experimerftsom the experiments, empirical relations can

be obtainedEmpirical correlations fothe damping ratio for different tankse
included in[15].

Several experiments were conducted to validate the equivalent modelsaedcal
results.Pérezet al.[72] conducted experiments to validate a mechanical madel.
determire the model's parameten$ slosh frequency, slosh mass, and pendulum
hinge point locationrandom excitation experiments were conducted. The analysis
and test findings agreed well and fell within the predicted linlits.determine
smoothwall damping andbaffle damping, free decay tests wpesformed Thetests

also confirmed the validity of Miles' equation for baffle damping. In the various areas
of the tanks, baffleonfigurationswith one or several baffles were examinkedthe
study of Konopka et af73] both an experiment and a simulation environment were
used to studyirst-modewater sloshing. A 1.2 m diameter Perspex tank was installed
on the DLR Hexapod system in the Institute of Space Systemsl@bym Bremen

for the experimentOne of thestudy's goals was to demonstrate that a controller in
the hexapod system's raahe loop can actively dampen sloshing water ila@e

tank.

In the study ofMaleki and Ziyaeifar [74], a theoretical damping model based on
Laplace's differential equation has been developed to examine the damping impact
of vertical blade baffles and horizontal ring baffles in the seismic design of circular
cylindrical liquid storage tanks. Tinvestigatethe validity of the theoretical models,
severalexperiments using a tank model oslake tabldave been conductedihe

expermental apparatus that Abbas and Mansour usgidesin Figure2.7.
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Figure 2.7: Experimental Apparatyg4]

Experimentation is the fastest approacpettinga resultHari et al.[75] conducted

an inhouse experiment andeasuredcceleration time histories, the slosh height,
and the sloshelated natural frequencieBurthermoregxperiments can be used to
understand the parameters tladtect sloshing.In the experiment conducted by
Henry Cole[76], water in a twedimensional tank and a cylindrical tank has been
used to evaluate the damping of osditigtplates of different thicknesses over a
range of frequencies and amplitudes at Reynolds numbers between 30000&4ad |

It is observed that damping is adversely affected bljicknessto-breadthratio

greater than 0.Figure2.8 givesexperimentatesults.
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Figure 2.8: Baffle Thickness Effect on Damping Rafi5]
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In Table 2.2, a literature survey on sloshing modelling is provided. It is evident that
pendulum and springhass models are typically used for a single, specific tank shape
rather than for a multiank setup. Some models the literature lack validation,

while others are only validated under specific motion conditions. Therefore, this
thesis primarily aims to develop a pendulum model that will be validated across

different motions and various tank configurations.

Table 2.2: LiteratureSurvey for Modellingof Sloshing

Tank CFD CFD Mul ti
Refer | Met h( _ . '
GeomelVal i d| Moti (Tank iCqg
Liu e Spher Onl vy
Pendu Yes N o
[ 45] Tank Har mo
Eur o
Ng ar _ Onl vy
Pendu Clipg Yes . N o
Bengdan Dampi
Tank
Pendu
Tank §
Mer v ¢ and
. I nforn N o N o N o
Sahin| Spri]|.
I S not
Mas s
Her ng§ Cyl i n¢
Pendu N o N o N o
et al Tank
| Tank S
Reyharn Spri
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et al Ma s s|
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

The experiments are suitable for studying the effect of lateral sloshing motion that
can occur in the tanks of liqufdeled rocket engined.o prevent sloshing in these
tanks, it iscrucial to determine the natural slosh frequency and damping ratio
accurately In the experiments,he motionof the tankcan besimulated using
different platforms. Generally,harmonic motion is applied to the tanlfter the
movement has been applied fapecificperiod of time, the movement of the liquid
can be examined by sudden stopp#adjiquid free surface can be observed by using

image processingndthesloshing frequency and damping ratem be calculad

In this study,to validate the analytical linear potential flow theory approach
experiment was conducted. In the experimasmallscale test setup was installed,
andthe tank was exciteloy usingaperiodicvelocity profile. After aspecificperiod,

a suddenstopis performedto obtainthe sloshing frequency artde damping ratio
of the rectangular tankThe compatibility of the measuiknatural frequency was
thencompared with thanalytical methosl In the following sectios the equivalent

sloshing model was obtained by usthgseanalytical techniques.

3.1 Experimental Apparatus and the Measurement Techniqte

To find thenatural frequency anthedamping ratio of a given tapén experimental

study was carried oulince the sensors are costly amebsurement calibration takes
time, the capture of liquid movement has been studied using image processing, as
notedin theliterature[34, 77] Sincethe sloshing motiorin a cylindrical tankis a
complexmotion, more than one camera is required to obghessloshing behavior

Therefore a rectangular tank wascaminedn this study

35



Thecustommadetest apparatughown inFigure 3.1) consists of a&artmoving on

a 20 20a & V-Slot profile with theassistanceof a Nema 17 stepper motor
mounted on 400 20 & awooden platformA plexiglass floo15 10 § was
prepared on the cart to enlarge the area where the tank epilaiced The length

that the cart can move on theSlot profile is 650 & The steppemotor andthecart

are connected with a ®m bdt. The tooth pitch of this belt is @ &. There is a

pulley with an inner diameter &fad & and 20 teeth on the shaft of the stepper motor.
There is another pulley with the same features in a free position opposite the stepper
motor. The tooth spacing of the pulleys&s2 mm to fit the beltA light source was

used for illuminationand a light reflector was placed in front of it.

. 9LightReflector

Figure 3.1: Test Setup for Slosh Experiment

The stepper wior was controlled wittan Arduino UNO cardusing the A4988
stepper motomicrocontroller card.The breadboard configuration was prepared
using the stepper motor tutorial given in the referdi8g A 16V 100 microfarad
capacitor and a 1K ohm resistor were used on the breaddderdbreadboard was
connected to thelectricsocket with thesupportof a 12/ adapterIn Figure3.2, a

picture of the breadboard configuration was given.

It was mentioned that the tamotionwaschoseras a periodiwelocity profile The
onecycle periodic velocity profile is shown igure3.3. As input, the amplitude

of the acceleration and the frequency were given.
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Figure 3.2: Breadboard Configuration
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Figure 3.3: OneCycleof theApplied Periodic Velocity Profile
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By using Equation 3.0.3.3,0 ,0 andw are calculatedn order to give thisnotion
a prepared library called AccelStepper Librgi§9] was used. The programming was

performedvia Arduino software.

In the studythe stepper motor was rotatedth a full stepand theacceleration
amplitudes were 15000, 13000 and 11006 T2 The maximum speed that the
motor can reach ithe given distance ifound to beB000i 0 X fjThetotal period
number wasselected as 3(ince there are 20 teeth on the pulley on the stepper
motor and there is a 2 mm pitch gap on the belt, the distance per revolution of the
stepper motor is found to be 40071 '‘Q Whe stepper motor rotates at 200 1 rjQ 0
Accordingly, there is a stepper motor that moves atdO@fi 0 Qriperefore the
acceleration amplitude is converted’5, 0.65, 0.5% fi , respectivelyIn Figure
3.4-3.6, the input motion as position, velocity and acceleration is given for 0.75

a7t and 2.2973 Hzrespectively.
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Figure 3.4: Position TimeGraph for Amplitude 0.75 misnd Frequency 2.29F
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Figure 3.5: Velocity Time Graph for Amplitude 0.75 nf/and Frequency 2.29F&
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Figure 3.6: AccelerationTime Graph for Amplitude 0.75 nf/sand Frequency
2.2973Hz

A rectangular tankvith the dimensions 11.7 1 11 &(Figure3.7). In this tank,

the width is 1 cnto minimize theeffects of the third dimensicas much as possible.
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Figure 3.7: TheRectangular Tanklsed in the Experimental Investigation

To calculate the natural frequency and damping ratio for a given scenarjaghérst
free surface elevation was recorded. Afiglnes per seconthmera was used with
a 1/8 slow motion capacity. Therefore, the in&ktvetween frames is equal to 1/240

second.

The image processing was perform®sd usingthe Image Processing Toolbox in
MATLAB. Theframesafter the quick stoprereused to investigate the sloshjiagd
the number oframesis limited to 1024 frame®or a better Fast Fourier Transform
(FFT). The operationvasperformed irfour stepsasshownin Figure3.8.

In Step 1 the cropping operations are performed ugimg lastframein which the
liquid is inits static conditionFrom left to right, heframeboundariesvere arranged
up to the rulerPixels corresponding to 0 and 9 cm on the ruler are ustbe lsver
and upper limitsThe pixel that thdiquid level correspondg¢r Qs measuredia
the marker placed on the talkem away from the tank walDuring this process,
the image is rade black and white by using filtering.

0 QO Qo (3.4)
Qo Qo

Q
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In Step 2, 6r each frame after the iltering is completed the pixel ( Qw
corresponding tehe currentliquid levelis calculatedThefluid level from the tank
bottom is calculated using Equation 3nithe equatiom) "Qis thenumber of pixels

in thevertical directiorand™Q is the initial liquid level.

- 0 0 (3.9)

After calculating the liquid level at all frames the change of free surface
displacementwith time in Step 3 is obtained by Equation53By using the
Aismoot hdat aviATLARI, the free suriacei displacement was smoothed.

p. . (3.6)

1 (3.7)

In the final stepby usingEquations3.6 and 3.7, the damping ratieas calculated
from the smoothed datén the equationsi is the fifth peak after the initial peak

€ .

| (3.8)

To find thedampedhatural frequency, the liquid free surface data is used for FFT.
Forthe process, he nAf ft o f uMATLABovas usedThen,lthe matural i n

frequency is calculated by using Equation 3.8.
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Figure 3.8: Image Processing Operation
3.2  Test Matrix

The testmatrix used irnthe experiment is given imable 3.1. Five different ases

were investigated Each case was repeated three times to minithiegossible
errors.In Cases 1, 2, and 3, the liquid level was set to 4 cm, and different amplitudes
(0.75, 0.65,and 0.55 mA were given to the tankThe excitation frequency was

selected as the natural frequemtyhich the sloshing will be chaotic.

IEPIPR 3.9
1 OO A -EQ (39
0 v

The corresponding natural frequency according to the Equation 3.9 which is the

analytical solution of the governing equations gireReferencg40] is 2.2973 Hz.
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Likewise, inCases 4 and 5, the liquid level was set &am@& 3 cm, respectiveland
the tank was moved with the natural frequency at the relevant liquid |&veds.

maximum amplitudef 0.75 m/$was used for those cases.

Table 3.1; Test Matrix

Case Number Liquid L evel (cm) Frequency (Hz) Amplitude (m/s?)

1 4 2.2973 0.75
2 4 2.2973 0.65
3 4 2.2973 0.55
4 3 2.1098 0.75
5 2 1.8095 0.75

3.3  Experimental Results

Five cases were carried out with threes. Thefree surface displacemeahdthe
FFT results obtained as a result of thess. AppendixB presentshe outcomesf
thecasesIn Figure3.9, eight frames of the liquid motion captured in the fitstof
Case Jlaregiven.The results of the firsun of Case 1 arshownin Figures3.10and
Figure3.11
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Figure 3.10: FirstRunof the Case 1: Free Surface Elevatidiime Graph
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Figure 3.11: FirstRunof the Case 1Amplitude- FrequencyGraph

From the obtained results, the damping rand natural frequency were calculated
for eachrun. The average of thiaree runsvasreportedas the result of the case and
used for comparisowith the analytical natural frequencyn Table3.2 and Table
3.3, the effect of amplitde and the effect of liquid level dhe damping ratio and

natural frequency can be seen.

Table 3.2: Effect of AccelerationAmplitude*

Amplitude | Freq.1 | Freq.2 | Freq.3 | Damp. Damp. Damp. Ave.Nat. | Ave.Damp.
(m/s?) (H2) (H2) (H2) Ratio1 | Ratio 2 Ratio 3 | Freq.(Hz) Ratio

0.75 2.3443 | 2.3443 | 2.3443 | 0.0217 | 0.0211 0.0215 2.3443 0.02143

0.65 2.3443 | 2.3442 | 2.3442 | 0.0222 | 0.0194 0.0197 2.34423 0.02043

0.55 2.3442 | 2.3442 | 2.3442 | 0.0194 | 0.0197 0.0196 2.3442 0.01957

* Case 1,and3/ Liquid Level: 4 cm
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Table 3.3: Effect of Liquid Level*

Liquid Freq.1 | Freq.2 | Freq. 3 | Damp. Damp. Damp. | Ave.Nat. | Ave.Damp.
Level (cm) | (Hz) (Hz2) (Hz) Ratiol | Ratio 2 Ratio 3 | Freq.(Hz) Ratio
2 1.8769 | 1.877 1.877 0.0449 0.0465 0.0465 1.87697 0.04597
3 2.1100 | 2.1101 | 2.1100 | 0.0247 0.0254 0.0243 2.11003 0.02480
4 2.3443 | 2.3443 | 2.3443 | 0.0217 0.0211 0.0215 2.3443 0.02143

* Case 3,4and5 / Amplitude:0.75 m/$

The results plotted inFigure 3.12, indicate that the natural frequency does not
depend on thamplitude of the acceleration but varies essentially wighliquid
level. In linear sloshing motion, the natural frequency is constant. However, in
nonlinear motion, the frequency may vary depending on the ampl@udihe other
handthe damping ratio increasegth the amplitude of the acceleratidxs the flid
velocity increasesthe friction losses due to viscosity incregsghich induce an

increase in the damping.
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Figure 3.12 Average Damping Ratib Acceleration Amplitudend Average

Natural Frequency Acceleration Amplitudésraph

Additionally, the findings indicate that tmatural frequency increases as the liquid
level increases.To verify the analytical approach, the experimental results were
compared with the analgal natural frequency obtained from Equation 3tds

foundthat the maximum difference between them is 3.5898ts demonstratethat
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the accuracy of the analytical methods ia astifficient levelFurthermoreit is found

that he damping ratio increases as the liquid level increaseshe liquid level
decreasesthe effect of the tank bottom becomes dominant, which can cause the
damping ratio to increas@s the liquid level increases, the effect of the tank bottom
vanishesand the liquid is observed to dampen mgradually Figure3.13illustrates

the previousconcept in further detail.

0.050 ¢ 25
. 0045 - 1246
F h =
£ 0.040 E 1236
o E =
2 0.035 1222
‘2, 0.030 E 1218
§ 0.025 F 2 E
5 0.020 : 7198
£ 0015 E S 18§
Z 0010 F + Damp.Ratio 178
3 A Nat.Freq. 5 =
0.005 2 —— Analytical Solution ]'65
0.000 ———————— 15

2 25 3 35
Liquid Level (cm)

B

Figure 3.13: Average Damping Ratib Liquid Level, Average Natural Frequency
i Liquid Level, and Analytical Solution Comparisd@draph

The secondun of Case 2 was repeated by taking free surface measurements from
different points. Accordingly, it was observed that the damping ratio increased as the
measurement point approached the wall edge and decreased as it moved away. The
damping ratio was found as 0.0211 at 2 cm away from the tankawalbarely
changedowardthe tank centetOn the other hand, the damping ratio increased to
approximately 0.025 as the measurement point was tak&aseto the tank wall.

This impliesa nearly 16% increase in the damping ratio, probably due to the viscous
layer formed at the tankall, which is likely to enhane the damping ofthe liquid

free surface elevation.
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CHAPTER 4

NUMERICAL INVESTIGATION

Experimentamethodologies are cdgtanddemanding if one dess¢o examindghe
behavior of fluid insidethe propellant tankof a rocketduring flight phases.
Furthermore, the experiments can be limiteg factors such aduel and
environmental conditiongor this purpose, numerical investigations peeformed

In this sectionthe numerical investigation sfoshing byusing commercial software
FLOW-3D is presentedThe governing equations atiteturbulence models that are
used in this studgirespecified In this study, to validate the governing equations and
verify the numeal methods used, results from an experiment on a partially filled
rectangular tank under translational excitation, as documented in the literature, were
initially used. Similarly, the pitching motion of a propellant tank was examined
through a pitching gperiment applied to a rectangular taRknally, a comparison

was madeamongdifferent numericalmodek givenin the literaturefor a circular
cylindrical tankwith and without a bafflender translational excitatioBy using the
identical circular cylindrical tank and the validateanode]| the sloshingbehavior
under different conditions and motiom&s investigatedby FLOW-3D. Several
baffle desigrs werealsoinspectedo select the optimum on&éhe FLOW3D model

was ultimately used to validate and verify the mechanical model developed, as

presented itChapter 5.

4.1 FLOW -3D Software

For the simulations, FLOV8D softwarevasused |t is a commerciatomputational
fluid dynamics software in whidne @mputational grid discretizes the defined flow
domain,and the governing equations are solved by using numerical methods for the

given boundary conditions.
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The FLOW3D softwareoffers advantageous features for precisely solving free
surface flows with redced computational time.FLOW-3D includes a mesh
generation algorithm calledFractional Area/Volume Obstacle Representation
(FAVOR), in which a structured grid is easily implemented on geometry without any
distortion of elementsStructured grids can be implemented on geomesiryg mesh
blocks. This property of FLOW3D makesthe discretization of a geometry faster
than bodyfitted elenmrents.In Figure4.1, a geometry transformation with the FAVOR
algorithm is given.

Besides the advantagestbhé FAVOR algorithm it also has disadvargas such as
distorting the geometries and not capturing the liggad interface properlyThe
disadvantagedecome apparent when the meddnsityis low in the specified
regions In addition, since there are only structured grid$-if©W-3D, meshing

complex geometries is difficult.

Figure 4.1: FAVOR Algorithm [80]

Additionally, the softwarancludesthe Volume of Fluid (VOF)approach tcolve
multiphase problemdt is avolume tracking method usedan Eulerian grid where
the free surface is investigated irfibeed grid [81]. The VOF methods based on
storing the fluid volum@ortionon each ceby using a functiowalled fluid fraction
The function must have a value between 0 ar{82]. Figure 4.2 expresses the
principle oftheVolume offFluid in FLOW-3D. Here, he fluid fraction issymbolized
by "O
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Surface element

Figure 4.2: Basic Theoryf VOF [82]

In addition to the two fluid solution§LOW-3D has the capability of solving only
one fluid in a given problenin suchissues, the region of the second fluid is called
avoid. The governing equations are only solvealementsvith a fluid fractionof
one and the void is used to express the boundary cond&Rin

This property of the pragm isappropriate fosloshing problems. Due to th@nor
inertial effects of thgasabovetheliquid, the gasan be neglecte@nd a ondluid
approach can be usess a resultfewerelements arencluded in thecomputational

grid, andthe problem takeless time

4.2  Governing Equations and Models

In this part governing equations and turbulence modeikich are Uisteady
ReynoldsAveragedNavier Stokes(URANS) modelq100], are used in this study.
For both rectangular andrcular cylindrical tank caseghe Cartesiarcoordinate
system ireferred Fora circular cylindrical tank, the cylindrical coordinate system
is not desired due to a singularity point that appears at the centeraylititzical
coordinate system. Enefore, bothltegoverningequations and models are givan

means of Cartesiaroordinate system
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42.1 Mass Continuity Equation

The mass continuity equation used in FLEW is described in this section.

ol Loa Log
ToT & o T &

L DL SRS S B B 4.2)
Tew Tolow Tola T4

4.1)

Y

The mass continuity equation used in FLEW is given in Equation 4[B4]. Here

o is thefractional volume open to flow' is the fluid densityoh) and v are
velocities in®, Wandwdirections.d ,0 ando arearea fractions open to flgw
Y turbulent diffusionIn the equations, the fractional volume and fractiona are
open to flow are special parameters that are introduced in FBDWue tothe
FAVOR algorithm Additionally, the turbulent diffusion term is generally used when

a fluid with norruniform density is preferrefB5]. It has acoefficient givenby %
whichis equivalent té‘Y‘ » where"Y is the turbulent Schmidt Numbérhe mass

source term is neglected since it is used when an additional injection of mass is

necessary8s].

4.2.2 Momentum Conservation Equations

This part defines themomentum conservaticguatiors utilized in FLOW3D.

6 ' : , ‘ ]
TOP 5l sl sl ® PLN .5 g5 (3
LV P sl el g PN o g ¢4
LV P ol ¥ ool g% PPN g g 9
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The momentum conservation equations used in FLEIVdregiven in Equation 4.3

- 5[84]. NavierStokesequationsn FLOW-3D have some extra terms to be used in
exceptionakases, for instance, porous media or injection of a mass. Since no mass
source is used in the simulations, the mass source term is tedgiedhe given

eqguations.

In the equations,O, "O and"O are body acceleration€), "Q and"Q are viscous
accelerationsw , @ and® are flow lossesccurin exceptionacasesandn is the

pressureof the fluid Theflow losses will be neglected since tfleshing casedo

notincludesuch physics.

6ROl w6t bt bt (46)
T o T T a

"w"Q Ui wT—‘E‘)T T—,('iT T—,i‘)T (.7
T ® T w T a

o0 bia6t 8t -0t “8)
T W T a

The viscous accelerations need to be calculated by using Equatian8.tn
turbulent flow, the viscous accelerations need to be calculated thieeituid
viscositychange$85]. Here,0 i ,@ i and0 i are wall shear stresses in different
directions.Assuming a zero tangential velocity on the section of any area closed to

flow, the wall shear stresses are modeled.

+ .1 oproror10 (4.9)
St ool of @l a
+ LT opror 0T (4.10)
ST ool ol @ a
+ T oprororo (4.10)
S Taor el of &
EERE (4.12)
t o
T ! w
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1610 (4.13)

+ L1 60T (4.14)

The t terms given in the equations are shear stresses and are calculated by using

Equation 4.9 14. It can be seen that the dynamic viscosity is used.

In turbulent flows, the amount of the wall shear stress is altered by a law of the walll
velocity profile hat is assumed close to the wHMHé]. Therefore, the distance
between the wall and the first grid point close to the boundasgsentiato calculate

the wall shear stregsecisely[86].

T (4.15)
0 -
" 0.Q 4.1
o (4.16)
6 p .., (4.17)
7 Ta o &w v

FLOW-3D uses Equation 4.15817 to calculate the wall shear stress. To estimate the

wall shear by usinthewall function,w should be between 30 and 584].

A (4.18)

In sucha flow, the viscosity ighe sum of the molecular and turbulent val(i@4).
Equation 4.8 is used for variable viscosity calculatsomhere” istheliquid density,

0 is themolecular kinematic viscosity and is theturbulent kinematic viscosity.
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423 Fluid Interfaces and Free Surfaces

This sectioroutlinesthe fluid interface equations employed in FLEBD.

1 0p
T o0 w

Ta6 Lao Lwo o (4.19)
T T T a

The "Ofunction defines the fraction of fluid'o compute time evolutigrEquation
4.19 needs to be satisfied in the liquid free surfi@824. The diffusion term carbe
neglectedsince t is only applicable to turbulent mixing of two fluif®4]. In the
equations, théme rate ofvariationof the fraction of fluidrelatedto the mass source
for fluid is neglected84].

42.4 Non-Inertial Reference Frame Motion

For cases like sloshing, namertial reference frame motion is preferred. Noertal
reference frame motion embeds the computational grid in aneotial reference
frame that moves with the bo@®4]. In FLOW-3D, as an inputthree components
of linear acceleration and three components of angular velocity/accelaratidre

usal. Also, the rotation center can be selected through the program.

R YO BY O5VcPa 2 o p v (420

Equation 4.20 is used to implement the effedhefacceleration o&rigid body on

a liquid element("™® which is moving with the rigid bodyHere, 'Ris constant
gravitational acceleration¥is translational acceleratipris angular velocityand

9 s theangular acceleration diie rigid body.Yis the position vector of the body

fixed coordinate system with respect to ithertial reference framebis thevelocity
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of the fluid element an@ is the positionof the fuid elementas described in the

program manual

In FLOW-3D, equations are solved in the body coordinate syémin the given
analyses, the accelerations were defined in hothinertial and inertialreference
frames. Thosevereseparateds®, @, dand®, @, , respectivelyThe force and

moment results obtained are definedi@m, (.

425 Turbulence Models

Turbulent flow'shigh-energyflow state and its seljenerated large and small eddies
areshown by turbulent kinetic energ® . To find the turbulent kinetic energshe
transport equation can be usddiree differenttypes oftwo-equation turbulent
modelsare implemented in FLOVBD. These aré) - , Renormalized Normal

Group (RNG)Q - andQ 7 turbulent models, respectively.

N (4.21)

0 422

All turbulence transport models use turbulent kinetic energy to calcthate
turbulent viscosity’Q - and2 . "Q - models useEquation 4.2Iwhile 'Q T

uses Equation 4.784]. Here CNU isa constant is the turbulent dissipation term
and] is the turbulenspecificdissipationrateterm - and] arecalculated by

usingdifferenttransport equatisTor differentturbulent models.

r p.,.1tQ 1t .17
— (b—OO— 0] 0] e

‘ 2 0 (4.23)
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To calculate the turbulent kinetic energy, b&@h - model andQ - RNG model
usesa transport equation given in Equation 41aFEquatiord.23, 0 is theturbulent
kinetic energy production terrfQ is the buoyancy production tern© "Q"Q'1Q the
turbulent diffusion ternand- is the turbulent energy dissipatiterm [84]. These
terms haveparametershat are speciato FLOW-3D. The CSPRO turbulence
parameter included in the turbulent kinetic energy production term has a default
value of oneThe CRHO parameter involved in tHmioyancy production term is
zerg however,it is accepted a.5 in thermally buoyant flow problemsas
mentoned in the manudB4]. The parameter given ds in theturbulent diffusion
term, the diffusion coefficient ofQ. This parameteis calculated by using another
parametecalled’Y 0 "YU vihose default value is onBifferent turbulence models

usedifferent transport equations to calculdteturbulent dissipation.

' p 102 1Q 10 (4.27)
— - 00 ;— U0 7— U0 ——
0O W w T w T

Q
0 O 0QQUY*w qQ
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On the other hand 1 model uses Equation 4.27 to calculate'@eéerm. In this
equation] “ is a partialfunction changes with a parameter and theparameter
RMTKE usedin diffusion term is taken a8.5. The detailgshese equationsan be

found from the manud84].

4251 £ Model

This section provides information regarding e - turbulence model ifFLOW-
3D.

T- P, T- T fw 1T (4.28)
— 5— 00 —— L0 —— ULVO0 —s
0 W &) Tw T a
0 OP¥ 5 0'BYO '0'QQQY 00
0 0 0 0 O:bL
ooool L ss = Lyslt Lossls (4.29)
w! w w T w w T aq a

In addition to the Equation23, the Equatio.28 shouldbe solvedin the equation
0"Q"Q'Q the diffusion ofdissipationand 06 O"®™ O Q™ O ®are constants
derived empiricallywhose values are 1.44, 1.92 and 0.2, respectj@ély 6 0 T
constant defined in Equation 4,2s 0.09

4252 £ RNG Model

Similar to theQ - model, this model uses Equation 2&.2nd 4.8. 'Y) "YU, O

6 O'MY U "are constants derived explicitly whose values are 1.39, 1.42 and 0.085,
correspondinglyd ‘O "©'¥ found from turbulent kinetic energy arttie turbulent
production termg84]. Generally,’Q - RNG model is applicable to low intensity

turbulence flowandto flow thathasstrong shear regions.
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R (4.30)

- 5 00 Y s—— .
h Yu Ovu

In both™@ - and™@ - RNG model, when approaches zero as well &3
numerical problems such as unphysically large valués ofin be seen. To prevent
this, a minimum value for is defined in FLOW3D. The minimum value fdr
can be found by Equation30 [84]. In the equationthe maximum turbulent length
scale, called TLENs usedAs a default TLEN is set to7% of the smallest domain

dimension.

4253 © Model

The™Q 1 model is another turbulence model that is implemented in F3DW
Mainly, it is used inclosewall boundaries and in flow with streamwise pressure

gradientssuch agets and wakes.

T p .. T en 1] pw 1] (431
-— — 00 —— UV0 — ULVO0 —=
0 ® @ T w T a

'Tﬁ 6 60BNO 0QQQ & ]

To calculate thg , Equation 4.31 is used in FLOWD [84]. In the equation,
parameteand the turbulent dissipation diffusion coefficiealled'Y O "Y'O vu§ed
in 0"Q'Q"> taken asl3/25 and0.5, respectively. T is a function related to a
parameter calledb . More details of the given equation can be foundhim user

manual[84].
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4.3  Boundary Conditions

As discussed before, the discretized flow domain has boundhaedimit the
problem. In FLOW3D, a mesh block can have six differamesh boundary
conditions. Those boundary conditions can affect the behavior of the. liquid

Some of the boundamonditionsthat can be used in the program are given below
[84]. Periodic boundary conditions can be used if any fluid that exits via one of the
boundaries is reintroduced through the other boundary in the Phe. pecified
pressure/velocity boundary can be applied if a specific pressurdoaityevalue
needs to bappointed to the boundaryhe volume flow rate boundary conditien

used when a specific volume flow rate is necessary at the bouridsywall
boundary conditioms applied to the surface or a solid bounddirymplementshe
zerovelocity condition normal to the boundagnd the neslip condition at the
boundary Lastly, symmetry boundary conditiencan be used irthe case of a

symmetrical phenomenon.

In this study,atank geometry is used as a complenfanttion, which inverts the
body where the fluid domain appears ins@ed thennersurface of the tank walls
is selected ashe solid boundaries. The mesh boundarieslafieas symmetrical

boundariess the defatiloption

4.4  Solution Method

The solver procedure of FLOD is namedhe finite difference solution method.

It consists of three step34]:

The first phase involves computing ndimne-level velocities using the explicit
approximations of the momentum equations, Equatiorigib3basedn the initial

values oprevioustime step values.
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Secondly, to satisfy the mass continuity equation, Equation 4.1, the pressure values
are iterativelymodified in each cell and the veloity changes due to pressure

adjustmentsire added to the velocities calculated in the first step.
Lastly, to calculatethe new fluid free surface configuration, Equation 4.19 is solved.

The three steps areompletedwhen the simulation time exceeds. During the
procedure, ifthe stability criterion is not satisfiedthenthe time steps reduced.
Additional information about the solution methedn be foundn the FLOW3D
User Manua([84].

45 Verification and Validation Simulations

The cases that are found from the literature are performed to guarantee that the
governing equationand theboundary conditions aigppropriatelyselectedand the

inputs are given correctlyn this section, the results of these studies are explained.

45.1 Translational Harmonic Acceleration on a Rectangular Tank

As the first casethe rectangular tangloshing experimentonductedoy Chen and
Xue [54] was used In the experimentthe tankwas excitedwith a translational
harmonic motion bytilizing a six-degreeof-freedom (6DOF) motion simulation
platform, called ahexapod.The dimensions of the rectangular taamle given in
Figure4.3.
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Figure 4.3: 3D View and Dimensions of Rectangular Tank

Chen and Xue used different amplitudes and frequencies to validate their
OperFOAM numerical model. In this studio validatethe modeland to verify the
numerical methodsisedone of Ch e n saimwhichXtheexciation a s e
amplitude is7 & &, the excitation frequencyis 4.7491 ) was used The
excitation frequencyvasselected as the first mode natural frequeincyhich the

sloshing will be the severest.

P T . (432
] O-OAT-£Qfk  phtivs

The first mode natural frequency was found from the assumption of potential flow
theory for rectangular tanks, which is givenkguation 4.3754, 6]. Here,] is
known aghenatural frequency of sloshing inectangular tankwhere¢ is themode

number, Qrepresents gravitational acceleratioms the horizontal length of the tank
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and'Qshowstheliquid level in the tank.For the given scenario, the mode number is

selected as 1 to find the first naturaduency.

w 0i "N&o (4.33)
0 01 Wi o (4.34)
@ 0 [ Qgo (4.35)

The acceleration profile for this type of motiaas calculated by usingquations
4.33- 35 and was used as an input in FLEW softwareasgiven inFigure 4.4.
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Figure 4.4: Acceleration Profile (Amplitude: 7 mm, Frequency: 4.74€/0)

The acceleration inputvas defined on the coordinate system whasmterwas
located at the containirscenter of geometryAdditionally, the gravitational
acceleratiorwastaken as constant in the direction. The containewasfilled with
waterup to 90 mmand the fluidoressure was captured by using a pressure probe,
which was placed on the positiveakis side of the containe8) mm above the tank
bottom.The density and the dynamic viscosity of the wateused as 998.

and 0.001 ¢ .
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In the present thés the grid and time independence stesiwerefirst completed.
Then different turbulence modedutcomeswere compared with the experimental

and thenumerical results thateret aken fr om @4len and Xueds

45.1.1 Grid and Time IndependencesStudy

Grid independence study for the given casscompletedy using one mesh block
with each grid configuratiohavingdifferentelement size In a grid study,asthe
element size decreases and the numbeleafentsncreases, the resulise expected
to change less than the previous configuratiohe grid and timeindependence
studieshadbeen carried oubr 5 seconds of simulatiodue tothe requirement of
high computationagffortin finer grid resolutions.The details of the configuratien
are given inTable4.1, and theY-Z plane vievs of the configuratiors areshownin
Figure4.5.

Table 4.1: Grid Configurationdor Case 1

Grid Configuration Element Size (mm) Element Number (#)
Mesh A 12 90.000
Mesh B 6 600.000
Mesh C 4.5 1.400.000
Mesh D 3 4.700.000
Mesh E 2.75 6.000.000
Mesh F 2.5 8.000.000
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Figure 4.5: Y-Z Plane View of Grid Configurations

To complete the grid study, tinemerical settingareredecidedas inTable4.2. For
faster convergenc® 0 Y v@dselected as 0.0001 af@d 'Y GUbspace siz@as
chosen as 3 accordance with the recommendations given in the m§@dijallhe
simulations were completed by usiad2-coreprocessor with a base spesd.50
GHz.

The turbulence modekas usedto capture tke effects ofturbulence and chaotic
violentflow. In Chapter 2it was given thathemost commomethod used to model
the turbulence effects wa@ - model. Thereforgefor the grid studyQ - model
was usedLater, this model was compared with other models tohath one is
the best.
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Table 4.2: Grid Independence Settinfie Case 1

Settings Selection

VOF Split-LagrangiarMethod
Momentum Approximation First Order

Near Wall Flux Calculation ImmersedBoundary
Maximum Time Step 0.001 s

Pressure Solver Implicit

Viscous Stress Solver Explicit

Free Surface Pressure Explicit

Advection Explicit

As aresult of themesh independence studie forcesalong the Y directiornwere
obtained Then, hesloshingforceswereused to calculate tHeorceMeanAbsolute
PercentageDifference ("O0 6 0),Qwhich was used for the grid independence
convergence checlhe calculation was completed by comparing the grids with the
finest grid Mesh F.

40 ¢

[ ——12mm (Mesh A) ——3mm (Mesh D)
30 F omm (Mesh B) ——2.75mm (Mesh E)
[ 4.5mm (Mesh C)  =——25mm (Mesh F)

20 f
10 [

0 F

Force (N)

10 f

20

30 F

40 E o e e e

Figure 4.6: Grid Studyfor Case 1Forces Along Y Axis
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Although the general compatibility of graphayspically used in the literature [54],

this study introduces the concept of force percentage difference

(4.36)

Zp T
o P

Therefore, theéforce percentagdifference 1  was calculatedby Equation 436
using125differentpointsfor eachof theMesh types A to E with respect to Mesh F
In the equation)Orepresents the forabtained byMesh A/ B/ C/ D / E and'Ois
theforceobtainedby Mesh F (Table 4.1)The mean average of the gives’O0 & 0 O

for a mesh configuration

The™O0 & 0 résultsalong with the computational tingre given inTable4.3. As

the cell size decreaseso that the number of elements increasethe

"O0 & DdBcreases but the computational time increases. Therefore, the optimum
grid configurationwasselecteds Mesh Din which a3 mm cell sizavasused. Mesh

D has™O0 6 0li&s than 1% and takésss time than finer configuration¥he
following time independence study artdrbulence model comparisonswere
completed by using the Meshdanfiguration The chosemmesh configuration also
satisfies therecommendationggiven in Chapter 2.The mesh independence

investigation was feasible at this ledeieto the computionallimitations

Table 4.3: Grid Independence Resufty Case 1

Mesh Configuration Force Mean Absolute Computational
PercentageDifference (%) Time
Mesh A(12 mm) 4.81 0.02
Mesh B(6 mm) 2.03 0.18
Mesh C(4.5 mm) 1.36 0.80
Mesh D(3 mm) 0.63 4.15
Mesh E(2.75 mm) 0.48 L.25

Following the mesh independence studiie time independencestudy was

completed fothe given caseSincethe variable time stegizemethodwasused in
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FLOW-3D, the time independence studyas carried out by limiting the time step
size Four different maximum time stegizeswereused to find the optimurane
while keeping all other parameters givenTable4.2 constantin the simulations,
among thesettingsshownin Table 4.2, only themaximum time step value was
changedto make a comparisorLikewise, the convergencwvas checked by
calculatingthe meanabsolutepercentdifferencebetweerforces in the Y direction

In Figure4.7, the forces exerted by tifleid for different maximum time step values

are given.

40
F 0.002s 0.0005s
30 F 0.001s  ——0.00025s

Force (N)
S

20 F

30 f

-40 E | | | | ! L | L !
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time (s)

Figure 4.7: Time Study; Forces Along Y Axis

Likewisg to calculatethe force percentdifference 1  for time independence,
Equation 436 wasusedat 125 different pointdn the given equatigriOrepresents
force valuescalculatedoy usingthe maximum time step 0d®.002/ 0.001/ 0.0005
seconds andOis the forcevaluesare calculatedby the maximum time stepf
0.00025 seconds.Then by taking the mean average]ofh™O0 6 0 for each

maximum time step configuration is found.

The results of the time independence stadygiven inTable4.4. As themaximum
time step size decreases f) 6 0 d®creases and computational time increases.
Since, thé0l) & 0&ndComputational Timarelikely to cross athe optimumtime

step sizethe maximum time step siz@as selected as 0.00%&econds Due to
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computing constraints the time independendavestigationwas possible at this

level.
Table 4.4: Time Independence Study Results
Maximum Time Step Force Mean Absolute Computational
Size(s) PercentageDifference (%) Time
0.002 049 2.00
0.001 0.2 4.15
0.0005 0.10 5.20
0.00025 0 7.60

45.1.2 Turbulence Model Comparison

To decideon a turbulence model ithe sloshing casg the turbulence modslwere
compared The turbulence modekhat were used are determined@s -, Q -
RNG andQ 1 models.

” 6 0
vo 0] (4.37)

To understand the requirement for a turbulence model in sloshing, ¢hses
Reynolds Number is calculated. The Reynolds numbéefised byEquation 4.3
for a harmonically excitingrectangular tank87, 57, 88] Here " is the liquid
density, 0 is the excitation amplitude, is the excitation frequency) is the
characteristic lengthwhich is the horizontal length of the tamkd‘ is the dynamic
viscosity of the liquid.

As a result, the Reynolds number is approximadelyp Tt for the givenharmonic
motion Kim etal. [87] statedthat the Reynolds Number ove®)z p 1thas a strong
nonlinearityin a rectangular tantddditionally, it can be deducefilom the study of
Lee etal. [57] that the turbulence modetan capture th@onturbulent effects
Furthermorefrom the study oRhee[89], it is concluded tha&turbulence model is

necessary to capture the turbulence effebierefore,in this study, a turbulence
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model is used to capture bathe impact of linear, nonlinear fluid motionand

chaotic phenomena.

Themesh and time independerzases wererepeatedor three different turbulence
models and the results wereompared withthe experimentalvalues[54]. The
simulation time isextendedup to 10 second® observe the chaotic flowlhe
pressurevaluescomputed from the computational analyseseused to calculate
the dynamic pressurelhe values were thesomparedwith the experimerat

minimum/maximumpressure measuremeig].

The data provided by Chen and X{&4] werereadby using Plot Digitizer. Since
there maypeadeviationin the collected points, the gathedatapointswereplotted
on theoriginal graph This process is given irigure C.lin AppendixC. This was

done to show that the collected points had a certain level of accuracy.

The data provided by Chen and X{6d] was shown irFigure4.8 (A). In the figure

the comparison between the turbulence models and experimental pressure values is
given.In Figure4.8 (B), the laminar model (no model)@i®2 - model comparison

was givenThe turbulence mod&asdecided tdeusal because the laminar model
produces unphysical peaks when the flow becomes chaotic.

Likewise, the fraction of fluid contours for different turbulence modets

correlated with the experimental snapshot for four different momeirigune4.9.

In the given figure, experimenteln aps hot s obtained [B4om Chen a
and numerical results apeesentedh the order of 8.70, 8.80, 8.98nd 9.17 seconds.

Different turbulent models experimenal values and fluid fraction contours are

consistent with each other.

Furthermore, it can be seen thad chaotic fluid motionwas observed at the
beginning of the motion, but as the motion proceeded, flow breaks were observed as
a result of the liquid's impact ahe tank surface. It wasoticedthat these flow

breaks caused sudden pressure losses.
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In addition to the comparison madeHigure4.8 (A) andFigure4.9, the difference
between theexperimentdy obtainedpeak pressurevalue and the corresponding
numerical value at the same timascalculated by usingquation 4.8 as in[90].
In the equation) represents the numericahlues and0 shows the experimental
pressure valuesBy taking the mean average of the, the PressureMeanAbsolute
PercentDifference 0 0 6 0 @as calculatedFor this operation20 points were
used.Zhang etal [90] show that nine points were enough for this operafidre
results are seen ihable 4.5According to the given table, the mean valte the
differences were 5.794, 5.923%%, and 5.84% for Q -,Q - RNG, andQ T
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model, respectively. Since the one with the smallest mean value differéfice-is
model, itwasdecided to continue the simulation with e - model.For'Q -
model, valuewasinvestigated. lwasfound that the timaveragew was 39,

which was in the recommended rarggeen in the manugB4].

Table 4.5: Pressuré&/alues Comparison

Experimental [54] Numerical
Q - Q - RNG Q1
Point # Time(s) 0 (kPa) P(kPa) 1 (%) P (kPa) 1 (%) P((kPa) 1 (%)
1 0.642 -0.062 -0.055 11.290 -0.055 11.290  -0.055 11.290
2 1.232 0.111 0.109 1.802 0.109 1.802 0.109 1.802
3 1.968 -0.156 -0.149 4.487 -0.149 4.487 -0.149 4.487
4 2.538 0.221 0.225 1.810 0.225 1.810 0.225 1.810
5 3.288 -0.187 -0.189 1.070 -0.189 1.070 -0.189 1.070
6 3.736 0.309 0.302 2.265 0.302 2.265 0.302 2.265
7 3.961 0.319 0.341 6.897 0.341 6.897 0.341 6.897
8 4.679 -0.225 -0.207 8.000 -0.207 8.000 -0.207 8.000
9 5.035 0.430 0.452 5.116 0.452 5.116 0.452 5.116
10 5.289 0.417 0.441 5.755 0.441 5.755 0.441 5.755
11 5.825 -0.229 -0.195 14.847 -0.194 15.284 -0.195 14.847
12 6.312 0.472 0.509 7.839 0.509 7.839 0.509 7.839
13 6.580 0.455 0.469 3.077 0.470 3.297 0.468 2.857
14 7.086 -0.305 -0.268 12.131 -0.268 12.131 -0.269 11.803
15 7.539 0.559 0.531 5.009 0.527 5.725 0.529 5.367
16 7.799 0.483 0.498 3.106 0.495 2.484 0.499 3.313
18 8.522 -0.285 -0.268 5.965 -0.270 5.263 -0.265 7.018
17 8.801 0.580 0.529 8.793 0.516 11.034 0.519 10.517
19 9.046 0.456 0.447 1.974 0.442 3.070 0.446 2.193
20 9.770 -0.234 -0.225 3.846 -0.225 3.846 -0.228 2.564
PMAPD / 5.754 / 5.923 / 5.841
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The chosen models and settings are givelhable 4.6.All analyses in the thesis

were completed using these models and settings. A concluding comparison is

presented between preferred models, settings, and numerical and experimental

results found in thaterature [54], as showm Figure 4.0. The data on the figure,

Chen and Xu¢b4] used, was gathered by using Plot Digitizer. Plotting the collected

points on the original graph was necessary since there could be an irtgguldue

data. This procedure is describedrigure C.2n AppendixC. Thiswas carried out

to demonstrate the accuracy of the points gathered.

Table 4.6: ChosernModels and Settings for Sloshing Cases

Models Selection

VOF OneFluid

Turbulence Q -

Settings Selection

VOF Split-Lagrangian Method

Momentum Approximation

First Order

Near Wall Flux Calculation

Immersed Boundary

Maximum Time Step 0.001 s
Pressure Solver Implicit
Viscous Stress Solver Explicit
Free Surface Pressure Explicit
Advection Explicit
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Figure 4.10: Pressuré Time Graphto CompareC h e n
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Prefered Models, Settings the present thesis

45.2

Pitching Harmonic Acceleration on aRectangular Tank

The second scenario was performeddbdatethe modeland verify the numerical

settingsgiven inTable 4.6under pitching conditian For this purposeone of the
benchmark test caseonducted byAntonio Soutelglesiaset al.[91, 92, 93, 94]

related to wave impactsas usedThe testnputs and outputaerefound from the

web pag€g95]. It includes ime histories of the pressures measured at particular
points, along with repeatability registers and the associated roll angle histbgy of

sloshing tank's pexdic rotational motionThe scalesof the rectangular tank are

given inFigure4.11.
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Figure 4.11: 3D Schematic of the Tank Dimensions

As an input, periodic angular motiggiven to the tankl he origin of the coordinate
sydem used talefinethe motion input wasplacedat the center of theontainer's
bottom In Figure 4.12, the recorded angularelocity of the tank is givenThe
angular velocity is used as motion inpuind FLOW-3D uses omerical
differentiation to determine the angular accelerabgrusing tle angularvelocity

[84]. In addition, in thew direction, the acceleration caused by gravity is taken to be
constantThedatawas given by Antoni&outclglesiaset al.[91, 92, 93, 94ps the
testinformation.A pressure probe was positioned on the container's negatxe
side,93mm above the tank bottom, and used to measure the fluid's pressure after the
coniiner was filled with water up ta39nm. Likewise, the density and the dynamic

viscosity of the watewereused as 99821 and 0.00D ¢fi in the simulations
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Figure 4.12: Periodic Angular Motion of the Tank

First, the study on grid independence was finished. After that, the results were
comparedwith the experimentatesultstakenfrom the work ofAntonio Soute
Iglesiaset al.[91, 92, 93, 94]

45.2.1 Grid Independence Study

A single mesh block with varying element sizes for each grid configuristiosed
for the gridindependence research. Because finer grid resolutions dearlahdf
computing, the grid convergence investigations were only until the first
maximumpressure peak obseryedhich was around the first 2 seconds of the-8.35

secondsimulation. Configuration informatias provided inTable4.7.

Table 4.7: Grid Configurations for Case 2

Grid Configuration Element Size (mm) Element Number (#)
Mesh A 4 600.000
Mesh B 3 1.300.000
MeshC 2 4.000.000
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The numerical settings were used as showrable 4.6to complete the grid
research. In compliance with the manual's recommendatif8¥, a
"00 'Y Gbspace size of 30 and #M0 "Y6 dD 0.0001 was used for quicker
convergenceA 12-core CPU running at 2.50 GHz was used to finish the simulations.

The forces acting in the X direction were determined assalt of the mesh
independence analysiBhe forces exerted alorte X-axiscan be found irFigure
4.13.

The Force Mean Absolute Percentddiéference (OO 6 0),dike in the previous
case was appliedAt 125 different pointsEquation 4.36 was usdd calculate the
force percentagdifference In the equationiOrepresert force values calculated by
usingmesh configuration A B and"Orepresents force values calculated by using
mes configuration C The mean average of the gives ™00 6 0 for a mesh
configuration. As a result, mesh configuration A had a 1.01% and mesh
configuration B had a 0.54%ifferencewith respect to mesh configuration The
mesh configuration Bvas used for the experimental comparison sincéat a
differenceof less than 1%Additionally, thechosenmesh configuration meets the
recommendationgrovided in Chapter Z’he mesh indepwlence analysis was made

possible at this level because of computational limitations.
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Figure 4.13: Grid Study for Case 2; Forces Along X Axis
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45.2.2 Comparisonof CFD Model with Experiment Data Presented in the

Literature

The comparison witlpressure values obtained frahre experimental work carried

out byAntonio Soutcelglesiaset al.[91, 92, 93, 94jwascompletedDue to the noise

issue in the experimental results, the experimental results were only compared during
the mesh independence peri&dr an improvedevaluation a filtering process was

first necessaryThe filtering process was performed using #tle-orda Savitzky
Golayfilter. Thefisgolayfiltd functionin the Signal Process Toolbox in MATLAB

was used in this procesbo compare the experimental and numerical resuits, t
numerical pressure values at the liquid leveteconverted talynamicpressureln
Figure4.14, the comparison between the experimergallt[91, 92, 93, 94]the

numericaresult and the filtered@xperimentatata is given.
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Figure 4.14: Comparison Between Experimental Re$alt, 92, 93, 94]

Numerical Resul{present thesisand the Filtered Data

FromFigure4.14, the maximum pressure value in the filtered datalaadumerical
result are compared. It is found that the maximum pressure value is 348.21 Pa in the
filtered dataThe numerical result sixs that343.02Pa is thénighestpressurevalue.
Both maximum pressure valuegre measured approximately0.92 secondsAs a

result,a 1.49%difference between the experimental and numerical data is obtained.
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Then, arough comparison was made with ehpressure data from the entire
experiment. This comparison is givenHigure 4.5. Lastly, the liquid behavior of
the experimental and numerical resultssassociatedh Figure4.16. Accordingly,
although there argpecificdifferences in the maximum peadsdfluid interfacesit

was seen that the selected modeisthods and inputsare generally suitable for
modelingsloshingproblems.
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Figure 4.15. Comparison Between Entire Experimental Reqdlis 92, 93, 94]

and Numerical Resul{present thesis)
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Numerical Results Experimentul Results Numericul Results

Figure 4.16: Liquid Interface Comparisoof Experimenta[91, 92, 93, 94hnd
Numerical Resultfrom the Present Thesis

45.3 Translational Harmonic Acceleration on aCircular Cylindrical
Tank

Sincethetank typeswhich aresimilar to cylindrical structuresare generally used
in rockes, the modeling of sloshing is focused @rcular cylindrical tanks in this
thesis.For this reason, galidationstudy was carried out oncrcular cylindrical

tank.

Biswal etal. [96] developed a numerical model usithg finite element method to
compute the notinear sloshing response of liquid in batttangular and circular
cylindrical tanks.Xue etal. [97] developed an OpenFOAM model anded the
reallts of Biswal et al. [96}0 validate their modeln the present study, the results
of both Biswal etal [96] and Xue etal. [97] were used for thealidation of the
FLOW-3D model and the verification of thumerical settings given ifable 4.6.
Although the model developed by Biswal &t [96] is appled to the circular

cylindrical tank with an annular baffle, only the results fog ttylindrical tank
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withouta baffle were useth thepresenstudy.The validation study was carried out
with Xue's mode[97] by adding a baffléo the cylindrical tank Xue's study[97]
wasconsideredufficient because it matched the model of Biswall.§06].

Figure4.17 showsthedimensions of the circular cylindrical tank used in the FLOW
3D. In themodel| the excitation frequency waselected a%.81 I and the
excitation amplitude washoserto be2 mm. The excitation frequencythe natural

frequency of the circular cylindrical tank at the given liquid level.

508 mm \
A >

'\\ 7 /,‘
. —— Ty
/./\\ {//\\
[ \
1000 mm |
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Figure 4.17: 3D View and Dimensions of Circular Cylindrical Tank

(4.%)

Equation 4.3, given in Appendix Awhich is based on the assumption of potential
flow theory for circular cylindrical tanks, was used to determine the first mode
natural frequencyln the equationy is the natural frequency of sloshing in a
circular g/lindrical tank where¢ is the antisymmetricmode number, is the
eigenvalue of the solution for the desired mode numbefQis thegravitational
accelerationi is theradiusof the tankandQrepresentshe liquid level in the tank.

In the given scenarido find the first natural frequencthe mode number is selected
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asl in and the correspondingis p& 1 .@heseresult ina natural frequency of 5.8
(9]

w O "N (4.40)
O 01 w§ o (4.41)
W o i Qto (4.02)

Equations 40i 4.42 were utilized to determine the acceleration profile for this kind
of motion, which was then used in the FLEBM program as showim Figure 4.18.

The coordinate system whose center was situaitéte center of geometry of the
container was used to define the acceleration irffiuthermore, the gravitational
accelerationwas assumed to be constaint the & direction A pressure probe,
positioned on the positivé-axisside, 503 mm from the center, and 508 mm above
the tank bottom, was used to measure the free surface displacarfter the
container was filled with water up to 508 mm. The water's density and dynamic
viscosity areselectechs998.2Q K1  and 0.001) ¢4 , respectively.
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Figure 4.18: Acceleration Profile (Amplitude: 2 mm, Frequency: b.80)

45.3.1 Grid Independence Studyfor Circular Cylindrical Tank

Using a single mesh block with varying element sizes for each grid configuration,
the grid independencgudyfor the cylindrical tankcasewas finished. Irthe grid
studies, theesultsshould vary less than in the priconfigurationwhen the number

of components grows and the element silaereasesDue to the significant
computing effort required for higher grid resolutions, the gridependence
investigations were conducted for 5 seconds of simulation. Theaxd XY plane
views of the setups are shown kigure 4.19, and Table 4.8 provides the

configuration specifics.

Table 4.8: Grid Configurations for Case 3

Grid Configuration Element Size (mm) Element Number (#)
Mesh A 10 1.200.000
Mesh B 8 2.200.000
Mesh C 6 5.100.000
Mesh D 4 17.000.000
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X-Z View X-Y View

Figure 4.19: X-Z and XY Plane View of Grid Configuration B

The numerical settings were used as showhaiole 4.6to finish the gridstudy. In
compliance with the manual's recommendation§ia'Y ‘Gibspace size of 30 and
anO 0Yd ‘@0H0.0001 were used for faster convergddd. A 12-core CPU running

at 2.50 GHz was used to finish the simulations.

As aresult of themesh independence investigation, the forces alony tieection
wereobtained. The Force Mean Absolute PercenBifierence("O0 6 0),@vhich
was used to verify grid independence convergence, was then computed using the
forces. By comparing the gridgth MeshD, the best grid, thdifferencecalculation

was finished.
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Figure 4.20: Grid Study for Cas8; Forces AlongX Axis

At 125 points, the force percentadéference( ) was computed using Equation
4.36."Ostands for thdorce values determined by using Mesh A, B, and C in the
equation, antOfor the force values determined by utilizing MeshTalgle4.8). The
"00 6 0f@r a mestronfigurationis the mean average of the. Only this level of

mesh independence was possible because of the rise in computational time.

Table 4.9preserd the mesh independence results. Thst faolumn of the table
shows the mesh configuration, followed by the second column witfOilned O 'O
findings and the third column with the computational time. It is evidentaitiie
"00 & 0 d@creaseghe cell size decreasabe elemenhumberincreasesandthe

calculation time increases.

As a result, MesB, with its 8 mm cell size, was chosen as the ideal grid layout.
Mesh B takes less time than finer setups and hasGind 0 @ less than 1%.
Additionally, the chosenmesh configuration meets theesh recommendations
provided in Chapter 2nly this level of mesh independence was possible because

of the rise in omputational time
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Table 4.9: Grid Independence Results for C&se

Mesh Configuration Force Mean Absolute Computational
PercentageDifference (%) Time
Mesh A 1.50 1.75
Mesh B 0.63 3.75
Mesh C 0.61 13.6

45.3.2 Comparisonwith Literature i Circular Cylindrical Tank Without
Baffle

As mentioned before, Biswg®6] a nd X u e 6[97] were dised fecircular
cylindrical tank without bafflevalidation studies. The results of the models were
obtained from Xu¢97]. Since the results were obtained udtg Digitizer, Figures
C.3 and C.4 il\ppendixC aregiven to show that the deviations in the points are at

accetable levels.

Figure 4.21 shows the comparison of the liquid free surfabevationwith the
literature models. Mesh B, which was selected asrtbst ideal grid, was used in

the comparison. The results of Mesh B are shown in the figure with the red line,
while blue dotsand the black dashed lisaow the model results Biswal [96] and
Xue[97], respectively As shown inthe graph, theloshingmovement is consistent

across different models.
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Figure 4.21: Liquid Free Surface Elevation Comparison

Additionally, by using thepeak values othe free surface elevatiopeakof the
numericalresult obtained by using the FLOBD, the Free Surface Absolute Mean
Percentag®ifference("O"YD 6 Pw@scalculated with respect the corresponding

free surface elevation valuasthe same timfor different moded.

- -, omT (443)
-1

To calculate th&0"YD & DE@uation 4.8 was usedin the equation; represents the
numerical aneHshows thenodetreesurface elevation values. By taking the mean
average of the , TheFreeSurfaceMean Absolute Perceftifference "O"Y0 6 0 O
was calculated. For this operatjd® points were used@heresults are seen ifable
4.10. According to the given table, the meaues for the differences were 6.236%

and 3.073%which are acceptable for a sloshing problem.
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Table 4.10: Liquid Free Surface ElevatiovialuesComparison

Bi swal i Xuebds Numerical Result
Model [96] Model [97] (Mesh B)
Point # Time(s) Free Surface Free Surface Free Surface Bi swal Xueds
Elevation(mm) Elevation(mm) Elevation(mm) Modell (%) Modell (%)
1 0.500 3.933 4.069 4.842 23.112 18.997
2 1.070 -8.141 -8.296 -0.011 10.687 8.619
3 1.620 11.883 14.011 14.088 18.556 0.550
4 2.150 -16.525 -17.741 -17.829 7.891 0.496
5 2.700 22.845 22.586 23.479 2.775 3.954
6 3.240 -24.410 -26.067 -26.847 9.984 2.992
7 3.790 33.361 32.342 32.940 1.262 1.849
8 4.330 -32.786 -33.399 -34.392 4.898 2.973
9 4.850 42.511 42.128 43.721 2.846 3.781
10 5.410 -40.876 -41.166 -42.584 4.178 3.445
11 5.950 51.946 53.033 53.426 2.849 0.741
12 6.490 -47.355 -49.617 -50.039 5.668 0.851
13 7.030 60.459 62.727 64.453 6.606 2.752
14 7.580 -56.286 -57.757 -57.732 2.569 0.043
15 8.120 73.621 73.787 74.086 0.632 0.405
16 8.670 -62.467 -64.530 -64.989 4.037 0.711
17 9.210 82.766 85.966 84.262 1.808 1.982
18 9.750 -70.712 -71.924 -72.048 1.889 0.172
FSMAPD 6.236 3.073

4.5.3.3 Comparison with Literature i Circular Cylindrical Tank With
Baffle

The results obtained from Xue's mo{&f] were compared with the annular baffle
added to the previously mentioned cylindrical taAkcylindrical tank with aring
baffle added is given ifrigure 4.22. As shownin the figure 'O represents the
distance of the baffle from the tank bottoirhe 'O value was examined at two

different valuesand compared with themodel. Those were 101.6 and 355.6 mm,
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respectively. The ring baffle placed inside hasnanner radius of 304.8 mm.
According to this value, the baffle width is 203.2 nrhebaffle thickness was taken
as negl i gi bl P7].ilthas Beerenfestionetbirdtieel literature tlirad
baffles with zero thickness and baffles wittheckness to widthratio of 0.04 have
similar effectg[76]. For this reason, thieaffle thickness is determined as 8 mm

that the baffle thicknegs widthratio would be 0.04.

The identical conditions were applied to the tank to validate the circular cylindrical
tank with a baffle.Since X u e 6 s [97pidckudes an &econd solution, the

aralysis time was selected as 8 seconds.

508 m

1000 mm

304.8 mm '
/' |Hp |508mm

Figure 4.22: Cylindrical Tank with a Baffle

Since the baffle thickness was selected as 8 tarmapture the fluid movement
around the baffleMesh D is used for the analysige vorticitymagnitudecontour
was investigated as given iRigure 4.3. As discussedn Referencg76], in the
figure, due to a lowthicknessto-width ratio, a vortexcoreis formed and moves away

from thebaffle.
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Figure 4.23: Vorticity Magnitude Contour

However, due tdhe high computational time (approximately two daysjiferent

mesh configuration, called Mesh E, was used as an alternative. This grid
configuration consists of 4 mm and 8 mm mesh blocks, which are consistent with
the mesh settings outlined in Chapteinzhe Mesh E, 4 mm elemerdsverthe free
surface ad thebaffle level.The transition level from 4 mm to 8 mm was determined
based on the resultsundin Section 4.5.3.2

From these resultthe approximatenaximum peak point was foun@.8 times this
value was determined as the distance between tHe leaf€l and the transition level.
Below the transitiorlevel, larger elements can be used as the baffle loses its effect
[15]. In Figure4.24, thegrid configuratiorE is givenfor two different baffle levels

From the figure,tican be seethatthe mesh formationaries depending adhebaffle

level.
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Hp: 101.6 mm Hy:355.6 mm

Figure 4.24: X-Z Plane View of Grid Configuration tor O 101.6 and 35.6 mm

A comparison was made between Mesh D and Meg&ir O is 355.6 mmAs a
result, it is found that both of the grid configuratiopsovided the approximate
results.In Figure 4.3, the comparisoiis given Consequentlysince Mesh Dand
Mesh Etake approximately 83 hours and 38 hours, respectiglysing 12 cores,
Mesh E is decidetbe used in the followingaffle comparisorstudies

Furthermore, the resul ts [ Similarcoothep ar ed
previous caseshe data was gathered by using Plot DigitiRdotting the collected

points on the original graph was necessary since there could be a divergence in the
data. This procedure is describedAppendixC's Figure C.5andFigure C.6.This

was done to demonste the degree of precision of the points gathered.

In Figure4.26, the comparison with the literature for two different baffle levels
given. The FLOW-3D model is also appropriate when a baffle is used in a circular

cylindrical tank.
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Figure 4.25. Comparison of Mesh D and Mesh E for Hb: 0.3556ynUsing Free

Surface Elevation

Figure 4.26: Liquid Free Surface Elevation Comparison of Numerical Model and
Xueods [9809d]@dTwo Different Baffle Levels
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