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Abstract

In the present work, two crucial shortcomings associated Motbme-Of-Fluid (VOF) model
namely: (1) spurious interface smearing arising from fdiffasion errors and (2) norphysical
velocity fluctuation across thghysical discontinuitiesare systematically addressed, aiming to
establisha unique methodological foundatioand guidénes for the enhancement of interface
capturing techniquem handlingmulti-fluid flows. To accomplish this objectivéiyst, a novel
third-order bounded convection scheme is derived based on the Normalized Variable Ruadjram
Total Variation Diminishig conceptgNVD-TVD) and is then applied for tligscretizatiorof the
volumefraction equationTo cope with the instability issue induced fmgssurdluctuation the
standard version of theplicit norviterative PISCalgorithmis first modified by incorporating the
third pressurecorrection stepinto the algorithm and is then utilizedor the treatment othe
pressurevelocity coupling A feasibility and applicability ofhe proposed modifications in dealing
with violent freesuface andmulti-fluid flows are demonstrated against the five different
challenging benchmark cases includiwg-dimensionatambreak flow over the dry bed, oil spill

from the damaged container, single bubble rising, merging of two rising bubblew@fdid
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RayleighTaylor Instability problems The comparison of the obtained results with previously
published literature vividly corroborateghe robustness and versatility of theodified VOF
model in handling multfluid flows involving interface cdascenceandbreakup evesst In the
last stagedthreenew benchmark solutionesamely (1) oalescence of two consecutive bubbles
inside the partially filled enclosur€?) two-dimensionathreefluid RayleighTaylor Instability,
and @) ail/water spillingfrom the damaged tardre analyzedusingthe verified VOF method,

aiming toprovidea high-quality validation data for CFBimulations.

Keywords: Third-order NVD-TVD boundedconvection scheme Modified PISO algorithm

(MPISO) Multi-fluid flows; ELVIRA technique; Improved VOF mod&PD Bubble rising

Nomenclature

C, Interfacecompressiorcoefficient
Fg gravity force

Fst surface tensioforce

g Gravitationalaccelerationmns?
H enclosure heightn

L Length of the enclosuren]

n interface normal vector

p pressureNn?

P dimensionless pressure

t time (s)

t dimensionless timgt JH?)

uv  velocity componentsns?

UR artificial compressive velocityns?
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Re Reynoldshumber

U,V  Dimensionless velocity components
X,y Cartesian coordinates)

X,Y Dimensionless Cartesian coordinates
We Weber number
Greek symbols

H dynamic viscosity, kg mhs*
kinematic viscosity, fs?!
! density, kg I
3 Volume fractionof the primary phase (phase 1)

Volume fraction of the secondary phase (phase 2)

J Volume fraction of the third phase (phase 3)
k curvature of interface
v interfacial tensiorcoefficient

stream function( Y§uw [(X,Y,))

Subscripts
L Lighter fluid
H Heavy fluid

M Middle fluid

1. Introduction

The study ofncompressiblenulti-fluid problemss of great importancgincethey are biquitous
in bothnatural and industrigdrocessescovering a broad spectrum of applications framemical
reactord1], fuel injection and spragtomization[2], to nuclear power plan{s]. During the last

two decadesdue to thesignificant progress inthe development o€omputer hardware and
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computationalkcience ComputationalFluid Dynamics (CFD)techniqueas an economical and
promising alternative to the traditional experimental #émeoreticalapproachedave widely
utilized to understand thieasic principle®f multiphase flowg4]. Conversely, thestablishment
of accurate and efficient multiuid CFD methodologyis still ongoing challengeand the
applicability of existing computational modedse mostly restricted to simple configurations
However,a comprehensive literature survegnducted byGibou et al.[5] revealed thatraong
variousCFD techniquesLevel-Set(LS) [6] andVolumeOf-Fluid (VOF) [7] method astwo of
the most populainterfacecapturingmethodsdefinedin Euleriandescription,have been widely
employed toinvestigate the hydrodynamic characteristicsof various multiphase transport
phenomenaExamples includsimulationsof formationf evaporation otiroplets[8], bubble rising
[9,10], sloshingof liquid tank[11], wavestructureinteractions[12], nanofluids[13] and dam
failure flows [14]. Desite the proven effectiveness and potential Id8 and VOF models in
handling multifluid flows with severdeformation, stretching, and tearjtige results oKumaret
al. [15] showed thatthe formermethodis characterized by density error accumulatidrich
manifest itself throughunphysicalloss (or gain) of masespecially in long term simulations
especially when thituid filaments becomeomparable tgize of computational grids. To be more
precise, the LS approach usesH [ S O Himktiéh formulation(i.e. Heaviside smooth functign
to describethe distribution of the material discontinuities and determine @sometrical
information (i.e. interface curvature and its normal vectof$p]. However, due to the
implementation of the smoothing operattiie numerical conservation caat be preserved
rigorougy. Contrary to LS model, théOF usesan implicitvolume fraction advectioaquationo
advect the scalar quantities azapturethe positionof the targeted fluid in spa¢&7]. Thanks to

the implicitsurface representatiptfOF has propensity to guarantemss conservative ahdndle
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multi-fluid flows in the case of thredimensions or nowrthogonal meshedNeverthelessas
highlighted byLimaet al.[18], VOFisin general less accurate in gheterminabn of the interface
propertiesbrientatiors compared to LS modadnd has a tendency to smearing out the steep
gradients and produckalse velocity oscillationsacross thephysical jumps.Over the years,
considerable research effort@ve been devotedo address the aforementioned shortcomings

associated with VORmethodology

An initial effort towardmitigation ofnumerical smearing was mablglLeonard19] who proposed
the notionof non-oscillatoryboundedscheme&nown asNVD (Normalized Variable Diagram
He constructed novelhigh-resolutionbounded convectioschemeso-called SHARP andhowed
that this schemis less diffusive than the classical Upwiachemendcansimultaneouslgnsure
both oundedness and conservativeness ofnim@erical solutionsLater, Gaskell et al. [20]
modified and generalized the N\@dncept throuly incorporating therinciple of CBC constraints
(Convection Boundedness Criteridnjo the scheme. Thgyoposed a new monotone convection
scheme known as SMART amdathematically demonstrated thdte NVD constraints cannot
solely guarantee iterativeonvergence and monotonicity of the solutguch thatthe second
criterion, related taCBC conditiors, needs to be fulfed. Fromthen on, mangcholars have been
motivated to construdtigh-resolution bounded convection schernaghe basis of hybrid ND-
CBC conditionsExamplesnclude SMARTER[21], HLPA [22], SOUCUP[23], ISNAS [24],
HRIC [25] and CUBISTA [26]. However, the results dijlema [24] revealed thatnajority of
these NVD schemes G R @@pletely assur€CBC conditionsand are prone to numerical
oscillations (i.e. overshodtsmdershoofs Similar observations were also reported.bbink and
Issa[27] who proposed @lended higkresolution diffeencing scheménown asCICSAM

(Compressive Interface Capturing Scheme for ittay Meshes)for arbitrary meshedy
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combining thebounded HypeC and UltimateQuickest schemedhey showedthat, unlike the
previously mentionetVD-CBC schemesthe geometrical quantities of the interfammelyits
curvature and normal vectaean be easil}computedby the implementation of th€EICSAM.
However the numerical findings of D F a D Z F ]\ N25],\MalDadinoset al.[28], Gopalaet al.
[29] andArote et al.[30] showed thatin spite of its simplicity andelativelylow computational
cost the CICSAM suffers from loworder of accuracy andannotpreserve the shape of the
interfaceespecially when it comes to resolve sharp gradiefitey suggested these ofM-
CICSAM scheme (i.eModified version of CICSAMto simulate incompressible multiphase flows
involving severebreaking up, coalescenemdbr deformationevents Anothernon-dimensional
diagramwas later introduceldy Harten[31] and Sweby32] who establishedhe concepof Total
VariationDiminishing (TVD) and FluxLimiter Functionin the finite volume framework for the
construction ofsecondorder accurate andscillationfree convection schemesincethen, a
number of secondrderlimiter functionswere developed based on the TVD propersigsh as
MUSCL (Van-Leen [33], Van-Albada[34], MINMOD [35], Harmonic[36,37]andOSPRHE38].
A brief review ofthe latest and ufp-dateTVD schemesvith associatedlux-limiter function can
be found in work oZhang et al[39]. Recently Alveset al.[26] andJasaket al.[40] numerically
showed that, although the T\iteriaare more restrictive compared to the N\IBC conditions
in constructing monotone schemdése former is slightly diffusive than thiatter and cannot
accuratelypreserve the sharpness of the interfaces. Moreoneg pioneering workthey
embedded aadditionalcriterionso- F D O Sirtd@hriess conditioimnto thebounding strateggnd
pointed outhat thesmooth characteristiaf the blendedschemsin the TVDor NV diagramhas
a vital impact on the stability of the numerical simulatsuch thathe abruptalteration in the

derivative of the dependent varialpheist be avoided.
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Recently Heyns et al[41] suggested the use lofterfaceSharpenng Technique (ISTgs a second

remedyto the problem of preserving interface resolutiorthis techniquen orderto removethe

interface smearing due to numerical diffusiand control the excessive grows of interface
thicknessanadditional gradienterms so- F D O &rtifiGal*Compression Velocity LV LQVHUWHG L
the transport equatioffhe performance and effectiveness of this technique weres&iéed by

Zanuttoet al.[42] , Akhlaghi et al.[43] andCerqueiraet al.[44] against a series of challenging
multiphaseproblemsincluding droplet evaporatianbubble rising, pluglug flows, andslurry

Taylor flow. They found that, the presenceAdtificial Compression Velocityerms in thecolour

function can considerably alleviate the undesirable effects of -tiffgsion errors,thereby

retainingtheintegrity and shape of interface.

Referring to the second drawback associated with VOF miadeiler toeliminate the unphysical
velocity fluctuations in the vicinity of the steep gradients @muaderialdiscontinuitiesWanget al.
[45], Radmaret al.[46], Phamet al.[47] and Tretolaet al.[48] employed themprovedversion
of PISO[49] algorithmso- FD O OHG 3 3mx8d PISGSIMPLE available in OpenFOAM®
platform) to solve thénk between velocity and pressure fields apded up theonvergace rate
of simulations Their results showed thatince PIMPLE takes the advantages lodth iterative
SIMPLE and nosterative PISO algorithmsthis pressurdased solvelis less sensitive to
numerical instabilityarising fromselectinglarge timesteps However,the results oEomparison
studyconducted byVanget al.[50] between five classical pressuyased solvers (i.e. SIMPLE,
SIMPLER, SIMPLEC SIMPLEST, SIMPLEX and PIMPLE)revealed thatdue to the existence
of the additional iterative&SIMPLE loop in thePIMPLE algorithm, itneed a large amount of

computer storagandexhibits thedisadvantages of CPU time requirementich make?IMPLE
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more computationally expensive when it comes twesstrongly coupled thredimensional

systems

Finally, ashighlighted beforethe thirddrawbackfaced by VOFmethodologyis to identify the
geometricainformationof the interface for the accurate imposition of surfaesion force. To
addresghis issueYoungs[51] introducedthe concept oPiecewise Line Interface Construction
(PLIC) where a series ddloped line segmesitdefined in the3 u3grid stencilsis utilized to
approximatefluid-fluid interface curvature. However, the analytical investigation conducted by
Pilliod et al.[52] showed that< R X QJV Y 3/, & U HteéhQouasutiexsinant tRe(irsbrder

of accuracy, that is, it cannot efficienggtimatethe actuainterfaceorientation To tackle this
shortcoming, they proposedsecondorderleastsquare fitting approacknown as ELVIRA and
concludedthat, thisiterative techniquecan successfully predicthe interfaceslope but at the
expense of an increased computational. &stilar observations were albghlightedby Garoosi

et al.[53] who implemented ELVIRAechnique fothe enforcement of the surface tension force

in modeling single rising bubble and dam failure problems.

In light of the above literatureeview, one carconcludethat there are stitwo majordrawbacks
associated with VORmethodologyincluding (1) interfacesmearingn the case otfhestrong flow
to-grid skewnessand(2) the oscillatory convergence behavialue tothe inefficiency in the
classicapressurebased solverm dealing withincompressibleonvectioadominated multiphase
flows. As highlighted earlietthese twodisadvantagecanremarkablyjeopardize the reliability
and accuracy of th@umerical solutionsor even lead to theinwantedtermination of the
calculations. Thus, thprimary objedtve of the present studig to systematicallyaddress the
aforementionedrawbacksTo accomplish this, a novel thiokder boundedhonotonescheme is

first developedased on th&VD, NVD and CBC criteria and is theamployedfor thetreatment
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of theconvection terms in thHavierStokesand advectiorequations (see section 4). To further
suppresiterface smearing arehforce a selected interface thicknebkgArtificial Compression
Velocity term (ACT) is alsembeddednto theadvectionequation In order tatacklethe problem

of pressure/velocityscillation across the interfacemnd enhance the convergence rate of the
numerical simulations, the standard PISO algorithm is revis@acbyporatingthe third pressure
correction step into the methodology addition,the second order ELVIRA technique is utilized
to estimate theormal vector of the interface and accurate imposition of the surface tension force.
Thefeasibility andaccuracyof the proposed modificatiorsseverified against thdive canonical
test caseddaving verified thestateof-the-art CFD codethedeveloped/OF codeis employed to
introduce andexamine four new benchmark casesamely (1) threefluid RayleighTaylor
Instability problem, (2)coalescenceof two consecutive bubbles inside the partially filled
enclosureand @) ail/water spilling from the damaged tar&kming to provideletailednumerical
data for CFD validatiomnd shed further light on the transient evolutiomoiti-fluid flows (see

sedion 6).

2. Problem statement and governing equations

Schematic diagram den different multifluid problems under consideratiomith associated
boundary conditionand coordinate system atesplayedn Fig. 1 where cases 1 to 5 are utilized
to demonstrate the validity and precision of ph@posednodifications whereasases$ to 10 are
introduced to establish the statbthe-art benchmarkolutionsfor CFD validation.Theimproved

VOF method wagodedin the Intel® Fortran CompileClassic 2021.

The flow for unsteady, incompressible amscousNewtonian fluid can be described using the

conservatiorequations focontinuity, momentum, andolume fraction as followg27,54}
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whereu andv denotethedimensional fluid velocities ir andy-directions whilelhe terns g, t and

p are gravity acceleration, time and pressure, respectivgbnd A2 are the liear interpolations

of the physical properties tfie mixed fluid at the interfacevhich may be approximatday [55]:

b mur ) ™)
R MAL )k (®)
4 Mu.au  )q ©)
R MP O@ ) N (10)

Note that, in the present study, E8)(8) are applied for calculating the density and dynamic

viscosity of twofluid flow problems (i.e. cases 1, 3, 4 and 5) whereas Egs. (9) and (10) are

exploited for thregophase cases.hE termFstin the momentum equationsvslumetric surface
tensionforce which isformulatedbased on th€ontinuum Surface Force (CSF) mogebposed

by Brackbill et al[56] as:

l:ST,M b /Iy7 (11)
FST,O g y’
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In the above equatisn /represents the interfacial tensiowefficientbetween working fluids and

ki is the curvature of interface in a computational cell definedtash is approximated as the

divergence of unit surfagermal(n) given by[57]:

Ky "Ny ’ ~(:_;§,
| (12)

Ko "no ’~(|:—§,

nwm M, nw ' M
n
s 13
No ,
No —,No (@)
g
The lastterma (" “( (1 M)ug) and " “( (1 O)ug)) in Egs. (4) and (S)epresenthe contribution
of theinterfacesharpening techniquartificial compressiowelocity) [41] whichis nonzero only

at the interfacewing to the presence of(1 M) and (1 O)terms.u, denoteghe compressive

velocity whichis quantifiedbased orocal velocity in vicinity of the interfaceegion as follows
[43]:

M

URM C PJ‘I’IM C M’/M

Uro € o cgjg

(14)

The coefficientC G, 0.5is the primary parameter which controls the compression of the

interface[42].

3. Numerical methodology
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The governing equations are discretizesihgthe Finite VolumeMethod(FVM) on a staggered
mesharrangemenivherescalar variablesuch as pressure, dégsand viscosityare storedn the
center of the griavhile velocity componentare storedt the cell facesf scalar control volumes
[58,59] To resolve physical discontinuity without generating spurftugtuations, a novehird-
order bounded Upwinding scheméirst derivedonthe bass of theNVD-TVD concep$ and then
adopted for the discretisatiasf the convection terms in momentum and transport equations.
Meanwhile,the diffusion terms on the right hand side of Egs. (2) ands(@8pproximated by the
central differencing schemén addition,in orderto mitigate the unphysical pressure/velocity
oscillationin the vicinity of steep gradientthe Modified version of thé?ISOalgorithmis first
introducedand is then implemented for the treatment oftessurevelocity coupling in unsteady
incompressible mukfluid flows. A more detaileddescriptionof the newly developed pressure
based methodology is given AppendixA. To further increase the accuracy of the numerical
solution, the seconarder interface recofrsiction technique (PLIELVIRA) pioneered by
Pilliod et al.[52] is employedor the enforcement of the sade tension effects and determination
of the interfacecurvatureand itsnormal vectorInterested readers can find a detailed discussion
of the ELVIRA technique iprevious work of Garoosi et §63,60], Finally the developed Fortran

code based on tHeLVIRA techniqueis also provided as a supplementary material

4. A novelthird -order oscillation-free boundedNVD scheme

Inspiredby works ofLeonard[19] andSweby{32], anewthird-orderbounded convection scheme
is formulatedin this sectiorby combination of th&@otal Variational Diminishing and dimalized
Variable Diagram constrains (TVD-NVD) for the approximationof the convection terms in

NavierStokesand transport equation$o accomplish this goal, the TVD region (shaded area
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highlightedin grey color) inSweby diagam(see also table 13 firstmappednto the NV diagram
by using the following relationshié1,62].
) e ) ) . (15)
C 2 Cc C 1 r

Note that, in both diagramthe borders of the TVD region ab®unded from below and tdypy
two well-known Minmod and Superbee lineaschemeswhich indicatesthat any linear or non
linear schemavhich lie outsidehis regioncannotretainthe monotonicity of the solutiori§3].
To reachthe third-order monotoneboundedproperties the desired scheme must satisifye

necessary ansufficient conditionsformulatedby Leonard[19], Zijlema [24], Gaskellet al.[20]

andAlveset al.[26] as

X To guaranteghe TVD propertiewith first-order of accuracgythenormalized function (

. ¢ ) mustberestricted in theshadedareaand passethrough the pointsd(0) and (1,}in

NV diagram,

X To guaranteethe seconarder of accuracythe normalized functiorbe nonlinearor
piecewise lineaand passethrough the poin(0.5, 0.75) in NV diagram,

X To achieve the thirdrder of accuracy, thgiven normalized functiormustpassthrough
thecritical point of (0.5, 0.75with atangentiaklope of 0.75n NV diagram,

X To suppress thescillatory convergence behaviour tife numericalcalculations the
normalized functioimmust besmooththroughout thé'VD areawith continuous derivative

Smoothness condition

By considering the above criterine following piecewise nelinear functioncan beconstructed

in NV diagram

Page |13



- 625

o — )4 2 od d 0.4
o 128)C ) ¢ ) ¢

03 3

. 375 )2 25zz i 142 C 429 0.6) q 10

o 1504 150 1504 1504

e ) llor)_ O

It can be seeffom Fig. 2 thatsimilar tothe conventionafirst-orderUpwind differencing scheme

(. ) .) the newlydevelopediecewisgpolynomial function idocatedin TVD areaand passes
through the points ,(0) 0 and (1) 1, thereforeit guarantegboundednesef the solution

while satisfying the first-order of accuracy Furthermore similar to the HLPA scheme(

2

.+ ) s 2 .)proposed byhuet al.[22,23] thegivenpiecewise functiopasseshrough the
point . (0.5) 0.7t which is necessary and sufficienbnditionfor seconeorder accuracyin

addition to that since theproposed function is completely coincided with Quick schéme

¢+ 3)./4 38 in the smoothflow region (0.4d ), d0.€), it has the same slopg

d./d),

05 3/4) as that of QUICK athe intersetion point(0.5, 0.7% which confirms that

the newly constructed functioran successfully ensutkird-order accuracyMore importantly
contrary tothe SMART, CUBISTA andMUSCL schems[20,26,64]which are characterized by
breaking point oabrupt changes of slapithin their linearsubfunctionsin the shaded regigothe
proposedunctionis differentiablécontinuousandswitches smoothly between pgeceswithout

anybreak, angle, or cugp. ,,(0.4) . ,,(0.4) 27 4(and. ,(0.6) . ,,(0.6) 33 4() whichcan

be regarded agnadvantageous fdully-implicit implementationg65]. More preciselyin order

WR FLUFXPYHQW MwikchingibsREil@/HRd Bnihahce the convergence rate of the

solution, the first derivatives of each suifunction in Eq. (B) (i.e. .,, 629 %/128 p _,
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., 3) /4 38and. ., (379 253 145_  429) 15C atthe points (0.4, 0.679 and

(0.6, 0.825)has been designed tbe equal(d./d)

d fz/gj c

3/4 and
0.4

)c 04 )e

d'fz/d)c

d f3/gi c

06 3/4), securingthe fulfillment of W Kskhodtmesscondition”

)c 0.6 )¢

within the TVD area The effects of thisrucial criterion on theiterative convergencef the
numerical solutionwere carefully examinedby Alves et al. [26] and Gao et al. [66] who
analyticallyshowedhat,whenthe NVD scheme has an abrupt change of slope in the srfioath

region (0.4 d ), d0.€), it tends to exhibitspuriouspressure/elocity fluctuationespecially in

vicinity the of the physicaldiscontinuitiesin the complexmultiphaseflows. Before proceeding

further, itshould bementionedthat in Eq. (8), the normalized variable) . (/L £4)/(/, 1)
stands forthe ratio of upstream gradient downstream gradienwhere the subscripts U and D
represent the upstream and the downstrgah points,respectively[19]. To provide further
insight into thecomputer programmingf the proposedNVD scheme and demonstrate how to
discretizeit on the staggered grid arrangemamtCartesiancoordinates the following two-
dimensionalconvectiondiffusion equationin the steady state situatiors consideredas an
illustration[67]:

d d d 9: d d
Bl el il et 17
dx( uy dy( v/ dx[ d>]< d{/ §y 3 (17

In the above equation/, K and S are ageneral specifiproperty(e.g. T, u,v, etc),diffusion

coefficientandsource termrespectivelyThefinite volume integration of equatioi?) overthe

control volume surrounding point(Bee alsd-ig. 2 yields[58]:

Fe /e FW/W Fn/n FS/S

(18)
D(/e /) DJ(/e 1) Df/y 1) D(/p 1}
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whereF (M), Awith 'A 'x "yandD, ,'y/'x K X ydenoteshe convectiorand
diffusive flux termscross thecell boundariesrespectivelyBy taking into account thdirectionof
the local velocity fieldu !Oor u 0), thevalues of the property across the ceflaces (/,

l,, 1, and /) can beapproximateds

For the positive flow directiofu !0)

oe—/W /i () c,e)’ ) ce (/P /W)/(/E /V\)

oe lw

o /WW /

ow/ /f() c,W)l ) cw (/W /WW)/(/P /WV)

e, (19)
S o et

o 1

| o

> = //f() c,s)’ ) o] (/S /S;/(/P /Sk

el
S~

n

()

By adding and subtracting tlyeadient ratios of) .., ).,. )., and ) in/from theright hand

side of theabove equatiorthe unnormalized form of Eql9) can bewritten as

For the positive flow directioqu !0)

;/e /P [ )c,e - fo cgl’l (/E /V)’ ) ce (/P /\)I/(/E /)V

8/W /\N [ ) cw fo CV\)]’I (/P /W\I)’ ) cw (/W /Wkl/(/ P /\A)/\

® (20)
:n /P [ )c,n ' fo (;r)!'j (/N /Q' ) cn (/P /l/(/N /)S

Lol [ ) es - 4 (/714 ) s (s 1s9/(1e 1s)

likewise,for thenegative flow directionthevalues of the property across the cefaces (1, /,

, [, and /) may be writteras:

For the negative flow directiofu  0)
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Similarly, by adding and subtractinfpe gradient ratios of) )cwr )en @nd ) in/from the

c.e’

right hand side of the above equatithre unnormalized form of Eg21) can be rewritten as

For thenegative flow directiofu  0)

e [ )ce - d (/e /e ) e (Fe 1(1o 1
o [ )cw - 0 b (A /3 ) ew (Fe 1Y/(1y 1)

NT)en o @ (e I ) oo (U T/ 13
o [ )es - A (/s 1) ) o (b H)/(s 1Y)

by substituting Eqs.20) and (2) into the Eq. (8) andincorporating the notation afie Upwind

@

(oo} o1
=

(22)

=}

(POO@

schemethefollows stable algebraic equation can be obtained

a'P/P a\N/W aE/E aS/S a'N/N Su

a, D, max,.0)

a. D, max( F,,0) (23)
a; D, max(F,,0)

a, D, max( F,,O0)

& a & a a (R F) (F R
One of the main advantages of the abegaationis that the central ancheighbour coefficients

a,, a,, a, ag anda, arealwayspositive which makes the implicischeme unconditionally

stable, thereby satisfyinipe needgor conservativenessand transportivenesss highlightedby
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Versteegt et al.[58]. The contribution arising from the additiongiecewise NV functions

introduced through the source terr§,{ as:

S R b Wk A

JRL ) - M Ch )

AP IS

FL)e 0 W(h R on
RQ D) e & Bk R

L D) e - d ol

L DD e o d oW (6 A

A D) e d Wk A

It is worth to mention thathe termS,in the above equation ksxown asdeferred correction

which containsnegative coefficientsarising from theimplementation of the igh resolution
bounded (e.g. TVD, NVD) or unboundéelg. QUICK)differencing schensd58]. The existence
of thedeferred correctionn the discretized equatiaran successfully prevetite occurrence of

numericalinstability while ensuring the desiredrder of accuracy anchonotonic behaviourn

Eq. (&), Jis thedummyvariablewhich depends othedirection of the flongiven as

1if £, 10, J, OifF, 0
1if £, 10, J, OifF, O
1if £ 10, J, OifF, 0
1if F,10, J, OifF, 0

e

w

(25)

n

S S

Beforeclosingthis sectionit is important taunderline thatin orderto minimizetheexcessive use
of 3,)"in computer programmingf the proposed schemend toavoid the singularity problem

in denominatorof the subdomaingi.e. ) 0, 0d), d0.4,04 ). dl.Cand1.0 )) in Eq.

(16), anpropertreatmentshould beapplied to eacksubdomainof NV function To this end one
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can multiply the numeratorand denominatorof gradient ratio (),) with the value of its

denominatofe.g. ). A/B Au B B). For instancethelocal gradient ratiof ) ., on theWest

cell face for the positive flow direction can be written as:

U ) U fd (e Dl U LB 1)

(26)

(b hw) (ol (Vo Tyl (7o 1wl
By applying the abovprocedureon thesubdomairs of Eq. (16), one can obtain:
For subdomain ( .,) 0)
((N /WW)U(/P2 /WV\) O 0 ((/\/ /WW)U(/P /WW) 0

(e Tum)™ /

For subdomain 0 d )., d0.4)
0db A We i 4 o 0 dl d) We f) GAC o
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For subdomain 0.4 ), d 0.€)
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For subdomain 0.6 )., d1J)
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For subdomain1.0 ) ,

1o U ) e fud o 4 F (i U )

Note that, thesimilar procedureshould be applied to other three faces of computaticelbfi.e.

)ews ) cer ) en@nd ) (o). Finally, asmentioned beforghere is a on¢o-onerelationshipbetween

Swebyand NV diagramsothatby substituting Eq. (16) into the Eq. (1®)ecorresponding flux

limiter function in Sweby diagraman bederivedas:
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More details related to the implementation of the abovelftaiter functionfor the discretization

of the governing equations in the context of T8@eby diagrantan be found in R4b3].

5. Validation

The effectivenessand performanceof the newly developedthird-order NVD bounded scheme
alongside the ModifiedPISO algorithm(MPISO) in dealing withthe multi-fluid flows with
complexmorphologicakchangegi.e. mergingdeforming,flattening twisting, andfilamentatior)
aresystematicallydemonstratedgainstfive challengingpenchmarlkproblems As schematically
portrayedin Fig. 1, te firstbenchmark problem is the wé&hown dambreak flow over the
horizontal dry bedcase 1l)where due to théormation of reverse plunging wayenterface
smearing arising fronfalsediffusion errors is likely to appear within the computational domain,
making it a goodcandidateto assess the robustness of the proposed NVD scheme The
modeling of oil spill from the damaged container is considered as a seapadical test case
(case 2)o verify theversatility of the enhanced VOF model in handlimgmiscible multi-fluid
incompressibldlows with continuous bending and twisting deformatsmenarios Two-phase
RayleighTaylor Instability (RTI) problem is reproduced ashad benchmark problem (cas®
where owing to the appearance of the secondatyikkHelmholtz Instability phenomenon, the
RTI evolution exhibits strong nelmearity and significant interface deformation, rendering it
more suitable to challenge the capability of the enhanced VOF model in resolving the sharp

gradients near the intaide. Thefourthandfifth examples under consideration are classcgjle

Page |20



rising bubblegcase4) andthe collision of two rising bubblegcaseb) where due to the presence
of surface tension forcghe phenomena swalled filamentation interfacecoalescendeupture
together withdroplet detachment are likely to take plagthin the fluids domaintherebymaking
them more suitable téurther evaluatethe applicability of ELVIRA and MPISO modek in
reconstructingnoving interfacesnd alleviating nonphysicalvelocity fluctuationin vicinity of
the materialdiscontinuities.The predictedresults are presented fiorms of volume fraction and

pressure contoutsgether withthe time history of the interface positions.
5.1Dam break over a dry bed (Casd)

The first benchmark problenconsiders adambreak waveadvancing in a straighdry flume
corresponding to the experimswbnducted by obovskyet al.[68]. Thissmallscalelaboratory
experimentwas alsonumerically examined and reproduced Zlyanget al.[69] andParket al.
[70] using theEulerian and Lagrangian metho@®. VOF and SPH)As schematically showim
Fig. 1, thechannels rectangulam shape with dimension size &f 3.22mand D 1.Zmwhere
a water column attandstillcondition with height and width &V 1.2mandH 0.6mis initially

confined in the left part of the enclosuré/( 1.0) while the rest of thlume is consideredo be
totally drained(i.e. filled with theair as thesecond phase,O 1.0). No-slip velocity boundary

conditionis applied on the all soligvalls ancthe effects of surface tensi¢ori/ 0.071Kgs ?) and

viscosity (B, 855 10°kgm‘s‘and A2 184 10'kgm's) are taken into consideration.

ater
The physical density of air and water are set equal{fp 1.0kgm®and (/... 997kgm?,
respectively. Three pressure sensdig ( 0.03m andh,, 0.16m) for monitoringthe pressure
variation are deployed on the downstream wall while time histories of water level height are

recorded at three different statiofls 0.6m,l, 2.228nand |, 2.725n). Before proceeding
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further, it is worth mentioning that, since two fluid are involved in the present canonical test case

(i.e. air and water), Eq. (4) alongside the Eq. (6) namell)# 1 are utilized for capturing the

moving interfacewhile Eqgs. (7) and (8) are employed for the approximation of the physical
properties of working fluid across the whole enclosure. The simulation is performed on the uniform
grid resolution of750 u37tand the predicted resultsfiorms of volume fraction fieldnd pressure
contours are portrayed in Fig. As carefully documenteaind fundamentally scrutinizday Park

et al.[70] andlssakhowet al.[71], the morphological evolution anceksurfacedynamicsof dam

failure phenomenon can be differentiated into four distinct sta§ésge lencompasshoaling

event where under the action of the gravity force, the stored water collapses doterfeardhe
flooding wave. Later, the stress wave propagates freely over the initially dyrttiethe bore
reaches thelownstreamwall. Stage 2accounts for théiquid-solid interactionwhere due to the
impingementof wave frontonto the end wall, an iensive upwilling jet is formed within the
computational domain. Stage 3 involves the significant deterioration im¢meentumof the
ascending jet under restoring action of the gravity force which manifests itself through the
emergence of the reversaupfing breaker and subsequant pocketformation. The last stage
coverghe postbreaking regimevhich is characterized lmpmplexreconnection process of rolling

jet from the water surface. Note that, in the violent-Bedace flows, this stage is typically
accompanied by the initiation of splagh scenario and subsequentwaater mixing.Based on

the above argumenisis evidentfrom Fig. 3 that, immediately after opening the virtygte the

water column falls downover a horizontatluct due to gravityand spreads freely towards the
downstream regionAs time elapse0 Td 2.38%), the resultant steep wavendergoes sever
elongation which indicates that itpsedominanthdriven bybothshear and gravity forceAt this

juncture, itshould bementiored that, this stage of the evolution is also governed by the surface

Page |22



wave motion and internakcirculatingvorticeswhich develop longitudinally beneath the free

surface Later,the fluid accelerateand eventuallyhe tip of the surge wauveuches the opposite

wall with maximum velocity ofu, | 2,/gH (supercritical flowy which istwice thetheoretical wave

celerity (¢, /gH ) [70,72] After impingement onto the rigid walthe water front toetarts to

fragment anddeflect upward, leading to the appearance of the rising jet in thatltareaot
surprising thatasa consequence of the abrupt alteration in the direction of the main flow, the quasi
stagnationpoint with relatedfluid trapping phenomenoare appeared in the impact zone. This

flow pattern which corresponds to the initiation of the first peak pressig,,( 1.822) at

T tJg/H 2.547(see also Figsl-6) also generates a secondary clockwise circulation which is

responsible for the unsteaflpw bifurcationin the bottomright corner of the enclosure where
guasthydrostaticpressure distribution is dominatgdB]. It should be noted thatdm theocean
engineering viewoint, the firstimpactpressureand itsimpulse forceare of great importance for
the optimization design dadritical infrastructure facilitiesoffshorestructuresandbridge pier to
mitigate detrimentaleffectsof tsunami hazardand coastal flooding [74,75] However, a time
progresse$2.389 T 4.7d9), due to the steady oncoming flow and retarding effects of gravity
force, the intensity of the C\Wtating eddydeclines and consequently it starts to weaken and grow
in size. Meanwhile, the motion of the reflected wave slowsrdand begins to detach from the
stationary rigid walwhich impliesthat the adverse pressure gradient and third stage of the dam
break evolubn are coming into the picturln fact, he developmenof this plunging breaker is
closely related to the separation of boundary layet attenuation ahe inertialeffects which
cause thascending solitarjet to return and foldackinto the main water body. After the rHup

and rundown the cycle, theawly generated rolling jetits the ambient water and forrise

second stress wave which rebounds from the wetted bed and travels obliquely towards the
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upstream region. Accompanied by this morphological chatige,second impact pressufe

P 0.884,P 0.644) atT t\ g/H 6.348 anda closed loop entrapping @redeveloped

maxR1 » FnaxR 2
in the immediate vicinity of the plunging pomhich markthe inception of the fourtbtage Note

that,during this processne part okinetic energy isusedfrom the water surfac® build up the
secondrising jet and rest of the mechanicalenergy is dissipatediscously by the mean

velocity/pressurggradiens to create the second pressure slie6k

Qualitative and quantitative comparison of obéal results with numerical workd Lobovskyet

al. [68], Zhanget al.[69] andParket al.[70] in Figs.4-6 show that the global characteristics of
the dam break flow in terms tife surge front locatiofXont), jet amplification re-entering of the
overturning jet into the water surfaagmpact position and cavity formation are well predicted by
the propose VOF mode] verifying the accuracyof the numerical modification€ombining the
findings of Figs.4-6, onecanobservethat, the pressure field across the interface is smooth and
free of spurious fluctuations which in turn prove the robustness and effectiveness of the proposed
MPISO algorithm in dealing with the physical discontinuities in multiphase flows with high
density comast. Howeverthe close inspection of the resultsFigs. 5 and Geveal thatthere
exists some level of discrepancies betweettomef the proposed model with thogeedicted

by SPH mode[69] which can be attributed to the absence &f secondary phase (i.e. air) in the
classical Lagrangian particle methadd partially due to the implementation of the lesder
differencing scheme used for tHiscretizatiorof the governing equations in the SPH framework
Finally, it can be seen thatlttrough the time history of the impact pressure load monitored by
sensor?2 is slightly overestimated, the global tremdtisfactorymatches the experimental

measurementgrovided in Ref$77,78]

5.20il spill from the stationary damaged container(Case 2)
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Oil leakagedrom the damaged tar&ks a major potential hazard to the ocean environment can
result inextensivedamageio marine life anchuman health, causinggemendous economic loss
[79]. During the last decade, large number of theoretical, numerical and experimental studies
have been devoted &ducidating the underlying mechanisms behind the oil 43§ However,

as highlighted byleonget al.[80], the prediction othespread otrude oilin the early stagas of

a great importance @nalyzeor eliminateits environmentalmpacts.Thus, in this subsection, the
problem ofoil spill from the damaged containgtroducedby Duan et al[81,82] in context of
LagrangiarMPS modeis reproduced hengsing theEulerianVOF model. As portrayed in Fig. 1,

the calculation is carried out in the rectangwantainerwith dimensional size oL. 0.6mand

D 0.3n where a column of oi{ B, 0.05kgm®s* and (, 897kgm?®) with width and

height of W 0.1mand H 0.25mis initially storedin the left side of the enclosurnd is

connected to the downstream wet bed with initial wadepth of B 0.4H 0.In (

P

Water

0.00kgm*s*and (/... 1000kgm®). The rest of the enclosure is occupied by air as a
third phasewith nominal density and viscosity of 2, 1.7 10°kgm*s'and (/. 1.0kgm?,
respectively.The simulation is performed on the uniform grid resolutaddn600 u30Cand the
surface tension coefficient is ses al/ 0.0152Kgs *. The primary and secondary phag@# and

Water) areinitially separated byhe presence of rigid wall which is installed at 0.1m. The

opening length of the leaking hole 8 0.08H 0.02n and itsdistance from the bottonvall

of the container isset asR, 0.16H 0.04n. The snapshots of the predicted results at five

different nondimensional time instantsT( t,/g/H ) are displayed in Fig. Generally, the

floating processes of oil spilling from theptured tankand its migration toward thieee-surface

areaunder the actiomf the bouyancyorce can besplittedinto two distinct stages namely Ip
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drifting (plume jet stage DQG [ budysc@dlffusion stageln drifting stage due to the
existence of pressure gradiemdhydraulicimbalancs, the oil phasestarts to penetrate into the
water phase and propagatésrizontally until the submerged oil parcetacles its maximum
horizontaldistance This mechanisnresults in the significant attenuation in the magnitude of the
kinetic energy and considerable augmentation in the hydraulic balance of the $ystesner,
due to thadrag force andhydraulic resistances between interacting flutihe initial momentum

of the system is exhaust@ed consequentlthe motion of the oil front deceleratesDuring the
deceleration period, the buoyancy force induced by the density gradient causeptzsao
change its direction and deviates upward towards thestrdaceareawhere high level of mixing
process occursBased on the above description, one can observed from Fig. dfteagpening

the virtual breachpwing tothe head difference between primary and secondary phases,jéte oil
flows out from the cargdank through the internal hole and moves horizontally toward the
downstream areaDuring this processbecause ofthe interaction betweeteaked oil and
surrounding still watera pair ofrecirculatingeddiesare developedn both sides othe plume
leading to theappearancef themushroormlike twin-vortexstructurensidethe containerAs time
progresseghehorizontaldisplacemenimotionandmigration velocityof oil flow slow down and
tails of the oil plume start to fold inward. Thisechanisnwhich is mainly attributed tathe small

density differences (i.e. low Atwood numbekt ( {f... &0/( wid o4 0.055) between

oil and water fluidscauses the transport phenomenon becomes unstableieltireHelmholtz
Instability. At the same timaunder therising action ofthe buoyancy force, the mixture oily water
spread®bliquely toward the fresurface regiomndsome secondary vortices are formed on sides
of advancing oil waveThe corresponded presstikdd shows that this processaccompanied by

the moderate enhancementtive hydrostatic pressudistribution and the establishment of the
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surging wavewhich travels toward the downstreaemd wall. Meanwhile, the smaltcale
breakingcollapsing wave(i.e. plunging vorte) is appearedon rear of the tidal surgeand
consequently the interfaces undergoes sever deformation with twiStiegcomparison of the
obtained results from the currestudy with those reported by in Fig. 8 demonstrates that, the
topologicalcharacteristics and hydrodynanpeculiaritiesof the oil spill is well predicted and
good agreements are found between two numerical outcdimegnlarged views of the eAater
interfaceat five different snapshotshow that, thesharpness of the interface regiemwell
preserved cetifying the accuracy and capability of the proposed toghter NVD scheme in
minimizing falsediffusion errors in strongly coupledmultiphase problems Moreover, the
smoothnes®f the pressurecontoursacross the interfaces Fig. 7 proves that, the velociy
pressure coupling is efficiently treated by the proposed MPISO algorithm. Finally, the time
variations of oil and water level heights at three different sites are provided in Fig. 8 as additional

information which have not beenp@ted in Ref§81,82]
5.3Two-phase RayleighTaylor Instability (Case 3)

As highlighted earliethe development dRayleighTaylor Instability(RTI) canprovideadequate
complexities to challenge thstability and consistencyof existing interfacecapturingmethods.
Thus, asinglemodetwo-phase RTproblempioneered by uzioet al.[83] in the context oL evel
Setmodel and reproduced by Cao et[&4], Haghshenas et 485] and Ling et al[86] using the
Coupled LevelSetVOF (CLSVOR is chosenhere as thethird benchmark test caseé\s

schematically shown in Fig. 1, this canonical example consist&aimmiscible fluidswith

nominal densities of(y 1.22%gm® and {/ 0.1694gm?® which are initiallyenclosednside

a rectanguladomain of H,4H (with H 1.0mbeing width of theenclosureBoth fluidshawe the
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same dynamic viscosity of , 2, 0.00813kgm*s"' andthe initial perturbation across the
horizontal axial midline of the cavity is defined by a cosine wavey 0f2.0 0.05cos (&« .
According to the aforementioned physical propertiesnondimensionaReynoldsand Atwood

numbes may bedefinedas Re HHW/gH/UH 1225.8andAt (Y O/( U ) U0.757

with U /gH denoteghe reference velocitythenumericalsimulation isperformedon uniform

250 u100(grid resolution Periodic boundary conditiois appliedto the vertical wallsvhereas

no-slip impermeable velocity boundary conditienforcedon thehorizontalwalls. Similar to
Ref. [85], the effects ofsurface tensiofforce is taken into consideratiofil/ 0.00133Nm 1),

giving rise to the Weber numberwle , g/ 8988.2:. The transient evolution of the RTI

at different dimensionlesime instants(T t,/g/H ) is plottedin Fig. 9. Generally, die to the

small perturbation and spatidénsity contrast acrosshe interface the hydraulic equilibrium
betweertwo fluids destabilizesand lighter fluid moves upward in form of bubble and denser fluid
falls down asspikes,leading to the formation ofwo countefrotating vorticeswithin the
computational domainQ Td 1.44). With the continuous dewgbment of RTI processthe
disturbance ioreasesnd consequently thails ofthe spikesstart toroll inwardgiving rise tothe
appearance ofortex sheddingAs time progressefl.44 T 1.8d), the strength of the fluid
flow intensifies andhus a significant twisting of thimterfaceoccurs indicatingthe onset of
Kelvin-Helmholtzinstability (KHI) [87]. In fact, the appearance of the KHI deregarded abe
strong interaction between buoyancy and she@cgud forceswhich causes the interface to
stretch and foldnto very complicated shapés the heavy and lighter fluids propagate further
towards the boundary layers of bottom and top wall849 T 2.81)), the acceleration ahe

mixing process declines and consequetitigtmode spiral vorticeareformedin close proximity
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of the falling spikes which causes the tiles of the heavy fluid to transform intbith#aments
This flow patterrobviouslyproves the considerabdmplificationin KHI and nonlinearity of the

flow regimewhich arealsoresponsible foaugmentednterfacial deformation

The qualitative and quantitative comparison of the predicted results from the current study with
numerical work ofCao et al.[84] in Figs.9 and D vividly demonstrate the accuracy and
robustness of the proposed VOF modetapturingthe topology of complex spatial scersexd

key features of the RTI developmenhahksto the proposed thirdrder NVD convection scheme
alongside the MPISO algorithm, the obtained results on the uniform grid spacing are in satisfactory
agreement with rests of Coupled LevelSetVOF (CLSVOF aided by local Adaptive Mesh
Refinement(LAMR). In fact, this observation clearly confirm the robustness and effectiveness of
the proposed modification asdperiority of the present consistent/conservative VOF method over
the CLSVOF in handling multifluid flows with large deformation and fragmentation without
applying additional treatment such as LAMR. The zoofnediews of the interface at two
different ime instants illustrate thate interface thickness éficiently restricted to the maximum

2-3 grid spacings throughotie evolution which is the strong indication of the alleviating false

diffusion errors.

5.4.Singlerising bubble (Case4)

The transienevolution of the single rising bubble guiescent liquids examined here as a third
benchmark probleniThe initial configuratiorof the benchmark test caseq) is identical with

numerical work oZhaoet al.[88] andYu et al.[89] where a circular bubbleR, 0.25m) with
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nominal density andviscosity, of ¢/ 2.0Kgm3, £ /2/100Kgm’s® is centered at

[0.5m,0.37m]in a rectanguladuct [LIm,1.62m] filled with heavier fluid with physical properties

of {4 10.0Kgm®and £ +/2/20Kgm's*. The morphological alterations and hydrodynamic
behavior of the transport phenomenon are governed by Reynolds and Weber rdehbedsas
Re H\/E(ZR)”/UH 10(and We |, o2 F)ZIJ 200, respectively.The naslip boundary
condition u 0) isimposed orall rigid walls. The simulation is conducted amiform 250 u40=
grid resolution and the effects of surface tension force/ (0.05Nm?') are taken into
consideration. Theemporal evolution ofhe shape ahe bubblet differenthon-dimensionatime
instants(T t\/g/_R) is depicted in Figll. It can be seen that, in genexle to the=xistence of

density gradient anduoyancy forcethe bubbleascend freely in an upward directiowhile the
heavyfluid moves downwar@longthe vertical wallof the coumnto sati$y the need fomass
conservationThis mechanism leade the development of a pair of countetating streamwise
vortices and wake sheddipgenomenon near the rear of the bubBle Td 2.4). As time evolves
(2.4 T 5.5£), due to the presence of surface tensionwsmbusforces, the bubble undergoes
moderatelynamicalchange to form enushroomshapedstructure. This stage is also accompanied
by theacceleratiorof the downward liquid jet that squeezes the bubble in the vertical direction
causing an increase in drag and a moderate reductiombblevelocity. This mechanism with the
aid of unsteadyortex sheding causethe tails of the bubble to folock on itseland elongate in
they axis. The consequence of this foldingvisible in Fig.11wherethe skirtlike shape starts to
appear behind the rising bubbdter an earlystage acceleratiqfb.52 T 6.6¢), themovement

of theskirted bubbleslows down and ultimately begins to evolve into-aaplisk-shaped structure.

It is evident that, wh furtherincrease in timé6.64 T ), thethicknessof theskirt decreases and
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consequentha pair oflong, thin,gasfilamerts is developed omeripheries of the bubblehich
eventually breaks apafgrming two small satellite bubbles in the wake area ohtlae bubble.
A close inspection of Fid.1reveals thadluring the period oflf d4.48, due totheeffects of inertia
and wbalanced forceghe bubbleunderges severe shape deformatiovhereas at4.48 T it
tends to becomenoreflatter and remairalmostunchanged whicindicates that the bubbtarts
to enterthe terminal conditiorfor reach theéerminalvelocity) whereall relevant forces acting on
the bubble (i.edrag, gravitational, and buoyant forfemein equilibrium It is interesting to
comparehepredictedresultsfrom the current workvith thosecomputed usinghe LevelSetand
VOF method by Zhaoet al.[88] andYu et al.[89]. It is evidentfrom Fig. 12 that dthough both
methodscan efficiently predicthe bubblegrowth deformationat theearly stags (0 Td 4.0),
the preseniethoddo a much better job in handling compléxterface rupturespeciallyat the
final stage othenonlinearprocess where some secondary suialighter bubbleare emergedh
the wake of a leading bubbléd T 8). The maximum position of the bubble front is compared

with numerical work oZhaoet al.[88] in Fig. 12 and good agreement is found.

5.5Merging of two rising bubbles (Caseb)

Tofurther illustratehe validity andrersatilityof the proposedhodel in handling multiphase flows
with large topological changes and interface coalescéneakupand reconnectionghe problem

of merging of two rising bubblesubjected to an external acceleratisrexamined here. his
challenging benchmark testseavas originally introducednd analyzethy Smolianski90] using
the LevelSet method andhen successfully reproduced byahabi et al. [91] by means of
Smoothed Particlelydrodynamics (SPHnethod.Theinitial configurationof the geometry under
considerations displayedin Fig. 1 wherea pair of circular bubbles with nominal diameters of
D, 2R 0.4mand D, 2R, 0.5missequentiallyarrangedalong theverticalcenterline of the
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enclosureatY, 0.5H 0.5mandY, H 1.0m, respectively withH 1.0m being width of the

enclosure.The physical propertie®f the primary and secondary phasas (/ 100kgm?,

{/ 1.0kgm®, P 4.285kgm's'and £ 0.4285kgm*s’, respectively, giving rise to the

density and viscosity ratios of ,//, 100and /P, 10. Based on the abowvgertinent
parametershie Reynoldsand Bondhumbes can be defined according tioe radius of théarger
bubbleasRe (R, \29RU,, 3fandBo , g(2R)*/ 250.Thesurface tensioforce
coefficient isset equal to IV 1.8Kgs?. The neslip boundarycondition isappliedon all rigid

walls of the enclosureThe numerical calculation is carried out on theform structuredyrid (

301u60?) and predicted results fiorms of volume fractionand pressuréelds are depicted in

Fig. 13 at threedifferent non-dimensionaltime instanty(T t,/g/D, ). As observedrom the

figure, during the early stage of the evolutiod (Td 0.4€), owing to the existence of density

gradientbetween two phases, bobubbles go up simultaneouslyunder the influence ofhe

buoyancy forcewhile the denser fluid descends downward in form oflidpeid jets near the

vertical walls to fulfill the need fomass conservation constraintéis flow pattern results in the

formation ofa pair of streamwiseountefrotating vortices with opposite signs which causes the

shape of thecircular bubbles to deforngraduallyinto the saucerstructure (or quaslliptical
shape)As the smaller bulde movesin the wake othelarger bubblethetails of theupperbubble
folds inwardand start tdightly envelopthe skirted bubbleAs time passef0.48 T 0.9%), the
lower bubble is gradually absorbido the cavity below the leading bublaled subsequentiye
thicknessof theliquid film between two bubblegetsthinnerand thinnerA further scrutiny of the
evolution in Fig.13reveals thatgue to the invigorating effect of drag anidcousforces the rise

velocity of the leading bubblguickly reaches its terminagkateand GRHV QW D O Wwa@aru
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the other handjue to the presence of the wakgionbetweentwo bubbles (which is responsible
for decrement ofdrag force andncrement ofbuoyancy force), the lower bubble being
accelerated and undergoes sever deform#idjp However,as time progressed to the later stage
of the development(Q(96 T 2.2), the interface between liquid filameand risingbubbles

ruptures and ultimateliyvo bubbles meetach other and merge into a bubble cluster

Qualitative comparison betweessultsof the present study and those reporte@implianski90]
andVahabiet al.[91] in Fig. 13 displaysthatthe wholerising, burstingandmergingprocesses of
two rising bubbles are well predicted by thgrovedVOF model. Howeverunlike the previous
section, it § apparent that, thealculated resultare more consistent with tf&PH solutionin
comparison withihe pureFinite-elementLevelset modelmplemented bysmolianski90]. These
differences may be attributed to the implementation of the discretization schemes defined in the
Euilerian and Lagrangian dgmeworks for solving the governing equations. More precisely,
Smolianski[90] used the firsbrder Upwind scheme toistretize the convection term in the
governing equation. However, as highlighted in section 4, this scbenmoteffectivelyresolve
vorticity interface filamentatioand aré@nherently charactezed by falsediffusion errorsjeadng

to the substantial loss of accuramydexcessivenumerical diffusioraround thébubbleinterface

(i.e. interface smearingrurthermorethe enlarged snapshof theinterfacefilamentationbefore
merging of two bubbles at=0.96 in Fig. 14 shows that, thethicknessof the interface is
successfully restricted to the maximur3 gridspacingsvhich in turndemonstratéhe robustness
and capability of the proposédvD convection scheme in suppressing numerical diffusion and
preserving the sharpneesthe material discontinuities. Finally, it is worth to mention that, the
time histories of the maximum position of the interface is given inlBigs a supplementary data

which has not been reported in previous published refer§a@E |
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6. Results and discussion

Within the previoussection the accuracyand performancef the proposed modifications

handling multifluid flows with complex topological changes were systematically verified against

a series othallengingest casedn thispart of the studythreenew benchmark solutiomsamely
(1) threefluid RayleighTaylor Instability (cases 6 and 7), (Zpoalescence of two consecutive
bubbles inside the partially filled enclosyoase8), and (4) oil/water spilling from the damaged
tank (case® and D) are simuated by the verified VOF modehiming to provide a higlquality

validaion data for CFD simulations.

6.1 Three-phase RayleighTaylor Instability (Cases6 and 7)

The concepbf the mixing of twoimmiscible fluids under the influence ajravity forcewas
originally pioneered bfRayleigh[93] andlater generalizetand extended by Tayl{#4]. However,
as highlightedby Zhang[95] and Luo et al.[96], for a system with small Atwood numbehe
nonlinear evolution oRayleigh Taylor Instability can providadequateomplexities to challenge
theexistingEulerian CFD approa@sandshed more light othe general capabilitieadvantages
andalsolimitations of theopensource and commercial softward@hus, within this section, two
additionalbenchmarlsolutions namelthreephaseRayleigh Taylor Instabilitywill be introduced
and then analyzed using the improved VOF method, aimimgtablish thelatasenot only for
CFD validation but alsdfor better understanding afnderlying physics behind theoGpled

Rayleigh Taylor-Kelvin-Helmholtz Instability development

As schematically illustrated in Fig. 1, the configuration consists of three distimssciblefluids

with nominal densities of{f 4.0, (/ 2.0and {/ 1.0 which aresequentiallysuperposed

from the uppeto lower portions of the rectangulaox with dimensional size ofH,3H]where
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H=1mdenotes the width of the contain&he subscriptél, M andL represent the heavy, middle
(or host)and lighter fluids, respectively. Nslip Dirichlet boundary condition is set on all rigid
walls and the effects of surface tension forcermtetaken into accounthe interfacs between
two adjacent incompressible fluids both cases in lower half of the enclosuresdasturbed by

cosinefunctiongivenby y; 1.0 0.1ucos(2X while the interface between Middle and Heavy
fluids in upper half of the containers are perturbed gy 2.0 0.lucos(2x and

Y, 2.0 0.1lucos(2x in cases and casé, respectivelyThe instability is described by two non

dimensional parameters nameliReynolds Re HHJgH/UH 42C0) and Atwood (

At, (Y O/ U ) U35) numbers whereR 0.04 stand for thedynamic viscosity of

the dense fluid, respectivel97]. It is worthwhile mentioning that, contrary toe classical twe
fluid Rayleigh Taylor Instability problem(i.e. case 3)due to the presence of three fluids in present

cases, two other Atwood numbers canifteoducedbased on the two adjacent fluids namely:
Ay, (¢ (W HDUYy3 and A, (4 W/ .U ,)UY3. The kinematic
viscosity of the working fluidsis assumed to be identicélQ @ | ©0.01). Prior to the
commencement of the calculat®nt is important tonotethat, since three different phases are
involvedin cases and7, Egs. 4) and ) together with Eq. (6)i.e. ¥ O 1) are employed

for computing the volume fraction of each fluid while Egs. (9) and (10) are used to approximate
their physical properties. The simulation is carried out on unifé®d@u90( meshes andredicted
results at different nedimensional time instantsT( t\/g/_H) are plotted in Figsl5-18. As

highlighted before, in generallyheé hydradynamic characteristicof RTI development can be
classified into three distinct stag&tage 1 encompabeear regime where the initial perturbation

of the interfacesemairs totally symmetrical with respect to the center of the enclosndefluid
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flow is primarily governed by buoyancy for¢@5]. Stage 2 involves the appearance&efvin-
Helmholtz instabilitywhere sheawiscousforces are comparable in magnituddtmyancyforce

and fluid flow is characterized by formation of vortex shedding. Note that, this stage in the
literature icommonly labeleds aweakly nonlinearegimeof evolutionwhere the symmetrical
features begins to die out and drag force comes intg@8yStage 3 accounts for the fully non
linear regime and hydraulic equilibrium state where the fluid floaches its terminal velocity

and mixing process takes place in a maamatogous tgradient diffusio{99]. According to the
above explanatigrone can observe from Fig5 thatduring the period oD Td 2.53, since the
interfaces in casé are perturbed in the same directions areldolution is symmetric about the
vertical midlineof the containerthe buoyancyorce induced by density differencesuses the

lighter ( ¢) fluid to ascend upward along the centerline of the enclosure while the debger (

fluid falls down in close proximity of vertical wall. This mechanism leads to squeezethg o

host fluid (middle fluid, {/ ). Meanwhle, as a consequence of mass conservatimmiddle fluid
( &) penetrates simultaneously into the vicinity fluids, resulting in the formation of a pair of

spikebubble structuresvithin the enclosureThe corresponded velocity contours in FLJ. at
T=0.945 show thasince he penetratiorrateof theheavyfluid into the middle fluids similar to
what happensetween middle and lighter ondbhge reversal and amplification of spikebble
structuregemainsymmetricaaboutthe horizontal midline of thelomainwhich implies that, the
flow regime is in theinear stage of perturbatigrowth Beyond the initial stage2(52 T 3.46!
), however,the RTI exhibitsthe emergence of the rollingprtices and vortex sheddinghich
signifies the inception of the KelvinHelmholtz Instability (KHI) and weakly norlinear flow
regime, accordingly. It can be observed from Efgthat, thetransition fromthelinear flow regime

to theweakly nonlineaone is also accompanied by significant enhancement in magnitude of the
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velocity components which in tumxplairs the anticipatedlisappearance adymmetricalHopf
bifurcationstructure anddrmation of the pseud@rminal velocity{97]. More precisely, by close
inspection of Figl7, on can found that, during the early stages of the evolu@onT@l 2.52),

the longitudinal flow velocity increases fromi 0.0to 0.15, whereas this tremsl continued by

V 0.15to 1.3 during the second stage of the developnb2( T 3.46f). These valuegvidly
quantify the initiation of anisotropy and weak HAarearity in RTI mixing which are strong
indications of the onset of a psed@ominal velocity.It is evident that during this period of
evolution, the bubble of the lighter flugtadually penetrates into the denser fluid, leading to the
appearance dulip-shaped structure (or harpebke pattern)within the computational domain.
Meanwhile, the spikes of the dense fluid descend downward and start to envelop the ascending
fluid, resulting in theemergence of amorphaiike structure Note thattheterminology of spike
and bubble was originally useg He et al[87] andTryggvasor100] to distinguish the movement

of theascending/descending fluiddowever, as time procee@3.465 T 4.54)), the strength of
theviscousand drag forces become more intense and subsequently the amount of fluid mixing and
degree of nonlinearity increadgnder these circumstangasore and more secondary eddies are
emerged along the ®d of the spikdubble structures antieterogeneity in the velocity
distribution enhances. This mechanisralsoresponsible for the advection of plume vortices and
hence anydepartureéfrom the quassymmetry The correspondelbngitudinal velocity contours

in Fig. 17 also reveal that, due to the impositafithe lowefuppermo-through flow boundarythe
intensity of fluid flow during the time period @£.515 T 5.2 remains almost unaltered which
conveys thathe RTI developments reached its steadgrminal velocity This flow pattern isalso

consistent with thaeignificantdistortion of the interfacein Fig. 15 where the RTI development

Page |37



undergoes remarkable morphological changes suchthanoving interfaces areelongated

longitudinallyandfoldedinto very complicatedtructure

However, Fig. 16 illustrates thatby changing the orientation of the initial perturbation from

Y, 2.0 0.lucos(2x to y, 2.0 0.1ucos(2x between the dense and host fluidsthe

upper half of the containea,different scenaridakes placen case7. As anticipatedduring the
linearstage of thenteraction 0 Td 2.532), the 'blob" of densefluid sinkstowards the center of
the enclosuravhile the light fluid moves upward in opposite direction under the influence of
buoyancy forceresulting in theccurrencef plumeshapedtructurs. Meanwhilethe contracted

hostmedium( ¢/) begins to intrude simultaneousito theadjacent bulk fluidsis the impulsive

waveto fill the rooms that have been left bgwelling and downwelling plumegiving rise tothe
formationof the second pair of spikeubblestructurein the rightand lefthalvesof thecontainer.
It can be seendm Fig.18that, the corresponded velocity distributions is totally symmetrical with

respect tahorizontal midplane of the cavitfy 1.5m) which indicates that buoyancy/gravity

forces are dominant and consequently the effects of dragisswlisforces are trivial. However,

as time elapse2(52 T 3.46'), the role of shear force gets more prominent and subsequently
the interfacebecome graduallynstable to KelvirHelmholtz sheaimstability(KHI). To a certain
extent besidethe four primary recirculating eddiessome smailkcale inner vortices are
provisionallyappeare@nd disappeareat theedgesf thespikebubble structwgs, thereby causing

the symmetrical feature to die olr.fact, theonset othe mushroonshape patterntogether with
theintensification of convective flow inside the cavigused by inward/outward currentsisong
indicationof the deviation fronthe Linear Stability Theory (LST)[96] (see also Figl6). This
physical mechanismwhich manifests itself throudbroadening and raotig-up/rolling-downof the
interfaces is also responsible for invigorating drag force and initiatignasfiterminal condition
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However, by comparing Figd5 and 16, one can deduce that, contrary to c&se which the

working fluid freely travel toward the horizontal end walls, in cdstue to the blockage and

impeding effects of rising lighter fluidhe longitudinalinterpenetration of thdenseand lighter

mediuns is slowed down and ultimatelgrippled ,W TV D S S Ot BhQridte KD WhéZ

3465 T 5.28(), the tendency of the lighter fluid bstructandcoverthefalling heavy fluid is
progressivelyinvigorateduntil the RTIevolution reaches its terminalelocity and stagnation
conditionwhere themagnitude of the vertical velocity componeBtRHVQTW FKDQJH VLJQL
This assertiomlongsidgaheaugmentationn mushrooming deformation spikebubblestructure

is well supported by Figl8 wheredue tothe occurrenceof the fluid trapping phenomenand

the establishment of the stagnation zdhe,flow intensity remains nearly constant.

A scrutiny of Fig. 17 and 18 demonstrateéhat the velocity fields across the density/viscosity
jumps throughout the entire simulations in both cases are smooth and free of unphysical noises
which vividly confirm promising robustness and applicability of theposed semierative
MPISO algorithm in treating the velocifyressure coupling in the incompressible miltid
flows. Furthermorethe zoomedn views of the grids near the movingnterfaces at two different
time instants in Fig.19 reveal that, the interface smearig is well suppressed and
thicknessgsharpnessf the physical discontinuities is controlled and maintained to the maximum
of 2-3 grid stencils, certifyinghe capability of proposed thiarderNVD convection scheme in
mitigating false diffusionerrorsdueto the numerical truncation error&inally, as expectedhé

time histories of maximum and minimum positionglué interfaces in Figl9 show that, due to

the mutual retarding effects of the ascending and descending fluids ify tasextreme positian

of the lighter and denser fluids in this case are considerably lower than those®flalseas an

illustration at T=5.25, the maximum and minimum positions of the interfaces in6case
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respectively equal tg, ., 2.871y,,,s 0.647whereas these values in casarey, .., 2.308
Yoin- 1.037. In addition, in casé, the upwelling and downwilling fluids meet each other
approximately afl 2.70andy,, , , 1.49whereas this event in cages postponed at 3.17

andy, , 1.4.

6.2.Coalescence dfwo consecutive bubblesnside the partially filled enclosure(Case8)

Motion and coalescence w¥o risingbubbleswithin therectangulaenclosure partially filledvith
air and water is numerically investigated in this seci®a first benchmark solutioig. 1 shows

the schematic diagram of theumerical apparatus As schematically displayedthe two-
dimensional space domasset asMH,2H (whereH 1.0m is thewidth of theenclosure Two
bubbles with density and dynamic viscosity oflf 200and £, 2are initially centered at
Xy, X, 05H 05m Y, 05H O05mandyY,, 1.1H 1.1m from the bottomwall. The
upper part of the enclosure is filled by &it/ 1.0and £ 0.01) while the lower portion is
occupied by water ¢4 100C, £ 10) with initial depth ofW 1.6H 1.6m. In the above

physical propertiethe subscripts, M andH denotethe light middle anddense fluids which here
are air, oil and waterespectivelyThe flow regime is governed by Froude and Reynolds numbers

definedas Fr U/\/gD 1 andRe ,D. /gD, 10C where U ./gD represert the

referencevelocity, respectivelyThe bubble diameter is set t® 2R 0.5m. Similar toworks

of Panet al.[101] and Garoosi et a]102], for the sake oimplicity, the surface tension effect has
not beenconsideredn this study.The grid esolution used in present simulaticorresponds to
350 u70C grid pointsand no-slip boundary condition is applied on both vertical and horizontal

walls. The evolution ofthe shape, lateral coalescenbegakupprocessof two rising bubbles
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together with the corresponding veloaityntous atvariousnon-dimensional time(T t/g/ D

) is shown in Fig. 20 and21. According to the obtained resulis beginning of the evolutiof
0 Td 1.48), both bubblestravel upward simultaneouslyjrom restunder theinfluence of
buoyancy forcavhereaghe liquid film developedetween the bubldeand thevertical walls of
the chambersinks downwarddue to thegravity force,leading to the formationf two primary
recirculating cel togethemwith some small secondary vortioeghin thecomputational domain
By this mechanisma dramatic in@ase in rising velocity occurs as portrayed in EigHowever,

it can be seen thabntrary to the morphological changesrafividual Taylor bubblethepresence
of theupperbubblein this caseanremarkablyinfluencethe liquid flowaround thdower bubble
That is to saypwing to thedevelopmenof theinertiaforce andvakeregionbeneath the leading
bubblesthe trailing bubblas drawninto the wake of theipperoneand consequentlynderges
significant shear deformati@wisting as itcontinuouslyacceleratespward This behaviocan be
attributed to the fact thathe hydrodynamidluid flow formedby theupper bubblestablishes
strong fluid shear effect on th@wer bubblewhich causes the lower bubble to elongagmificant
in the longitudinal directioff103]. In fact, one cardeducethat during this processlue to the
upward flowgeneratedby the wake of the leading bubble amab vortex rings around two bubbles
the wakeregionacts like an extensional flow which caudke trailing bubble accelerates and
ascendsaster than the leading ons timegoes or(1.48 T  2.4§),the underlyindower surface
of theleading bubbleas progressively indenteand eventuallgleformednto an oblate ellipsoidal
capstructure Aided by this mechanism aride intensification of theadverse pressure gradients
the trailingbubbleis ultimately enveloped by the leading bubhled deformed int¢he prolate
shape structure During this time periodthe topportion of the leading bubbleemairs round

shapedvhereas the top part of thrailing bubbleexperiencesotabledistortion that is,ts tip first
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narrows and then gradually widetnansverselyOne of the intriguindeatureso mentionis that
the region of high curvatuecurson the skirof the traling bubble where the second wake region
appearswhich can be attributetb the vortical flowemergedin that areaThe corresponding
velocity contours in adirection illustrate thatas a result of the distortion of the trailing bubble
somerecirculation eddig with moderate intensity are establisbedhe tails of thérailing bubble
andliquid film aroundit becones quite thicklt can be seen from Fi@1, as the trailing bubble
approaches the leadige, it decelerates and its velocity components decline which implies that
the role of theviscousand drag forces become more prominéstthe system evolves witime
(248 T 4.0, the distancdetween the bubbles decreased ultimatelythe nose of the trailing
bubble gets attached to the bottom of the leading imdkcating the inception of the merging
process.The newly coalesced bubble moves upward until it meets theadér surface area.
Shortly after their collisionthe liquid jetappears and starts to pinoff the united bubble and
shreds satellite bubbles dsplayedin Fig. 20. This observationis consistent witmumerical
findings ofKumaret al.[104] who highlightedtheemergencef the skirted bubbland detachment
of somedaughtebubblesrom the main bodguring the process of merging of two rising bubbles
Moreover, he appearancef two satellte bubbles at the lower extremities of tated bubble
was also observed bMagrathet al. [105] who numerically investigated the hydrodynamic
characteristics of theubblebubble collisionprocessn a quiescent liquidHowever, a the time
progres{4.0 T 6.0), the newly generatedrrow-shaped jegets much stronger and starts to
split the bubblesfrom the bottominto two separate segmentShis phenomenon is more
pronounced afT t4.72wherethe bifurcationprocess occursThe magnitude of the velocity
components in xand ydirections in Fig.21 demonstrates that, the strength of the fluid flow

decreases ammpproaches a constarglue which indicates that thertia is balanced byiscous
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and dragforces In fact this fow pattern conveythe initiation of terminaconditionwherethe
main important forces governing the motion of the bublle. drag, gravity, buoyancy and

viscoug arein hydrodynamicequilibrium

The overall examination of the results shows ttte, proposed numerical model preserthes
smooth geometrical desctipn of the moving interfaces involving stretchingtearing and
successfully predicthe processsof propagationapproachinteraction coalescencand eventual
fragmentatiofbreakupof the unitecbubble Thezoomedin view of interface at T=4.th Fig. 22
alsoconfirms thatheregularityof themoving interfacesreaccuratelymaintainedoy the model
Thanks to the proposed thimtder NVD convection scheme armdodified PISO algorithm
(MPISO), both pressure and velocity fields are smoothfaeel ofany spuriousfluctuations.The
time variation of maximum and minimum positions of rising bubbkfere and after colliding is

presented in Fi22b as supplementary data for tpgantitative validation of the CFD codes.

6.3 Oil/Water spilling from the damaged tank(Cases 9 and 10)

Generally,the release ofrude oils and petteum productsnto the environmentantake place
due toequipmentfailure, human errarcorrosion ofcontainer third party activity and sabotage
causing huge environmental damage, seriecsnomic impactand major losses to the aquatic
biodiversity[106]. Despite the acknowledgement of the impoce of such phenomenotiitle
effort has been made explore transient features of buoyadlriven oil spills from the damaged
pipes/containergl07]. Motivated by works ofleonget al.[80], Zhu et al[108] andZhanget al.
[109], the main objectiveof this subsection is teestablisntwo novel benchmark solutiagin the
context ofmulti-fluid flows, aiming tosystematically scrutinizthe morphologicahlterationsof
oil/waterleakagefrom thefixed damaged tankHowever it is appropriate to say thahe main

purposas not toexaminethe transition between the regimes, but to visuddiynonstratenterface
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breaking and aientrapmenevents and determine the evolution of the interface locaedore,

during and after thprocess of wave breaking

The geometric parameters which are pertinent to theaigrflow from the stationary container
are schematicallportrayedin Fig. 1 As it can be observed, the rectangular enclog2ire H ]
(with H=1mbeing the height of the containé)occupied byhree distinct immiscible fluids with

nomind densities of ¢/ 100C (water) ¢/ 600(oil) and ¢ 1.0 (air). The Froude and

Reynoldsnumbers are set t6r U/,/gR 1 and Re R,/gR/Q 77.61¢whereg 9.81 and
R 0.085m standfor the gravity acceleratioandlateral opening length dhe cargo tankvent

keeping the kinematic viscosity the same for the three

fluds (@ @ | ©0.00)). In both cases, the lower portion of the prim#wne is occupied
by liquid at rest (which is water in ca8and oil in case @) with initial depth of D 0.4m. The
cargo tank is positioned & 0.3mandS, 0.1m above the wetteledwhile it is filled with

the secondary liquid with free surface altitude and widthLofW 0.4m. The est of the
enclosure is filled by a@nd neslip boundary condition is applied ai rigid walls. The effectof
surface tension force is neglecimtl the corresponding computational domain is discretized into
a 700 u35Cuniform grid.Generally, as documented biy et al.[76], the jet plunging intdiquid
cushion generated by orifice can be divided into three digiagesiamely: (lPthe generatiorof
submerged jeand subsequent tidahaped structurd ) the formation ofimpact pressure and
subsequent lateral jetting flovand (&) the emergence adubmerged hydraulic jumpMore
precisely, the fluid flow irstage( lpis characterized by the establishment of the submerged jet
wheremeanvelocity of thejet declineslinearly with time. This stagas also followedby the

developmenbf closed loop cavityand surge waveesulting invorticity concentrationgdjacent
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to the mixing layer Note that, he process of tearing the liquid cushion is knowrtastation
which rapidlyoccursin conjunction withlarge deformation of the fremurface areat this stage
Stage(ll) (shock pressureoneor impingement regionmanifests itself through the deviation of
the pressure distribution from tiydrostatic lawwherethe impingemenof the topface of the
incidentjet producesntense locapressurend stagnation zone in vicinity of the wetted iédte
that, he regionadjacent tdhe shock zone is thetagnation point where thet is slowed by the
bottom wall [110]. By this mechanismthe main jet undergoessubstantialdeflection and
consequentlyhe pressure shock occuirs vicinity of the pool floor The processes @econdary
vorticity generation and fregurfacedistortionare likelytakeplacein this circumstance whetke
magnitude of the velocitiessengapidly and pressuregaluerise dramatically produgng quite
largeimpactpressurendvelocity gradientsadjacent to the pool beth fact, a abrupt changm
the direction of the falling jet and subsequiammation ofimpactpressure are two main factors
in failure of floor slabsas highlighted byGouet al.[111]. In stage(lll), the flow characteristics
closelyresemblehat of the submerged wall j€t where thefluid flow propagates horizontally
anddiffuses along th@ool floor, inducing vortex motion either side of the impingement point
The initiation of stag€lll) is accompanied by the monotonic reductiornthe magnitude of
pressureshock Based on the above discussione can obserieom Figs.23 and24 thatin both
casespnce the vent is opengdue to the effect of gravitiprcethe incidenfet is developedand
ejected from theorifice. During the time period oD Td 0.5s, the jettravelsobliquely and
eventuallystrikeson the uppesurfaceof thepool and starts penetrating throughgiving riseto
the formation ofa hole around the jet which in turn helps the entrainment of the capturéd air.
time elapses@5 T 0.76&), owing to the driling action of thedescending jet, a pair stirge

waves are created and propagdterizontally towardupstreamand downstream pastof the
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reservoir formingthe large tidashaped structuseandsome satellite air rollewithin thepool. It

is evident thatthe hole developed by the jgetslarger andthe pressure characteristics vary
significantly, indicating the commencement of the second s{yevhere the shock pressure
occurslt should be underlined thahe onset of surface breakindgadowedby the jet deceleration

in vicinity of the bottom wallvhich manifests itself through the formation of a long mixing layer
As expectedt this stagethe pressurdistributionbecomes increasingly ndrydrostatiandmore

air is entrained, corroborating the development of localized strong cores of positive and negative
vorticity around the falling jetlt is therefore not surprising that, the resultant pressure time
histories (as depicted in Figd3 and24) get morerregularand exhibit oscillatory behaviavith
several peak#t late timeg0.7& T 1.46), thereflected wavenoves backwardith low-to-
moderate fluid inertiandair pockets becommorescattered andlongatedaround the stagnation
pointdue to the extensive strain fieBly this mechanisnmore complex circulation structures are
induced andubsequentltheinterface layebetweerfree-falling jetandliquid poolbecomesnore
twisted.This physicabehaviorcan beattributed tahe heterogeneityf the mean velocity profile

of the jetand energy dissipation délling jet which causeshe macrarecirculating zong to
continuouslybreakdown into small scale eddies until viscosifjimately dissipategshem[76].

This mechanism caus#® jetto slow down leading to the significant attenuation of the pressure
shockand high level of fluid mixingHowever, due tdifferencein the magnitude of theuoyancy
force induced byensity contradbtetween the falling jet and plunge pgadifferent scenar®occur

in case® and D. It can be seen that, due to Id@moyancyforce induced by density gradient in

case9 ( , /U, 0.8), the oil jet penetrates moderately into the water pool and #tatisg on

the pool surfacen view of this the resultant immersed jet never meets the bottom wall, leading

to the moderate pressure shock as compared to @aSe the other handt is evident thain case
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10 the falling water jepierces the oil pool and moves obliquely until it encounters the pool bed
where the stagnation point occufi$iis observation is compatible with the time history of the
pressure variations recordatthe plunge pool flooin Fig. 25. As anticipatedthe intensityof the
pressureshock (i.e. peak pressureh case9 is significantly lower than that of cas® Which
indicates thathe initial liquid depth in case0ls sufficiently high toprotect theplunge pool floor
from thedestructivéerosive power obil flow. It is worthwhile mentioning thathe time variations

of the oil/water level heights icargo tank ircase® and D are also provided asomplementary
datawhich can be utilizedy scholars for the validation and verification of themputational

CFD-VOF software platform

The overall examination of thealculatedresults in Figs23 to 25 illustratesthat, the proposed
numerical modeis able to handlextremelyviolent multi-fluid flows involving spilling, surging,
and plunging breaking processes. That is to sagrface position is capturegreciselyand
corresponding pressure distribution is snmoetithout unphysical oscillatignaffirming the
effectiveness of theroposedhird-order NVD schemeand semiterative MPISO algorithmin

mitigating falsediffusion errors andpurious density oscillations

7. Conclusion

In the current work, two crucidrawbackselated to the classiceblume-Of-Fluid (VOF)method
namely: (1) interface smearing arising from the falgtision errors and (2) spurious velocity
fluctuation in vicinity of the physical discontinuitiegeresystematicallyesolved The validity of

the developed computational model was teagginsfive challenging benchmark cases including
dambreak flow over the dry bed, oil spill from the damaged container, single bubble rising,

merging of two rising bubbles and tvphase Rayleigifaylor Instability problemsHaving
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verified the accuracyand versatilityof the CFD code, iwas then appliedto analyze3 new
benchmark solutionsThe mportant findings fromthe present study can be summarized as

follows:

X Thepredictedresuls revealedhat theModified PISO algorithm(MPISO) canefficiently
alleviate unphysical velocity oscillation and consequentlyoduce smootherand
continuousvelocity/pressure distributions vicinity of the physicatliscontinuities.

X The results showedhat, the newly constructedNVD-TVD convection scheme can
successfullycontrol and restrict the thickness of tmterfacesto a maximum of B
computationagrids.

X Theresults showed that, thenprovedVOF method can successfulhyitigate the false
diffusion errorson the uniform gridsvithoutthe necessitjo goply local meshrefinement
technique

X The comparison of the predicted results withconventionalLagrangian particle method
vividly showed that, the medghee SPH modelannot accuratelyetain the sharpness of
the interfaceand isalsocharacterized bthe problem soF D O paHi€e élustering

x It was found that, the traditional Lagrangian SPH model cagifettively capturesmall
recirculation regions

X Thepredicted results showdkdat, thenewly developedhird-orderNVD-TVD convection
scheme careffectively eliminate the undesirableterfacesmearing due to numerical
dissipationandmitigateunfavorableeffects of falsediffusion errors.

X The numerical simulations akries of challenging reéfe problems includingil/water

leakage from the damaged contajnererging of two rising bubbleand threephase
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RayleighTaylor Instabilityproblemsclearly provedhe versatility andobustnes®f the
improvedVOF modelin handlingmulti-fluid flows with low and high density cdrass.

X Theaccuratepredictionof thedamfailure problenclearlyillustratedthe performance and
effectivenessof the proposed modifications imddressing theroblem of numerical
smearingvhen flowto-grid skewness is substantial

X The results showed that in case of two rising bublesshape evolution of the trailing

bubble is dramatically affected by the movement and wake region of the leading bubble.

This developed coded based on the VOF model provides basis for future reseteiphase
change problemgi.e. solidification) and turbulentmulti-fluid flows with more complex

interface deformatian
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Appendix A (Modified PISOalgorithmfor solving pressureelocity linked egation)

Along this appendix, a modified version of the ftarative PISO algorithnj49] (MPISO) is
introduced through incorporating the third pressure correction equation atmethodology,
aiming to establish a robust aafficient pressurdased solver for the treatment of fhressure
velocity coupling and toeliminate non-physical velocity fluctuationgrom the computational
domainin highly multiphase convectiedominatedflows. As outlined in sectior, the newly
developedthird-order NVD-TVD bounded scheméogether withthe seconebrder central
differencing schemareutilized for the discretization of the convection and diffusion terms in the

momentumequationsThetransient terms ( W/t ) in the momentum equations is treated using

the backwardfirst-order Euler while the central differencing scheme from neighbouring nodes
located onthe u- and v-control volumeboundariesare employed t@pproximatethe pressure

gradient termg ' p) [58]. The implementation othe above differencing schemessuls in a

system of linear algebraic equaticass

a1'pup : anpunp Su S '%( F?) R,) (A )

where subscrips p and np stand for thevalues at the centrand neighboringhodes of the

computationatell while the term: a,,u,, representthe operator whicheflects thecontribution
of the neighboring velocitiesurrounding nodép ". The coefficienta,, contairs combinations of

the convective flux per unit mass and the diffusive conductance atdv-control volume cell
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faces where its summatiorover the neighbor pointsan produce theliagonal coefficient

a, : a,,[49]. However, ly substitutingtheimplicit backward Euleschemen Eq. (A1)

wy  (u)yt Uu); (A)
t wt

thediagonalcoefficient &, can bemodifiedasfollows:
1
. A
a 8 Sy )
wherea, is thecentral coefficienarising from the discretization of tiggverning equations ithe

steady stateondition[112]. Now, thesource termS in Eq. (Al)can be written as:

(w)y

)
XY

S

The source tern§,in Eq. (Al)includes deferred correction D @lIGhe remainingody forces

such agyravity and surface tensiomo initiate the MPISOalgorithm the initial guesses for the
velocity componentgu’) are used. Generallyhe discretizedmomentum equation (Eq. (Al))
based on theorrectpressurevalue(p™') andguessvelocityfield canproduce the correct velocity

distribution as follows

aupt (lagwy) s 8 AR B (A)

However, since thpressurénformationin mostengineeringnd industriaproblems icompletely

unknown one can introduce guessed pressur@ ) and substituté into the Eq. (A1gs:

au, (rayu, S § AR R (A)
Before proceeding further, it should betedthat, all constant coefficients in Eq. @Aincluding

a,, anda,, are estimatedsingthe guesss velocity at the current time leV&l13]. In the above
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equation,u” is termed as predicted velocity which cansatisfythe local continuity conservation
in the boundary control volumeBy subtracting Eq. (A6) from (A5) anthtroducing the

incremental pressurand velocityvariables (p ¢ and u (), the following formulations caie

obtained:

g, (upt up)  lay, Uy AICE, P) (B P (A7)
"t P Lyp (A8)
u"t u” uc

ug %[ B, € ] (A9)

where 3, is the firstunderrelaxation factowhich setsas unity in the presemtork. Substitution

of the correctedvelocities of equationsA8) £A9) into the following discretised continity

equation:

(uA, (ea) [( v&, ( vl O (A10)

leads tahe firstpressurecorrection equatioas:

nil Un
a;Pc a,; P A, Ppcia P .¢a 4P 1#b,(—%r—7—"xb

q
a; 8y &y & 1 B 1
a,; dy'y ay d'y
a1',]1 q,j l'X’ a‘j 1 Qj,' X
b, Y'Yy dy'y ¥oxiy o

Once the pressurrection equation is solved, the velocity and pressure fields can be modified

(A11)

through Eq. (A8)Before proceeding funer, it is important to streskat, contrary to the nen
iterativeversion of the standafdiSO algorithmjn order toreach satisfactgrlevel of accuracy
the prescribeé number of iteration is require@n the other handinlike the standard fullterative

P1SO solverin order to save the computational cost,ftist iterative loopis applied to systerof
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Eqg. (All) rather tharextending it throughout thelgorithm.However, in order to further enhance

the consistency and stability of the solution, agsume that theorrectedpressure andelocity

fields obtained from Eq$A8) and (AL1) still cannot satisfy the continuity congint and therefore

further modifications are needed. To this end, the superscript on the corrected pressure and velocity

variables is changed fromp{ *,u" *) to (p~ ,u” ). By substitutinghe semicorrecedvalues of

Fokcke

p andu” into theEq. (A1), hesecond predictedelocities(u ) can be obtained as:

aipUp

Lasy, S S AR W (A12)

Sk

On theother hand,he discretised momentum equatiavith second intermediateelocities(u

) andtrue pressure fieldp” ') can lead to:

n - Al13
apu’ : awue S S ACR' R (A13)
In the above equation, the * is atwice-corrected velocity fielavhich canrigorouslyensure the

continuity condition(’ “u"* 0). At this stage, it is worthwhile mentioning thamlike the

classicalstandard?ISO algorithmdue tothe implementatiorof the semicorrected velocity and

pressure valuegp ,u” ) in Egs. (A12) and (A13), the centrak () and neighbor (a,,)

coefficientsin these equations are replaced by updated coefficarasnd anp , respectivelyOur

results haveevealedthat although this modification is minor, it hagemarkablenfluence on
the convergence rate of numericgimulation when it comes to cope witincompressible

multiphasdlows.
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By subtracting Eq. (A3) from (A12) and defining the second incremental pressure varigidg (

as the differencdetween correct pressufield (p"*) and thesemicorrectedone (p~ ), the

following relationships can be derived:

oo lagum S 0S lawl S S AR B AR w B
dip dip ap & )
p"t P Q,pc (A15

™ (A16
n1 " I anp (Unp Unp) Ap(ppCCpnp) (

u up -l
Qip Gip )
In the above equation, the coefficies}, is thesecondunderrelaxation factor whichs takenas

unity. Substitution ofu” *in thediscretizeccontinuity equatioryields theseconP UHVV X UH (3RLV VF

Equationfor the incremental pressuas:

a,PecayPyc@, Py §C.P L ACR . b dp R X (A17

&, 94 Q@4 & 1 B 1
g, digi'y @y di'y
&, diji1'% & 4 dj' X

bij uj'y ui'y M' Xy X (A18)
a(Ue 4n), 1 Al ).
bij ( T )i 'y ] 1 Y
a.ip aip
- | ——
anp(Vip Vnp))i’j iyl np( Vinp \ép))i X

aip aip
Having determined the secomtremental pressumstribution( pc), thetrue pressurdield and

velocity componentgan becalculatedvia Eqs. A15) and A16). Note that, similar to the first
pressure correction equation (i.e. Eq1{p, the second iterative loop with limited number of

iteration is also imposed to the system of Eq. (A18). At this stage, it is retevaention thatin
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the standardPISOalgorithm proposed byssa[49], the authordeally assumed that theecond

intermediate velocitie(sum ) appeared assource terntb;,; ) on the right hand side &q. (A18)

Fokk

is sufficiently accurate to satisfy continuity “u 0,bi,; 0). However, our resultevealthat

this assumption isot necessarily validn the nonlinear multi-fluid flows so that thestrict

Fokk

enforcement of mass continuitia the direct imposition of “u O(or bij 0)in Eqg. A18)

maylead tothe pressurévelocity fluctuations across the moving interfacEseward the last stage
of the methodology, once again, we assume that the modified pressure and freldottained
from Egs. (15) and (16) still cannot guaramegssconservatiorand thus further improvements

are needed to reach tHesired level oaccuracyFor this purpose, once again, the superscript of

the corrected pressure and velocity variables is changed fgm,¢"*) to (p~ ,u” ). By

substitutingthe twice-correced values of p~ and u” into the Eq. (A1), he third predicted

dokkck.

velocities(Uu ) can be obtained as:

au, lawy S S AR R (A19)

Fokck

On the other handhé discretisedhomentum equationsith second intermediateslocities(u

) andtrue pressure fieldp" *) can lead to:

: anpu*:; SJ $ )%\( Ql hpl) (AZO)

In the above equation, thé * is athrice-corrected velocity fieldvhich can efficiently satisfy the

n1
apuy

continuity conditior( * "u"* 0). As expected, since the updated velocity and pressure values are

used in Egs. (A19) and (A2Ghe central &ip ) andneighbor(anp) coefficientsin these equations

are replaced by the new coefficientsay and anp, respectivelyBy subtracting Eq. (A20) from
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(A19) and defining the third incremenfaiessure variablefC) as the difference between correct
pressurefield (p"*) and thetwice-correctedone (p~ ), the following relationships can be

derived:

oo lawuw § S lawny S S ACHE B) AR R (A2)

aip aip ap 9p
p"t pT Qspc (A22)
| g
un 1 Up 1 a”p(u np unp ) Ab( ppCC@np) (A23)
aip aip

In the above equation, the coefficiefi}), 1.0is thethird undefrelaxation factarSubstitution of

u" 'in the discretizedcontinuity equationyields thethird PU HV V X U H EQuatioW fgrRii@

incremental pressuias:

q,Pcca,; Py cag P, ac® , a  Rach b Gé?aﬁﬁ'lx (A24)
&; 84 @y &4 B
&, dig'y @y di'y
a;, dij1'% & 4 dj' x
bij uj 'y ug'y v' X V' X (A25)

an (Un ****) . ! an(Un ****) !
by (et ey hyr TR Ty ey

aip aip
Fookk . I Fokkk .
anp(Vop  Vf, ))i'j iyl anp(Vop ¥, ))| X
aip aip

Havingcomputedhethird incremental pressustribution (pc), the final velocity and pressure

fields can be calculated through Egs. (A22) and (A23). Once the carféend p"* are

determined, the volume fraction equations (i.e. Eq. (4) and (5)) will be solved and the simulation
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is thentransferredo the next timestepwhere the updated physical quantitigs ¢,u" *) will be

employed as aimitial guessvaluesat the beginning of the next time stéfowever, before closing
this appendixjt is noteworthyto mention thatdue to theexistence of two pressure correction

equations at the beginning and middle of the algorithm (i.e. Egs. (A11) andl@\]l The values

of un and u:: becomevery close to each othetlp | u:: ). This observation implies that in

order toboost computing speethd save the computational effort, the source ey Eq. A25)

andsummationoperator : anp(Unp u’:; )in Eg. A23) canberemovedfrom thealgorithmfor

sake of simplification without sacrificing too much accuracyHowever, in some cases

characterized blgeatpressureshock, this termlg ; ) may not be equal to zero aslgould be taken

into consideration
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Fig. 1. Schematic diagram @én different physicalmodelsunder consideration with associated boundary
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Fig. 22. (a) Enlarged view of the interface evolution in case 8 at T=4.0 anch¢bydriation of maximum and
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Fig. 23. Time evolution of theil spill onto the wetted water surfaaedifferent time instant&ase9).
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Fig. 24. Time evolution of thevater spill onto the wetted oil surfaaedifferent time instant&€ase D).



(a) (Case9) (b) (Case D)

(c) (Case9) (d) (Case D)

(e) (Case9) () (Case D)

Fig. 25. (a) and (b) @omedin views of interface at t=0.28 in cas@ and D, (c) and (d) Time  history  of
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variations of the maximum position of the interfaces at setOrbm.



7DEOH (GLWDEOH YHUVLRQ &OLFN KHUH WR DFFHVV GRZQORDG 7DED
YHUVLRQ 7DEOH GRF]
Table 1.The linearand norlinearconvection schemetefined in the Sweby and NV diagrams.

Scheme Normalizedfunction in Sweby diagran Normalizedfunction in NV diagram

15t order Upwind

2" order Upwind
Quick
Central

2" orderHLPA

Minmod

Superbee




