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An Abstract of t he Thes

Mhamad Mahdi AifdroushhD of Engi neering
Maj:oMechani cal Engineering

Title: The Devel opment of a Fully Coupl ed Sol v

I nthis thesis, the devel opment of a fully cc
acefowsolver i spresentedindetails. The
met hod (VOF) but extends it toaccount for
ty-pressure, velocity-volume fraction
on-pressure couplings. This resul ts i/
ch control volume. Accounting for thevari ol
nvergence andr robustness as compared to seg
rr steady-stateapplications but alsofor tr e
additionally equippedwithanumber of techr
e body forces at the free surfacetoguarant
eat ment i s evaluatedanalyticallyandnumer
ensurethe geometricconstraint is provide:
t he summati onof all volume fractions being
vel implicit approachtoenforcethisconstr
andard approaches currently inuse. Compr e:
t h

s work and incorporated inthe solver in
igh accuracy and fdelity. The sol ver al

structurefor turbulent freesurfacefow
s. Worth mentioningisthat the perfor ma
comparedtothat of a very popul ar commer ci
upl ed VOFsol ver. Ontheother hand, accuracy
ght of experi mental data al ong with datagen
range of freesurfaceproblemsexhibitingay
di ferent | evel s of complexity are attempted. /

[
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caseisfrst simulatedandtheprogressof thef
monitoredintime; it showsconsistent  results
break problem, avery popul ar free surfacetes:

Vi



it alsoproducesresultscomparabletoexperi me
test cases featuringopenchannel fows past acyl
respectively are simulated. Drag monitors for t
convergencerateas comparedtothecommercial s
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Chapter 1

| ntroducti on

1.1 Free Surface FIl ows i n Engi ne:¢

Devel oping more sophisticatedtools tosimulat
sits at thetop of many research and devel opment
tational fuiddynamics (CFD). Inparticular, th
t he area of ship design, metal casting or any ot |
aratedphases, has pushed many academic aut hor
androbust numerical methods inthefeldof free
surfacefows, it isrequiredtosolvefor eachof
among them, and hence, the simulationof free su
propriatetreatment of theinterfacecapturing
preservethe sharpness of theinterface. There |
|l i sh numerical techniquestocapturetheinterf
todeformdue tothenature of the fow, the fact w
model tocapturetheinterface. Numerical sol u:
surfaceproblemcanbe madeusingtwomeshes, ala

mesh. I nthelLagrangianmethod, thegridmoves w
boundary is always alignedtoit (seefgurel. 1la
ispreciselyfoll owed, but however, there’s adr
t he mesh, whichproducesinstabilitytothesolywv
are stationary wherethe fuidstravel inthefxe
sufer fromtheelement di stortionproblemasin’
usingthe Eulerianmeshnecessitatesthesolvin
e

totrackth i nterface. The detail s of the di fer

Amongthetechniques whichare basedonthe Eul
gridtechnique wherethe fuidinterfaceis capt:
techniqueisthe marker-and-cell approach by Ha
massl ess particlesinthefuiddomain, of vel oci
velocities, andthecellsthat containparticle
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(a) Lagrangi an mesh (b) Eul erian mesh

Figure 1.1: Two types of free surface meshes w
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oaches, the Lagrangianapproach andthe Eul e

m, ot herwise, they don’t include this phase
7] totrack particlesonthesurfaceonly. F
volume-of-fuid(VOF) method, and it is one
turingtechniques, wherethephasesareass
temperaturefelds, whilethetransport pro
gchangedinspace andtime. This method c:
and for an arbitrary number of phases |
es that the phases areimmisciblewitha
ems solved withthe VOF method are moti o
channel fows, and steady or transient tr
however i nappropriatefor cases whi ch i
of the mesh el ement or small er .
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2 Numerical Solution for Free

VOF systemis the set of equations that gov
el the temporal and spatial changes of phasc
temperaturedistributions. The details of
er section. Theinterestingpointtonote hi
this systemare strongly coupled toeach ot
solve it has to preserve this coupling. Anc
e accuracy of the captured interface. Sinc:¢
erfacealgebraically, frst order spati al di
results. Therefore, compressive schemes
dtothe methodinorder toaccurately cap
l ingis al soanimportant point toraise wh

e
d
d
t

t

e
de
nd

2



tothecomplicationsof thephysicsof theinterf
theseissues.

1.2.1 Velocity-Pressure-Vol ume Fract.

For free surface fows, the velocity and pressur
thepositionof theinterfaceamongthediferent
met hods, i s drivenbythetransport of the volum
transport equations of volumefractionfelds ha
ressuresystemtoproducerobust solution. A s\
ressureequationscoupledtogether whilethe vc
resolvedseparately, i scalledsegregated VOF
Il I the mentionedequationscoupledtogether is
nsight onthecouplingstrategyisprovidedin

- 9T T

2.2 Spatial and Temporal Discretizat

erious considerations shouldbe madetogener a
i mul ationof freesurface fows. First, accur at
i onschemes shoul dbewutilizedinorder toavoi
hichresultsintheattenuationof the accurac
etweenthephases cutsthroughcomputational c
el ds are averaged volume fractions withineach
ess hastobepreserved, andthisisattained >by
chemes, suchasthespatial andtransient scherm
re not suitabl e for advectingthevolume fract
he interface. Various schemes have been usedt
el d. High Resolution (HR) schemes have shown t
ompressive schemes have shownto be overly com
nterface, though sharp [13]. ClICSAMand HRI C I
ocapturetheinterfaceinfree-surface fows |
nterfacecapturing, but they arevery dependen
ewrevolutionary interface capturing scheme d
el oped by [ 3], and has shown to have an i mprove
o standard and high order convective schemes, i
ourant-number. STACS i s basedonaswitchingst
he val ues of acompressive andahigh-resol uti
ng factor depends onthe angl e betweenthefowd
oreambitious methodof compressingtheinterf
he compressive schemes mentioned earlier and i
umber, i stheadditionof theinterfacial anti -
i onequations, amethodwhichislargely mentic
orms and |l evel s of treatment [17, 18, 19, 20, 21

3



whi ch employs alimitedgradient deferredcorr
performancefor highCourant numbers, withthe
toBarthandJespersonboundedness criterialc

Regardingtransient schemes inthe VOF metho

order Eul er, and Crank-Nicol sonschemes haveb
type free surface fows. However, the frst orde
abl e numerical di fusion, whilethesecond or de
hi ghly dependent onthe Courant-number. TI CS't
devel oped by [ 4], i s anewmethodol ogy whi ch s\
order and bounded compressive transient schen
face sharpness as comparedtoabounded second
Crank- Nicol son scheme.

1.2.3 Turbulence Handl ing

Al most all of the interface capturing methods
and no considerations are giventoturbulence
many compl ex applications of two-phase fows.
toturbulence near the interface occur, many
partially resolved. These involve mainly sur

turbul ent regi mes, and ot her physical process
moving boundaries, vortexinteractions with:t

theinterface, l'igament formation, and breaku
can al so be observedthat the turbulence kinet
redistributedintothewparallel surfacecompo
havior [ 23, 24, 25]. Multipleapproaches for s
are present; Direct Numerical Simulation (DN

(LES) [27], Reynol ds- Averaged- Navier-Stokes
and LESaretooexpensive andnot appropriatef

whil e RANS model s are widelyusedfor simulatin
cations. However, despiteitsabilitytomodel
thetwo-equationeddy viscosity model s that art
fail inmodelingviolent distortions, or moreg
thelargest turbul ent eddi es canexhibit acom
dependency on boundary conditions [ 30]. Amor «
on RANS model , was frst proposed by [31] for t w:
tendedby [32] tothreedi mensions. Wewill ref.:
as discussedby [33]. Referredtoas “Explicit
(EARSM) ", these closure forms consist of sett]
explicit dependencyupontherate-of-straina
has provedthat EARSMprovides bettek resul ts
model inashear fowwithinanopenchannel ; inp
energy i s improved. Numerical tests have show

4



the progress is mainly duetothecorrecteddefn
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nsequence, eddy viscosityisalsoslightlybe

|l ent Navier-Stokes equations, assumingeddy"
ditionof theturbulent viscositytothel amirt
rmof the momentumequation. While for the EA]
ress tensor i s explicitly calcul ated based o

a sourceterminthe momentumequation. The t\
tailedintheappendi x.

3 Outline of the Thesi s

ecurrent thesi s addresses anovel coupl ed VOF
the CFDscience devel opment over the past dec
view, chapter 2. Amongthe headlines |l isted:i:
tothe progress of CFDnumericsis stated, fol
cent advances inthe area of coupl ed VOF. Chap
t he VOF met hod froma physical and mat hemati c
r-al so di scusses additional auxiliary model ¢
thod. The fnitevolume discretization met hoc
d the VOF fowequations are addressed indeta
her necessary features andtechniques. Comp
nsiderations are discussedinchapters 5 and
eory whichinvolves the iterative method for
aic systemis presentedinchapter 8. After t
esent some assessment and performance eval uat
obl ems. Aconclusionisthenstatedtosummar
e outcomes. Appendices are al soprovidedat t
me sel ectedtopicsr relevant tothe VOF met hod
d ot her numerical and/ or mat hematical techni
ocess.



Chapter 2

L1 terature Revi ew

2.1 Hierarchy of Fluid FIl ow Eque

The Navier-Stokes equations arethefundament
|l ems. However, inthe bigger picture, there’ s
equations which are usually solved with CFD. T
bottomof the fuidfowequations hierarchy, wh
arederivedfromthemdependingonthephysics c
compressi bl e Navier-Stokes equations are der
| aws, specifcally, conservationof momentumi
i bl e Navier-Stokes equationis coupledtothe
alsotothe energy conservationequation. On a
Navier-Stokes equationisthe formderived fr
theassumptionthat densityisconstant everyw
coupledtothe mass conservation, but nowdecoao
vationequation|[36]. For fows whichinvol ven
but signifcant buoyancy efects, theincompres:
utilizedbut withamodifedgravitational bod:
temperature; thisisreferredtoasthe Boussi
energy conservationequationis againpart of
existinthedomain(akamultiphase fow), thes
t hat each of the phases requiresits ownset of
casearisesfor theclassof multiphase f ows wh
at theinterfacebetweenthephases arenegliagi
[ 39]. Then, all the phases woul d share the sam
(mass, momentumand energy). I naddition, mul
that fowwithinthedomain, afact whichr requir
tionequations whichpredict thelocationof t
spatial and temporal variation of the l ocatio
scal ar conservationequationfeaturinganind

6



allyselectedtobethevolumefractionof theph:
of the aforementioned fuidfowphysics, aset of
di ferential equations exist. Theunknowns ar e u
temperature, volume fraction, etc.

2.2 Computational Met hods for FI

| e ms
Solvingthefuidfowequationsusinganalytical
havel argelyreferredtoexperimentstounderst
special types of problems, certainassumptions
andr reduced der equations which can be sol ved
t

or
exampleisthe Couettefow, aviscous fowinlami:
s

t wo surface Real -l i feexamples arefows inEar
[ 42], fows constrained with journal bearings,
proximations |[43]. Whencomplex fuidfowproble
and whil eexperiments couldbeverycostlyanddi

computational techniques that approxi mate the
suitable. This branch of computational technic

nowadays anindependent di sciplineinscience]|[.
erstoperformthecomputations, andduetothee
power , | arger and more compl ex probl ems are appr
2.3 The Central Process in CFD

Thecentral processof CFDisthediscretization
Thenonlinear partial diferential equations ar e
braic equations, possibletosolvewithinacom
for this purpose, suchasthefnitediference me
andthe fnitevolume method. The fnitevol ume me
rateddiscretizationmethodfor fuidfowprobl e
of thegoverningequations |[47]. It is mentioned
equationandthe mass conservationequationare
another central dil emma herein CFDarises, tha
plings betweenthe equations areresolved. Acl
the pressure-basedapproaches was originallyd
[ 48] . His solutionis devoted tol ow-speed inc
staggeredstructural grids. This methodhasbee
90" s, toinclude compressiblefows fromlowsub
[ 49, 50]. On the other hand, another cl ass of arg
approaches were very popular inthe domain of a

7



[ 51, 52, 53, 54]. Density-based methods h:
| ow- speed fows withthewuse of some addi ti
. Using pressure-basedor density-based
d fromthe momentumequation. However, th
d met hods is computed fromthe mass conser
eformul ations andinterpolations. I nde

s computedfromthe equationof state whi
prematurelyfromthemassconservatione
ds can be foundin[56, 57]. I nthecurrent
disutilizedfor approachingthesolutio
e vol ume method. Fewnotes onthe pressur
The SI MPLE approach, abbreviationfor se

>SS DOQ®D®D0o—™"W0n
-

DD C DO ®C U< O
oo o ._.

—

~ O _.

edequations, i sawidelyusedpressure->ba

Spal dingand his student Patankar [ 48, 58]
gue and requires | ow-memory. |t has a segre
uations are solved sequentially one after a
t hms t hat were devel oped foll owingthe segr e
haviors [49, 59]. The drawback of this fami/|
alability, that i s, they areverysensitive:t
eincorporationof under-relaxation, veryn

—+

he si mul ationthroughtheiterations |60,
e CFDcommunity has promoted the use of coup
weredby possi bl eaccesstohugecomputer mer
kethe segregatedapproach, the coupledappr
uations inasinglealgebraicsystem. There
e of the coupled solvers for applications ir
ws [ 66, 67]. The couplinghasbasicallytarg
tionequations duetothestrongcouplingbet
wever, additional couplingstrategies have
ch as energy conservationequationcoupling
nservationequations for compressiblefows
9, 70, 61]. This PhDthesis sits at this exact

, couplingthe conservationequations inth
much as possibletorender full -implicit sy
stness of the solution. As reportedopreviol
I's context to simul ate free surface fows. M
uations aretobecoupledwithvolume fract.i
upl ed VOF system. Thefoll owingsectionaddr

oo "o T—onIT< rTc® T TO TWLWOTTSTOSOTT ST®» 33T Tuwnococ—o ™

SO0 T CLUnNVWnOO0OCOoOYLOoOWwWO TO TP O M O T T

e domainof coupl ed VOF.
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4 Recent AdvancesinVOF Coupl e

evious eforts for solvingthe VOF systemby m
ereportedhere. Denner et al. [71] have showr
r trwo-phase fows where they do one-way coupl:
essure equations withvolume fraction feldt!
rm. heir paper, Zwart et al . [11] have deve

e y couple the momentumequationtothe
rough he fully implicit body force term, an:
tion equations tothe momentumand pressur
|l ineari zationtechniques. However, they | ac
ectiveness of their solver withthe conventic
vel opedacoupl ed VOFsolver for atwo-phase fo
| ver over thestandardsegregatedVOFone, but
e momentumequationwiththevolumefractionf f
ditiontocoupl ngthevolume fractionequat.
| ds Il n [ 72], they devel op a pressure->based\
reimmisciblefuidsthroughwhichtheyocoupl e
ume fractionfelds, andinturn, theycoupl et
pr
u

Il nt
t he
t

[
h
u
I e

e essurefeld. Their couplinghastheadvant
duced predomi nance of asinglephase whi ch may
a segregated procedure of the solution of VO
ea of research is still |l argely active, yet v
d numerics, nevertheless, great eforts are be
upling approaches of the VOF method. This th

oper met hodol ogy with sufcient-1evel of det a
wequationsinasinglesystem, whichistobe s



Chapter 3

Theoretical Backgroun

3.1 The VOF Met hod

|l nthis sectionthe mathematical representat:i
fows basedonthe VOFmethodispresented. I nVO
i mmi sci bl eand homogeneous, andthey sharethe
andturbulencefelds. Thus, asingleset of fow
transport andthermophysical properties (dens
etc.); thisvariationis determined5by thel oc
Assumingal aminar fowwithall phases beingin
representationof the Navier-Stokesandcont i |
3.1 and 3.2 by

@@—;/+r(V\)=r rp+B (3.1)

%—t+r(v)=0 (3. 2)

i nthe Navier-Stokes equationisthestress:te
= rv+rv' (3.3)

Binthe momentumconservationequationis aboc
suchasgravifyatgiaonmdlof cucd acfgttoemes addif ®@es ced
i nthenextasnede teif @m.t o density andviscosity, a
as volumetric mixture propertntaiidnsa fTohwe vl i
propertiescanbedirectl yr el aktbedittc tvind pme p «
fractsaooh that

>
= Kk (3.4)
k=1

and
X
= ko k (3.5)
k=1



Kis alsocalledanindicator function, andis co
vectionequationdefnedaccordingtoHirt and Ni

@kk
ot

+r (% =0 (3.6)

3.2 Geometric Conservationof Vo
Fi el ds

The vol ume fractionfelds must sumtoone. Thi s i
of vol ume fractionfelds, anditisaconstraint
circumstances. |t isformulated as

k=1 (3.7)

|l n order to maintaintheconstraint eq. 3.7, di f
portedtosolvethevolume fractionequations i:
tional apprmalombomeds acti on equatn dns corres
phases inthefow, andthenit appliesthe geomet
deter minlehearee vol ume fraction (this phaseis-r
nant phase). Theretwo major drawbacks of such a
errors arising fromtleeqsalt ubnenot trnifeeri ted b
vol ume fractionfelds. Second, though this app
geometricconservation, it cannot be set as a ge
mul ti phase problems. For example, the fact tha
w-density materials have poor convergence ch.
| d of thelightest mateffiealldmuos b eb d ested rencit needd a
icitly. The ot hrewod mppnreofarcahcd o lomeesquati ons t o
rors of the solutionarenot transferredtoth
s alsoageneral approach withnoregardtod:
S beenreferredtoinMoukalledet. al [ 73] . H
aranteeaboundedsolution, duetonumerical d
teethe geometricconservationprincipleunl
e solution. Embeddi ngthe constraint coul d be
on step, either beforethe assembly of the con
l uti on of the volume fractionequations. Howe
econvergencerateof volume fractionequatio
enomenaareinvolved. Animplicit normalizat
ot her met hod whichincorporatesthe geometr.i
actionequations. Thisimplementationl eads
actionfelds without alteringthevolume frac
thodisexplainedinthediscretizationsect:i
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3.3 Surface Tension and Wal |l AdH

3.3.1 ContinuumSurface Force Model (

|l nthis work we adopt the continuumsu

rface for
|l atingthesurffagae prease oimefdoby 8r ackbi | |

et al
at the surfacecanbeexpressedas avol ume forc
The volumetricsurface force hasthe foll owing
DX i iy ddipi
fs = . T (3.8)
i=1 j=i+1 201+ )

wherld s the surfacetensioncoef tamrphtibset ween
thecurvatureof theinterface, defmoefdtihnet er ms
curvature out warrelgafonhsauthbhitchat :
'=r A (3.9)
and ,
-
r
3.3.2 Wall Adhesion
The wall adhesion angl e accordingtothe work ¢
the surface normal inthe boundary el ement ad|j
contact angl e g,t tthhee smarl flalcye nor mal at t he adj a«
t he wall i s:
A =N, cos  + f,sin (3.11)
wi thhanfybeingrespectively theunit normal and
wall . Accounting for this adjustment inthe st
updated free surface curvaturel ocally at the

cal cul ationof the surfacetensionforceterm.

3.4 I nterfacial Anti -Difusi on
Referringbacktothephasicequation(eq. 3. 6)
must beutilizedtopreserve asharpinterface
algebraicmethods, amethodwhichhasrecently
of aninterfacial anti-difusionterm, call eda
tothe scal arkequatiisomaopfabl e of compressingth
sharper one [ 76]. The phasicequationwill be a

k k

@m +r (v +r Kka My, =0 (3.12)

12



vie s therelativeompoesaliyoati ttyh.e Thi s ter mav
use of high resolutioncompressive schemes
] . Further detailsr relatedtotheanti-difu
cretizationsection.

Q_|—|v—|-§

h e
he
77
i s

w

5 Pressure Shift for Il ncompr es

e pressure feldinthe Navier-Stokes equati ol
er &t arf act which states that only the change o
e fow. Thisisnot tobeconfusedwiththenece:
evaluating di ferent thermodynamic propert.
mpressibility efects. The current note onth
ws of incompressible phases. Foll owing are't
st isduetoafxedoperatingpressureandtheo

-~ =0 =~ 0
- O O o5 -TOT T

3.5.1 Pressure Shift due to a Fi xed Opei

For incompressiblefows, itisadvisabletoinco
of thereal pressure; thisisattainedDby r removi
shiftedpressureinthis senseis saidtobeaga
above some reference pressure at which the prob

this operatingreference pressure ipaathe at mos|

sea level. This shift inpressure prevents the

the arithmetic operations, especially for prob

variations. Therefpcaen bbeleeampposeesdsunteo ar e

pressure (i .e. operatingpressure) andarelat:i
P = Prel + Pref (3.13)

applyinggradient operator tobothsides of the

D= FPrel + FPref (3.14)
Prefl S @a f xed pressurelevel, soitiszerounder tfF
D= IPrel (3-15)

Eq. 3.15ensuresthat theuse of arelativepress
force mat hematically, but as mentioned before,
itsuseisveryessential toavoidround-of erro

13



3.5.2 Pressure Shift due to Reference

On anot her hand, tphe adaolwpwheesgewyeatvi vg, can al
be decomposed as such:

P=prea+ 00 (R Ryer) (3.16)
whepeel stherelative (shigf $ ad)eprereencredewisi It g
takentobethe density of thel iRghitseatretbied-in
encel ocationvector, usually takentobethec
simplythepressurereferencel ocation. The bc
equationcanbere-formul atedintoamoreappro

tion3.16. Applyingagradient operator onbot

rp=rprea+r[og (R Rrer)]=1rpra+ o9 (3.17)
Then, subsgiintuhe Ngvier-Stokes equation3. 1, ;
f orBcbey t he gravitgtlieads fotde foll owi ngfor mi

@ v

W-Fr (vy=r FPrer + ( 0)g +fs (3.18)
This formof pressurewill beusedthroughout t
relsubscript will beremoved, sotheshiftedpre
due toafxedoperatindhpreasuee.as well , i s

14



Chapter 4

Fi nite Vol ume DI scr et

4.1 Finite Vol ume Mesh

The di scretizationof the mathematical model s i
vol ume met hod. The current di scretization assu

cell -centeredgrid, whichisanunstructurednol
type constraint. Figure 4.1 shows an unstructu
mesh. There are i mportant geometric features o

Control Volume
Associated with
Element

Variable
Solved a
Element
Center

Figure 4. 1: Unstructured fnitevol ume cel
godirectlyintothediscretizationprocess. Fi

geometric quantitative features. Al so, some Q!
anunstructured fnitevol ume mesh are non-ortho

15



Figured4.2: Geometricfeatures

(a) Facenon-orthogonab) tFmce skewness

Figure 4. 3: Geometricfeatures of anunstru

featuresarecritical tothediscretizationgpr
non-orthogonality (fgured4.3a) isthenon-ali.
l i neconnectingtheneighboringecells’” center
sensitivetogradient computationat the face,
avoiditsconsequences. Face skewness (fgure 4
intersectionpoint of the lineconnectingtwo
faceat its center. This geometric feature has
may only shortly afect t henaactuhreat g uorfetihse trhees f
nor mal unit vector. FigureS$o#t shefbrtweerur f a
nei ghbourCaln@mevintt xh can be decomposelti nt ot woa
antg suchthat:

S =E¢+ T+ (41)

whekEfsd s inthe dCFantdihams dfhe same nS,r mhaisltehat o
T¢gi s t he compHgement of

16



BX

Figure 4. 4: Nei g hChaon#rwintghefllacerteevietesn t hem, showi n

the decomposition oStitnhteosiutrsf @aic e hvoe/cntoonr- ort ho ¢

4.2 General Scal ar Equati on

4. 2.1 Preliminaries

The di scretizationprocedures waht Bdgped he su

torefertothel atest valueandpreviousti meste

over any gqpatntiftayce i s an i nterpol atedqquantity

cell stotheface suchthat, assumingalinear in
t=0r ct( 9) F (4. 2)

ement s as canbe s

wheCanBaretwoneighbouringel
factor given by:

gl S ageometricweighting

Ve

Ve + Ve (4. 3)

Of =
ggmay al so be defnedinterms of geometricvector

deg N

des n+dcr N (4.4)

Or =

Ot her interpol ationschemes wijjalhjjmeobdtdr essed ¢
will beusedtorepresent a maxaamismuceht wkean:t wo ¢

jia; bjj = max(a; b) (4.5)

4. 2.2 Discretizati on

The general conservationhkagwsathieofnod i @wsicnagl fao rfmn

@@—t+r(v):r( r)+Q (4.6)

17



|l ntegratingthe above equati onover acontrol

Z@ z z Z
de+ r (v) @@= r ( r)d»+ Qadv (4. 7)
Applyingthefnitevolumeprinciples, includi
integrationrule, andothers, the semi-discre
vol uCmes:
> >
(c o) t(CC)Vc"' me ¢ = s Se+QcVe (4. 8)
f nb(C) f nb(C)
Assuming the foll owifmg s ohalmeasEfudrer transi en:

order upwindconvectionscheme, andcentral di
consideringanunstructurednon-orthogonal mi
gebraicequationCower the el ement

X
ac c + ar F =hc (4.9)
F NB(C)
wher e
1
< B
ac = SVc + im0 + ¢
f nb(C) CF
.. .. . E
ar = i melj ¢ -
X CF
bc:(CC)VC"' ¢ e Te+QcVe
£ nb(C)

The boundary cooaduldends her be a s,pealjfed val u
or a specigftehd bugh t he boukRdarnynwfacer outl et pa
i s specifed, thecoefcients of eq. 4.81is modi

E
ac = ac + b—b (4.10)
dcb
Ep
bC:bC m, »+ bd—b+ brbTb (411)
Cb
However, i f the consideredphysical patch i s e
the coefcients woul d bEe:
ac =ac+ ,— (4.12)
deb
=)
bC:bed—b+ brbTb (413)
Cb



|l nthe other cagy@uivwaer @ aff ultke boundary i s speci |
totheright-hand-sideof theequationincase ol
that:

bc =bc  GSh (4.14)
whil e for aninl etqgpirsouustulaeltl,ytzheer oufxor most of th

andthe vadtuée lod boundary i s extrapol ated fromt
b= c, SO it altersthecoefcients by:

ac = ac + jjmy; 0jj (4.15)
bc =bc +jj my;0jj 4 (4.16)

4.3 Segregated VOF System

As mentionedearlier, the conventional procedu
by solving for velocity and pressure frst, and' t
equations ahead of that. The vel ocity and press
taneously, andthisiswusuallyr referredtoasve
Thecurrent discretizationmethodol ogy consi de
retrievedfromref. [62]. The di screte al gebr a
coupl ed syst emQ@ionm tameed emmwtt ati onal domai ni s o
2 32 3 2 32 3 2 .3

ad' ay a®™ af  uc agu  awv quw

o = mIE < g v SRR z

awt awv amw  alPodwe - NB© apy awv aww a

ay a ad' a¥f o pc ar' af’ al’ app PE

The vol ume fractinmoeguaupberd ageati ons, sol ve
and sequ@é&hk2[l;allalsyshown her e:
k > koK
ac c*t ar g =bc
F NB(C)

k

4. 3.1 MomentumConservation Equation

Foll owingthe samediscritizationprinciplesp
equation, the semi-discrete formof the moment
el enking :
>
% v
( cVve) t(c c) Ve + Meve
> e (4.17)
= £ rve+rvyg Se PrSe + BcVe
f nb(C) f nb(C)
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Wit hhout
moment umequation for

any further detail s,

agluc + ag've ;—( ad"we + ad’pc

t heal gebraicequ

thethreecomponent s:

>
+ ap'ug + ag've + ap'wg + ar pg = bg
F NB(C) F NB(C) F NB(C) F NB(C)
ag'uc + af've + a'we + alpc
— X T >
+ af'ug + af've + a"wg + a’’pr = bt
F NB(C) F NB(C) F NB(C) F NB(C)
ag'uc +ag've +ag"we +ag'pg
>< © > y
+ afug + af've + af"wg + ar’pe = by
F NB(C) F NB(C) F NB(C) F NB(C)
wher e ;
uu vV ww C = T f )
ad =al =af" = -=Ve + Ime O+ ¢ q—
£ nb(C) F
Ul — AW — WW — 55 C A Ef
ag =ap =ag = J] mg0) .
o > y w y wo _ > ]
ac = 9¢ St ac = 9r St ac’ = 9r St
f nb(C) f nb(C) f nb(C)
ag” = (1 9r)Sf af’ = (1 9¢)S{ ag” = (1 9r)St
=< u > h i
be = [ru Tf]+—( < tC) Ve + (¢rvi Se) T +BXVc
f nb(C) T nb(C) .
> ( > I
cVc)
be = [rv Tf]"'—th"' (¢rvi Se) I +BEVe
f nb(C) f nb(C) .
=< W > h i