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RIFPLE: A NEW MODEL FO17 INCOMPRESSIBLE
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nnd the transport of fluid nmmrnlum,

1
+3+;1;)! (1!)

wh~m p is the fluid dmwit y, p t ho scrdar prwiaure. r t ht.

Viscoun ritrwra tmlaor, }:b a body form, and ~ thr arrf+
rration due to grnvity. Tht= nrmlinenr advwtinn trrm w
writtmr in ronrwrvativr form. Tlir vinrouri ntrm~ tremor
r i~ Nrwtonian,
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of thr frw surface r~ginll, An apprrmimat ~ rem-ml rur-
I ion of t hr frw surface gPomrt ry IS the crucial strp nr=c-
ersary for computmg arcurafe flux volumm nr+rd for
the advr=ctiv~ term. The rmm.qtructmi fre rmrfnce is
not rrrr~sarlly m-mtlnurms, irmtead rqwesr=ntt’d ar n sr=t
of ~liscrrlc, discontinuous Iinr SPglIIIWth.

Sllrfarr t onsion at free surfacrw is nM>drlml in RIP-

I’1.E WII II a Iocalizrd vrdume forr~ prrwrihed by the m-
mnt [ ‘SF modfl.2 ldcally witcrl for Eulr=rian inlmfmwr
of nrhlt rary topology, t hr (’SF mocbl’s volume rebrmu-
Ialmn is a nrw and radical drpartun= from convent icml
frrritr (Iilbrrnm rqmwmtations i)f mrface tcnrunn.

In 1{11’PI.E, vism-mrrrffpcur arr nrglrrt rd mt the free
wlrfarr aml thr ntir~~~ Wminn rndlicimrt c in assunwd
to hi’ r(mst ant, which rm-iurm thr stress lmundary ron-
dil inn 10 l.al ,Iam’ri formula,’ 1

whrrr t hr rmrfacr prrssure fi is t he rmrfarr t rnsion-
ln{iurrtl prwuwrr jump, pv tlw vapor prrssurr. nnd K
I Iw frw surfarr rurval urr, givrn hy:2

whf, rr III I unit normal n,
.

“=;’ (7)
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Tb volume frmcr F.w is of rnurrw in addition to t~tIwr

arhilrary body form prrwr=nt in I tw flow.
lnsl Pad of a surface tensilo form or a surface prrwurr

boundary condition nppliwi nt a disronlinuily, n vollln,e

form ?.V in Eq. ( I I ) arts on flui(l f’bnwnts lying wilhirl
finlt r t hirkrwm t rarwit ion r~gimrs rrplacing the disccmt i-
n’lit i~. II is not appropriate, thm=for~. to apply in fruilt’
diflmenw sctwnwx n prerwurr Jump induced hy rwrfarr
tension at a free nurfare “discontinuity .- Surface trn-
nicm should art ●wrywherc within the trnrm[ion rogiorr,

namely through t 11Pvolume form i:~w.

Wdl Adhesion

Wall adhwrion is thr surfam form acting on fluid
interfamx at pninlrr of rontnrl with “’walls, - which
arr= static, rigid houmlarir=rr in RI PP1. K. \YaIl atlhl’-
~ion forwa nrr calrulntml in !h? mrrw mnnrwr M vld -
u mr forma due to nurfam= tmminn nre calrulat d, using

Eq. ( 11 ) for ~.v, ~xr~pt that n hrmndary condit ion i~
npplied to the frw surfacr unit nnrrnal n prior to rval-
uat ing Kq. ( 1I ). Tlw rondit iol~ i~ applird only to t INISO
wvlrx normals lying on or near a rigid hnundary, whlrll
i~ rilhrr an int rrmr ohst arle Imundary or a IIMWII I)iwnil.

nry. ThIw forrm ~ ●v nt t rihut ml to wall adhrsirm im~
t Iwrrftwr tmly in crlls within pr~)xinlily of a w;dl.

Tlw wall mllwsmll boundary r~mtllt tfm Iwctmws ml
rxprmviitm for I Iw uni[ frtw ,qurfartt normal n at pmnls
(If contact Fw along t hr wall:

n = rlW r[~fl~,l + tW sin&l , (1:1)



fluid dynamic proper tit%, Iming at lIIC very Irwl R furrc-

ti(m of (& and thr capillary numhm Ca = \-Ii/O. For
nlany mat(’rialq the dqwrdencr has not berm wdl char-
arterizrri. The prmwnt algorithm should be adequate
when the ({iffcrrnre h~twwn fisl and d~ is not vW’ lnr~p.
so RI1)P1. E’s wall adhesion t rcatmrnt IS Iikl-ly to hv a
good npprrrxima[lorr when fl~ is small.

Flow ohtaden

obstacles 10 flow are modrhd in RIPPLE M a q-w-

cial case of twmphase flnw. in which the first phmu ia the
fluid, wit h volurw frart inn R, and t h~ srmrd “phmw” is
th~ ntm[arl~. with vnlumr fractmrr 1.t’)-~. Thr ohst~clc
is characterized as a ‘fl Lid”’ of inl;nit~ dmaity nnd mo
VPIO -ity, Sirrm all calculat iona am performcri in th~ oh-
st acw franw, Ant arhw m~ static, so t h~ vnlunw frnrt ion
F) IS a Imwirrrlrfrmient scalar field. ~ = ~( F’), that ici
a strp functirm:

(14)

pmjertrd onln a zrro-divrrgr=nw vector li~ld. “1’lw *WIJ
●quat ions in t h~ smnrrd st Fp ran lw c{md]invd Into a
slngl~ F’oisrwm●qua[ ion for the prmsur~,

+“”+’]‘$ (In)

Ah bough t hr inromprmsihlr rmlut inns in IUPPI. K arv
for ronstant dmmlty fluids, thr= drnsity in Kq. ( lti! IH re-
t min~d insi~w th~ div~rgence optvatrw. This rmults in an
rxtra trrm in the FI)E proportional to ~p, whirh clm-
t rihut= to t h~ prrwsure aolut it-m wi[ hln thr fret= surfarr
transit ion r~gion wh~rr Vp # O. Thr I)I)F1 is fnrmui;~tt’[1
with t.trr pressure p rmd dmrrity p M separatr tmms. IIi-
ntrad of using rt single trrm. the kinrmat ic prmaur~g, p/p,
M m the mnjority of inrrrmprmsihie modols.

Monwntum Aiivectinn

A finite volum~ npproximnt inn of cnnsmvntivr ml>
mmt urn mlvfctinn maulls from irdrgrat ing t hr advm--
tion tmm in Eq. (15) cmwrtlw control VIdIIIIII’ Li”, giving

I . .
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1’

\’ 1111 ~“ I bvhr.rt. I;v, m I,w, r~l ,,., ?Ir, , ,f.~~tll I,m r 111111111111111111
r-p’” ‘ . (11;)

PI l’”
;111,1 1: ,“ irfkr,~tj, , ,,., III II ltlIIlll~’llflllll \\ ’l Ill 1111..

;111,1
Iqwr;ll!u !lIr l{ll’I’l. l 111111,’{1111~.rvlll”vI,wlll III 101111.1111111

\. 1“’”1 (1 (I I-)
I Jll 111,rl. wllllc .11 .1!.

111 1111 III-.1 %Ic.11 ,1 JI,III, III Ii, 111 I I.. IrIIIIIIlll I.tl 11,1111

,’!111 I .“ /:, f’vl:v l’, (1.”)



1

.

tiy,

1

4

‘VIJI 1/2

PIJ , FIJ

● —

t

— dx, —

— yj+ln

X,,*

Fiu. 1. Loeatinn of fluid variables In a RIPPLE Fig. 2. ln thr cSF mndd for nurfme trnsion. a cvll-

ccmterod volumr. fnrco dun trr nurfare tmwinn. #.V.
=

is derhd fhn s fkoe murfam rurmtur~ K ●t the wII
rrntor ●nd unh nmmdm n at thr 4 cdl vertlrcwm

nfL-’M(LT)-’(L7”x) = L-’ y. whrrv (LL’r)-’ m mid
aa m qrproximate inverv for M.

VOF Advm4 ion

A nllrrwriral anlutirm nf Eq. (4) rr,luirra flux Wd
urrrrw for t Iw adw’ct ivr Irrm. “I”hr IIIIX volumra ar~ oh-
trrlnrd in Hll)l’l,t wllh n fr- rmrfnrr rmnrwl rurl iorl Us-
ing t hf. I[irl-t{irlmla ( 11-S) fllgoril 1111?, ‘Ihr fr~ aurfmr
iq rerwrlst rucld PI1 Iwr Iltwiztnllnlly rw vrrt ically iri t-artl

aurfarr rrll, drprntlinx upon its rplallnn It} nrl~tlll(wlrlg

CVIIN. ‘l”lli~ rrrmrd rurl !(MI IR prvmlrrlh!~ly rnrmr mrrur:llfm

I I)rnn IIWS S1,1( ‘ alg(wit llrll.’2 w Iwrr t IW rrronql rllrl ml (rvr

surfarr m rdwrIyq Trmrvl lmrli~~ntlwlllar If) Itlr llu,:ln~ 111

rrrllf)n, 11111IWV4 arrurntr I]lan ~hit }“imngs rdKlwllhlll,’:’
whvc t IN* rorcm~l rilrl IVI frrr wlr~fwp ih nll(nvml III lln}f”

n(}rlzvr[j s]t~lw

‘I-III. Illinv.rlrill ~dllli(m tlf 1111 (,1) IS ImII:IIIvl II}

III linln~ it tIIIlr v;IIIIII tlf II”,

II IS III” r!qjlttfml wllh n “tllw-rgmrt’ rlmrcv’1 11111,“”

/“”~’ : /“ + 81 (I- i) /“””,
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The volumr fnrc~ in the (’SF rrmdrl is rwsily ralru-
Iatrw-iby tnking first rind arrrmr-i order spatial d~rivatrs of
thr color dnta, which for RI I)l’LF, is the VOF function
F. At each point within the free surfar~ t rnrmit ion rr-

gion, a rdl-rentrrrri valur= ~,v i~ drfrrwd which is prnlm-
t ional 10 ~h~ curvat urr’ K of I he rmmt ant k’OF surfarr at
I hat point, m illustrated in Fig. 2. “rhe force is normal-
iz~d to r~cov-r the convent irmal r.kcript ion cd nurface

trrmirm az the loral product rch - 0. lt~ line integral
dir~ct~d nor:nxlly through the frw su,’fac~ transilimr rr=-
gion is q-iproximatdy qua] to the surfnce prmwure in
Eq. 5). Wall adhmion ia inrnrprrratml try ●forcing a

\simp F houndar~ condition.
Surfacr tenrrmn modr4ed with t h~ cent inuum mrt hod

●liminalm t.h~ nrwl for interface reconst rurtion, so rr=-
~trictionn cm the number, complexity, or dynamic ev-
Iution of interfac~ having surfrm tmmion are not im-
p-mid. Direct rompariaonrr Im[ w-n modding nurfarr
tmmion with thr (’SF model in RIPPLE and with a pop
ular interfar? r?mmnt ruction rrmdrli’”s *how 1hat thr
(“SF modd makrn mor~ accurqte IInF of the frw surfarr
VOF data,z The vnlurnr forw nIwAys tends to forrr Ihr
frtw surfarr to mk A minimum nurfxrp mm rnnligu-

rrat ion. Rr=ccmslrurt irm rnndrls, on t ho ot h~r nnrl, t rnd
to induw nunwriral ncrirw from mrrnputrd grmininms in
lhr surface prrrwurm, oflrn Irading to unphyr4iral frrr
nurfacp disrupt iorm. In midil ifm to prnvidinK a mrwr
arruralr frnit r tliffrr~nr~ rrprrwmrt at mn nf rrurfav tru-
Rirm without t hr tcy-mlogiral rrstrirl inn~. t tw ( ‘SF mndrl
irr rrmy to in]plrlurul COlllpll~At Imally. Surfam twnmm
ip rosily inrludrd hy ralrulat ing and ripplying An rx-

t ra hmly forrr, :~aV, In thr nmln~.nt urn rquiil ion. ~“llr

application of }ynVrmnplrt rrr t ho rhangr of I hr 1:” vrlm..-
11y Iirhi I , t Iw t- vrlocity firhl orcurring rwrr onr I inw
Ntrp ~n thr nmjlmty of I{ II) I}LE ralrulal mm. (rely n
(rw prrrrnt of rxlrn [ “1’1” Iillw IWsprrll ronlImlln K sllr
frw trflr4irm rlrr~.1s.

I’slllg rllllfilloll , rl nl (it 1/2,1 + 1/2) i~ givw lIy
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Fig, 4. Fluld vdcmity vortnrn and f’r- nurfme mmtlguratirmn nt tIm- of (H’t-to-right .tn~tmlmttrml )
200. 600, 1200. 1400. 1600, 2000. 2200. 2400. 2600. and 3000 n fim thr Jot-l nducodtank flow probh’m.
The wdncity of fluid rxiting thr Jrt At tlw tank lmttnm in 4 rm/a.
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Fig. S. Traj-tmies of Lagrnngian marker parti-
chw inidally Incntti at various nmit imm [dennted

proprrtim of invisrid L112 in cgs units. and is initially
upright in an ●quilihriurn mrmisrlts pmit inn. f;ravlty IS
zero. Moment urn advect ion iri rm-nputrd with the ron-
,wrvntive, second-ordm van Lwr-lirnlted algorithm. Ac-
curate time rrwolut irm r-mr t his flow period frrllnws from
limiting the time step to a value of 2.0 s. Th~ ohstaclr
Pnclosing the jet is characteriz~d with nmall mnriifira-
Lions to th~ RIPPLK source code.

For a j~t velocity of 3 I n/s (Wr x 3.5), RIPPLE
calculations indirntr that surface tension forc~s art=jusl
ahl~ to hold back th~ laminar jt”t. As shown in Fig 4.
the casr is differi=nt for a Inminar jet of 4 cm/s (We - 6).
Blobs of fluid are detached from an intmtm crnt rid
g~y~r of fluid. At times later than 3000 s (where Fig. 4
ends) blobs am thrown ngainst the top of the tank. Thr
first blob w?ts th~ tank f~irly ●rrnly, while the srrond
accumulat~s around th~ jet imping-rnrnt region. }lrmo-
●ver, a more accurate tr~a~ment of wall adhmion might
diminish this cmrt ral accurnulat ion, forcing more fluNl
to wet th~ wmlls.

A nrw f~mture in RIPPLE i:. t!w capability trr track
fluid propprt im samplcwl by Lagrangian mmkm part I-
rlm. This permit~ a more detailed andy~is of rnmplf’x
flnw fwlch. Snme rnarkrr trajertnri~ ar~ displayrd in
Fig 5 for the jet -indumd tank flour. ‘IW mat int ri-
cntr motions are dinplnyrd hy part wI= n~ar the tank
crntmline. For th~ar particlmr the initial motion during
cmtrainrnrnt mny he dirmtm-1 rit hm toward or nway from
t hr jet. Thm~ follows an m rainrd mot imr t rrminat ing
n~ar th? fr~e surfar~. wherruprrn t hp part ir 1P mot inns

Iwrmrw wry ch,ant ir, rnllt’ct ing t Iw rornpl~x pattern of
si rf~~ waww gt-nmat d hy t II(’ j~~t I’art irlmi nrar I Iw
tank walls !lav~ shnrt(”r and lrw~ Intricate t rajrrt[mws.
rxrept fnr part irlrs rwar t hr Iluill rmrfarr. ‘l”tIf’ l,;l-
grangian part irltw arc an impnrtallt diagnmt ir In I Ills
ralrulalion, sh(jw’ing t wo f~at Ilrf % of I Iw flow that art.
not otlwrwww rt’a(lily apparrnt. ( I ) tank fluld far frlllll
t hr rrntrrlinr Is nnf rnlrainml hy I hr Iartllnar Jfl. anll
(2) tank fluid w.;tr t Iw j~”t Iqmmng r~mlllrlw~ t hr Itmtllng
Imrl ion of I hr 1)1,)1)I hat is f.Jrrltvl fr{ml t II(S main tllllil
hl)lly,

Jrt-lndurml Ihlws nrv rxrrllmlt ~xamllhw of Ilultl
lhlws that ran IW Irwl(lt-lr{l rl~m’ rm 1151Ir; dlywlwll I Ilr

Ij~u rnl t~fir’rt.% arr Inrlutlml ‘l”h~’ IM Ill II 1(, wsr;drllliatllmh

w~mltl tt.11(1to dllruw, rnllmll}. (Iwl:)atlng a I)lwl Mm (d
its kln~’tlr rnrrgy lnt~l turlllllr.nf Prwrkv. with tlw all~ll
t irm of a turtllllr’lirt’ In(ltlr.1 such a~ I III. k ? Illllllt.1 ‘ ;
“1’hr turhulrllt yt Vrlflrlt m rr-lllilrr(l t~} Kry~.r I hr. frr.r.

Purfnrr WI III III Ilkc’ly Iw hl~hvr [hall th~, l~llllnar pit t!,

l~wllww r(mlllutr(l wllh IIw rntarl(lfir!l vrrw, m Itll’i’l, i”

In Ileu l)! a Iurhlllenrr rnr,rbl, Iwwowr, Illrt,lllr.ljl r+rll I*

r-an Itr fWl IIIIal IVl WI III 1{11’1’[ }: I)t IIWIIK n r~lrllllll III
rtllly vmi.i~lty. ;,, onf. t,slllll;llr fr,r l~r 1+ 1~1 % ~sk’::

wtl~wr / m the frnrthm of p.! Lllwlw rrwrgv 111.+II,;II,.11

Into Illrllnlt’rlr-v, ri v. thr Illrtllllrnl Irllglh willr aIIIl k I*

thr tllrl)ltl~.llt klll~.tl,. rm.rgy ,lrll..lr~ l{~,awul;tt)lr. i.iliit+
f, v I Iv, jrt nrv / 1) Ill ,, //,;2 u Iwrc. //, I* Ihf It.!
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FiR. 6. Fllsi[i velocity vectorm and fr- surfmre rnntlgurmticnn at times of (lott-t-rigllt. t{~l~tmhnttnm)
0.0.0.1, 0.2, 0.3.0.4.0.5, 0.0. and 0.7 n for twn rnds of water. eaeh with n rndiun of 1.5 rm. rdlirhg nt
mn oqmtl and oppmitr velocity of 10 cm/n. Thr rdliminn overlap is nne rnctiua.



Fig. 7. Fluid vdmity
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().0. 0.1.0,2.0.3.0.4.0.5. 0.6. and 0.7 s for two rods rif water. enc}i wit!r a radium of 1.5 cm-. cnlliding at
nn qunl and opposite vclori ty of 15 cm/~. The col]inion overlap in ono radiua.
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