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BACKGEOUND

In codes usiag the VOF technigne to track frae surfaess it
hez sometimes haen obeerved that small fiwnid-fractioa valuss will
propagate and disperse through large teglons of = pomputational
aegh. When this so-called “foam", appears, it can tuin an
othnerwise good caleulation. Uswally the appearance of foan ia
sseoeinted with situetions involwving large fluid distortions and
relztively coarse mesh resolution resolving the distortions.

Another probvlem sometimes encovantered in VOF calculations is
their Tailure to close up small void regicns within the inferier
of flunids (i-e., to attain fluit fraction values of unity in mesh
cells treated as full of fiwid). Thig sitwation uwsnally cctuls
when fiuid =trikes a aolid boundary or vhen two fluid wasses
zallide. Some people refer to this as the '"P-packing” problen.

The Toam and F-packing symutons are not unrslated because
leck of packing aear a free surface may encourags ihe vroduction
of imolated bits of fluid that later degenerate inte foam.

Resognising these difficulties, Tlow SBcience haz undertakan
& lengihy development effort 1o improve the methodology. Az a
resnlt of this effert several major changes have been incer-
porated into the 88-Version of the FLOW-ID program (1.e., PLOW-
AINSAB). A swomary of these changes 1s given here.

VOP SNHANCEMENTS

To =ddress both the foam and P-pasking problems it has been
neceggary o modily several subyeowbianes in the FLOW-ITL progras.
Specifically, we have meodified The fallowing functions:

Pree surface boundary conditicns,

galection of neighbora to sorface cellas (FP),



Pressure iteration routines,
Pluid fraction advection rowtine, and

Miscelilzneons subroutines used in above roulines.

Heignbor Selection

The zelection of NP indicating the neighboer to s surface
gell hes hesn sinplifisd. In previous code wversiong this
gqrantity was selected by esiimating surface noraslszs with rTeapest
to each geordinate direstion and then choosing the one that
seemed to most neerly represent the correct normal. In the new
procedure we have eliminated all the scomplicated normal
caleulaticns [exceyt when needed for the surfzee tensicn model}
and =imply select the neighbor cell as that cell oppesite an
empty o221l and having the waximum F value of 211 such cells.
This weans the WP flag 2lways points away from an empty cell. It
alse 2liminates gpuricws NI valunes that sometimes oceurred when
gurface normals could nol bte accurately calenlated {e.g., in
prorly resolved regions or regiona of foam). A congegquence of
this new procedure is that it helps reducs the dispersion of foam
when wszed in conjunction with the new F-advectiom routine.

P-hdvection

The P-advsetion routine used in PLOW-3D/87 contained several
refinenents over the priginal ¥OF gohette. Thege refinements wers
orimarily assoeciated with special situaticns, 2lithousgh there was
one perticular modification introduced to lini® advection into
empty cells. Thisz latter meodification waa meant to reduge
foaming, which 11 414 to gone extent, but recent experience has
shown that it was not enough. In FLOW=-FD/BS ye have nodified and
expandsd the specisl tests to make them stronger znd more
syonetric. We have also added & test $o eliminate P—fluxes inte
empiy cells pnder gpecial sircumstances. These tests signifi-
cantly reduce foam dispersicon. It should be noted, however, that
the wroper gperaticn of the newly-sdded test relies on the new HF
selection asthod.

Tagtz have heen sdded to inereass T flowes ipte full cells
and o reduce F fluxes away from full eells. One consequence of
thege tests is that in =a interior region, away from all
gurfacss, the P valee in a cell can oanly changes by having a
nonzero velocity divergence. finother conzequence iz that
guriacas reepain betier defined aad there iz Jless tendency Tfor
bits of P to be left io the wake of & receding sorface.



Anipther medification that haz been added 1y one te throw
eway Fluid in isclated mesh cells, that is, fluwid in eellsg that
have =211 ewpby neighbors. The reasoning behind this iz that the
code cannet accurately resoelve these isolated drops and thewr
almost always Iezd to = diasperaed foam. Thua, =liminating such
drope reduces foam genervation.

I-Packing

Lz noted above, the only way F walues in interior celle can
thange is for ihe veloci®yF divergence to be nonesro. Therefore,
in interior ¢ells with P values less than one, the only way to
raige P to a value of cne {i.e., to pack the c2ll) is o genarate
a negative cell divergence ¢orresponding fe a net flow of flunid
into the cell. A& mechanisn 4o do this can be construched by
troating an ' value less than one as representing the presence of
vapor in the ¢ell and then condensing the vapor to locally reduce
the pressure and force packing. To make this process work we
mugt treat fhe ¢ell) gz though it has some limited compresai-—
hility, but with = net presavnre change that insures a negatire
velogity dlvergence.

It is relatively easy to wmodify the pressure iteration
function fo preduce a negative divergence, but it iz wnot easy to
do thiz in a way that kespe preasswre changes within limita that
give reasonable forge calendations. Owr approach has heen to
nod ify the pressure time derivative ferw uged im the limited
conpresaidpility model In twe ways. PFiret, we caleulate the
coefficient of the pressure fterm, whilch is g reciprocal bulk
compregsibllity, in & way that keeps the flow near the incompres—
giblie limit, The coefficient im bassed on the cell BETA walne
{the SOR reluxstion ceefficient) and the value of T in the cell.
This mives = scaling that is sensitive to obstscles, loeal megh
cell sisss and the time—step gize. With this model one can =il
inelude a linited compressibility for the ligwid, = oractice that
iz regomeended for strong liguid/sclid impacts.

The =zegcond medification fs fto add a positive jpressurve
"ghif$" Yo the pressure time derivative., Thig shift provides a
net negative divergence, but one Thalt iz woderated by the scaled
cgefficient of the preaszure term.  The magnitude of the shift iz
proporticnal to the dynamic head (actually, to absolute preassure
ples kinetic energy) in the cell., Inm thiz way the shift 13 alzo
gcaled Lo the looald conditions, which is nscessary teo keep force
calenlations reascnably acourate. In practice, since a constant
preszzure can be added Lo [low withowt changing the dynanics, we
wodify the "dynenic head" by subtracting oui the average pregsure
in tae mesh.



The F-pococking algorithn 13 contrelled by the input parameter
IFP¥. Using IPPK=0 will turn off F-packing, while IFFE=] {ihe
defauls) invokes the T-packing algorithm. P-packing is only
2llowed in one material Tres gurface aroblena.

Foam Bednciion

Uae of the above modifications greatly redpces the prodnc-
tiocn and dispersal of foam. Howewver, in scae exsreme cases thess
mepgures may atikl net bhe suffielent. Tor extremnse gases, there-
fore, we have fntroduced one additiouanal optioin. By actting
IPFPE=2 %the new P-advestion algoritho Further limits P £luxea into
eapty cells and * enhances P flux away £rem empty cellg. In well-
behawved calculstions thiz option lesds to alightly dore "Yompo"
free gurfaces, go we do not recoamend 143 use in general.

Free Jurface Boundary Conditions

deveral nodifications have beesn made to the fres surface
toundaery conditions. These changes improve the free surface
dypamics and gid ia fthe redyciion of foam wvreodugtion. Firsh, in
setting veloclities on the open sides of surface cells we assume
reTo velocity derivatives normald to the owen szides.  Thiz iz the
game 88 1n the old egde, but instezd of fthen adjusting oune open
gide velosity Lo give & Zerg veloolty divergence, we now use &
presaure—1ike adjostment fo all ocpen side veloecitieg. This
adjustment, however, ig proportionsl te the amount of F in the
cell so that we do aot forece sera surface cell divergenass, ad in
previcous versgions of the code, unless the cell 1a sufficiently
frll of fluid tnat it might eompletely f31l1lli in the nexd time
gtep. The conseguences of This new technique are that it takes
the burden off one weloclty gonponent hawing to Ye changed
exoeasively to meke divergenses sero and distributes surface cell
momentuan o open gides mopre realiatically.

An example of how fals settiang of surface velgaiticez can
nelp reduce fozm ig a sarfaece sell with 2 emall T value and
having a poslitive flow of fluld entering the cell Iroe two or
more sides. In the ¢ld procedure one open face of the cell wounld
require a large owtflow velocliy to make Sthe divargencs ¢f the
cell mero, In the new procedurs this task may be shared by other
faces and, in any ¢ase, fthe veloelity i= leas beeause wa do not
enforce & zern divergenoce when the T walus §2 leow. Thus, in the
old wrocadure the largaer velocity was acre likely to advest £luid
into enpty oells, while in the new progedure thiz ds less likely
te happen. '

Ancther wodification hee been introduced in the free swurface
boundary conditicne to preserve symmetry. In particular, we have
chenged the way in which wvelocities are set ontaide a frae



suriace. Instead of simply setting exterior veloeity components
egual %o nearby interior values, We use an averaging method that
accownts for all nearby intericr welocity somponents. This
Bethod now insures a syumetric setting of thess velocities
wierasas the previong sethod did notk.

SANELE CALCULLTIONS

We firat 11llustrate the effeect of these nev nodifications
with 2 probleéem of feel reorientation. For zimplieity, = two-
dimenzional eaze with conatant zcceleration is considered.

hz initial condiftions, comsider & ovlindrical tank of radius
0.7 ¢ with a2 cylindrical wllage baving rading 0.4 m and offszet
toward the righ% hand side of the tank. 4 relatively low asccel-
eratiom ¢f 0.03 mfz/s iz applied +to the tank in the vertical E%}
direction. The density of the fluid in the tank is 440 kg/fno.
Figure t ghows this zetu® and the finfte-difference mesh used for
all ezleulaiions, which congisted of a 20 by 20 arrangement of
square vells. Mo surface tension was applisd in the test cases
presented Nere. Alsae, all calemlations used the same inovuk file
data)[exGEpt for the ITPK option, which was uweed in the third
a3aee) .

Booouse of the accelersation, £1uid at the top of the tank
will slosh toward the boticm. Along the top Fluid aurface the
Tluid is subject to a Rayleigh-laylor type of inatability that
tends to dreak up the surface, btut the brealup should be somewhat
retarded by the proximity of the fank wall. @aloulations, in
fact, show thai fluid to the right of the 12 o'clock position
trigs to flow along the wall to the right, while flnid o tha
left flows along the left wall, and only a modest breakup is
obgerved.

Figure 2 showas a gomparison of comnputed reewits at +=10.0 =.
The left plot in this figure is the respit obiained from the
crigioal oode, PFLOW-SLSET. In this figure veloeltiss are
fisplayed in all celle containing nonzero F valnes in order to
detect Toms regions. {Usually velocities are only displeyed in
cells having I values greater than one half.) Between 11 and 3
o'clock there is a continuews region of foam that haa boen
detached from the upper surface. Thies region is guite bread aad
a5 time proceeds 1t will contidune +o disperse over an even
larger region. In fact, =soms foam has already collided with the
Tluiad sleshing in the bo¥tom of $he tank and fovrced some of this
fluid to make a 90 degrae urn o the left.



The middle plot of Fig. 2 shows the reeults obfained with
the new code vergion, PLOW-3D/B8. Here we gee less foam in the
12 p'elock t0 3 ofclock region. Bome flnild haz been detached
from the teop and i falling deownward, but there iz 1ittle
dizpersal assceisted with this meticn. The code modifications
introduced into the new vergion have clearly made an improvement
in the vontrel of foam in this exanple.

Finally, in the right pleot of Pig. 2 are the regults
obtained with the new IFFE=Z aption. In this camse the
igproevemsnt in foam control 1Ia even hatter, foar there is
virtually no foam in this calculation at thie time.

Another check of the inprovements made to the new sode can
be seen from a comparison of forees genarated, as shown in Pig.
3. The z and s forces comprbed with the origlnal code are quite
good in that they exhibit few ocacillations except during the last
couple vf geconds of the calenlatlon. If the naw F-packer L=
worlklang properly, then It should produce comparable force
historiss. That this is the gase ¢an bve gaen from Fig. 3, which
includes the forces caloulated with the new code and with the
extra foam contrel ¢ption, IFPK=2Z. The principal differences
ohaerved with +the new code are mild foree oscillaticons af shout
T8 to8 & and a redugtion in force omeillations at late times.
The new Lorce o@cillations are the reswlt of £lwild flowing arcund
the top boundary and stiviking the lower masz of fluid near the 3
o'elock locatisa. :

Anozier exanple of fuel reorientation in the azme geowetry
can be wpsed to Lliwstrate The lmprovements made in P-packing and
in the preservavieon of symmetry properticas. In dhis exzaple the
eylindrical uilage bubble iy Located in the eenter of the tank so
that there is ledftfright symmetry with reapect to a wvertical mid
line. A veprtical acceleration of 0.2 nfs/s is applied to the
taak. Initial symmetry should be preserved at all timea and no x
forces should be ecompuated.

Resultzs frow the priginal ecode, TFLOW-3D/3T7, shown in Fig. 4
{top) indieate that symmetric conditions were not malntained and
that the asyametriea caused aignificant ®x forces to be generated.
Both the = and y foree histories exhitit large force gpikes. We
also noie that there are nmumerousn voild regiong Yrappsd within the
main Body of £luid.

In Pig. 4 {bottom) are the calculational resnlis Trom tha
new FLOW-3Df358 codes for the game problem. We now =sez that
gymometry has been quite well preserved, the x forces have low
values, and there are we veids appearing in the main body of the
fluid.



Baged on these examples, the improvements in FLOW-3D/88 are
quite significant with respect %o the reduetion of the foan
problem and in the preservation of symmetry. Thers have been
equally iwpresgive improvewments in other examples and, in
genaral, we fiand that the new code runz mare amoothly and
efficiently than its predecesszors.
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