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ABSTRACT

The accurategpredictionof the so-calledDeparturgrom NucleateBoiling is a cru-
cial pointin the safetyanalysisof nuclearreactorcores. Nowadaysthe DNB evaluation
is basedon experimentalcorrelationsusingnumericalresultsof averagedwo-phasdiow
models. A naturalgoalis thereforeto replacethis roughproceduredy a directnumerical
simulationof theboiling crisis. The physicalmodelnow involvesthe motionof two phases
separatedy an interfaceandthe main difficulty is to simulatethis interface. Although
therearemary unresolhedissuesoncerninghe modellingof theentireboiling crisisphe-
nomenor(suchastriple points,nucleationgtc.),we focusmerelyonthenumericalaspects
of solvingits hydrodynamics.Our goalis to devise a numericalalgorithmfor computing
the motion of two compressiblghaseseparatedby aninterface(with surfacetensionef-
fects)throughwhichmassmomentumandenegy exchange®ccur It isbasednthelevel
setmethodintroducedby Osherand Sethian(1988)which views the interfaceasthe zero
level setof a so-called‘level setfunction”. Contraryto othermethodsge.g. front tracking,
thepointis notto follow preciselytheinterfacebut ratherto “capture”it onafixedEulerian
mesh. Thelevel setfunctionis evolved by a newv equationof Hamilton-Jacobtype. The
main adwantagesof this methodare its ability to dealwith complec interfacetopologies
andits versatilityevenfor three-dimensionalomputations.

1 Intr oduction

With theevolution of computerpower new challengegmepein the numericalsimulation
of two-phasdlows with applicationgo the safetyanalysisof nuclearreactors Nowadays,
almostall computercodesin this areaarebasedon averagedmodelsof two-phasdlows.
Thesemodelsdeliver satisfactorymacroscopiaesultsbut are unableto predictfine mi-
croscopicphenomendhat still may be pertinentfor safetyanalysis. This is the case for
example for the predictionof the onsetof the boiling crisisin athereactorcore.Industrial
computercodesuseinsteadexperimentakorrelationgo checkthatnominaloperatingcon-
ditions stayaway, with a safemamgin, from the departureof nucleateboiling. The steady
progressn computerspeednow allows to overcometheseaveragedmodelizationsandto
proposedirectsimulationof thetwo phaseseparatetdy aninterface.Many recentworks
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have focusedon the computatiorof suchmicroscopianultifluid flows, usingdifferentnu-
mericalmethodssuchasvolumeof fluid (VOF), front-tracking,second-gradiengr level
set,seee.g. Chang(1996),Jame{1998),Juric(1998),Zaleski(1994),Mulder (1992),Ab-
grall (1998),Smerekg1994),Tryggvason(1994).Ourwork pertaingo the lattercategory,
namelylevel setmethodswhich have beenintroducedby Osherand Sethianin (Osher
1988).

The ultimategoal of our work is the numericalsimulationof the boiling crisis, but
we hasterto saythatit is along-termmultidisciplinaryprogramandthatour contribution
reducego the designandtestingof robustnumericalmethods.In afirst step,we simplify
the problemto focusonly on algorithmicissuesfor the hydrodynamicsimulationof the
two phases Our main simplificationsare: no triple points(i.e.the interfacenever touches
theboundary)no nucleationprocesgi.ewe treatfilm boiling or bubblegrowth), no phase
changegi.ewe considertwo immisciblefluids ratherthantwo phasef the samefluid).
The latter restrictionwill soonbe removed by introducinga supplementargondition at
theinterface,a so-calledkinetic relation,seee.g. Truskinovsky (1991)thatallows to de-
terminetheamountof phasechange.In sucharestrictedsettingour purposds to propose
a numericalmethodfor computingthe flow of two compressibldluids separatedy an
interface. It is a purely eulerianmethodthat captureshe interfaceon a fixed meshand
takesinto accountsurfacetensioneffects. It is basedon the level setalgorithmof Osher
andSethian(1988)andon a modelizationof isothermalmixture of perfectfluids, seee.g.
Abgrall (1996).

Thelevel let methodhasalreadybeenimplementedvidely in the casesof incom-
pressiblefluids and hasproved its ability to describeaccuratelythe interface. However,
for diphasicflows, compressibilitycannotbe neglectedandit mustbe adequatelymple-
mented. On the other hand,VOF methodsare very simple and efficient for computing
compressiblélows. However, their major dravbackis thatthe computednterfaceis not
accuratelylocalizedand spreadsover a region wherethe volumefractionstake interme-
diatevalues. In somesensepour methodtries to combinethe numericalschemesssued
from VOF methodsfor their ability to simply describethe flow andthe level setmethod
for its capacityto localize accuratelythe interface. Our numericalexamplesareall two-
dimensionalput thereis no theoreticalor practicaldifficulty to extendour methodto the
three-dimensionaetting (an essentiafeatureof VOF or level setmethodscomparedo
front-tracking).

2 Modelling of the two-phaseflow

As alreadysaid we considerthe motion of the two compressibldluids separatedy an
interfacewith an Eulerianmethod. Therefore we discretizethe equationf motionon a
fixedmesh,andtheinterfacewill be capturedratherthantracked,on this Eulerianmesh.
As for ary front-capturingmethod,our numericalmethodhasa tendenyg to diffuse the
interface.In otherwords,insteadof computinga sharpinterface we obtainasmalllayerof
cellsaroundthetrueinterfacein which we have amixtureof bothfluids. Thewidth of this
transitionlayer will be controledby the level setmethodwhich actsasan anti-diffusion
processAlthoughthis transitionlayerhasno specialphysicalmeaningwe have to model
it in orderto globally computethe hydrodynamic®f the two fluids in thewhole domain.
The purposeof this sectionis to presentour choiceof modelfor the two-phasemixture.
It is basedon ideasborroved from isothermalmixing of perfectgasesseee.g. (Abgrall,
1996).
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Let usdenoteby p;, ¢, c.i, With 7 = 1,2 respectrely the density specificheatat
constanwolumeandpressuref the " fluid. If we noteT;, its temperatureyp;, its partial
pressureande;, its specificinternalenegy, we have

pi=pirTi , ¢ei=cili

During the computationtherewill be cells containingbothfluids, andwe needto define
a new equationof statefor this mixture if we wantto treatit asa singleequvalentfluid.
Thisis a purelynumericalartefactandwe emphasizé¢hatit hasno realphysicalmeaning.
We makethe assumptiorof a thermalequilibrum,i.ein the areawhereboth speciesare
presentthey sharethe sametemperature’. Furthermorewe alsomakethe assumption
thatthe pressures givenby Dalton’s law.

Letp = p1 + p2 bethedensityof themixtureandc; = p;/p themasdractionof the

i gas.If we notes, andp, respectiely the specificinternalenegy andthe pressuref the
mixture,altogetheiourassumptiongmply

pe=D i P=) pi (1)

Introducingthermodynami@arametergor the mixture

Cp = C1Cp F CaCpa, (2)
€y = €16+ 2y, (3)
yo= C16p1 + Cap2 (4)

Y
C1Cy1 + C2Cy2

thosevaluesallow usto rewrite (1) as
e=c¢T, p=(y—1)pe. (5)

Therefore the mixture stateequationis similar to that of a perfectgas,exceptthatthe v

parameteidependson the massfractions. This mixing processcan be appliedto wider
classe®f gas,e.g. stiffenedgas(Abgrall, 1998).For realgas,onecanuseanequvalentsy

for the mixture. Moreover, thereare other possiblemixing laws which could help us to

definea stateequationfor the mixture. In ary case the purposeof our modelizationis to
view the mixture zone(aswell asthe entire domain)asoccupiedby a single equivalent
fluid.

The othernotationsin this article arethe specifictotal enegy of the mixture,e =
e + (u? 4+ v?)/2, andthe fluid mixture velocity « of componentgu, v). For the sakeof
simplicity, we alsodefinetwo parameters

m:y—landfzi. (6)

Neglectingfor the momentall diffusive effectsandsourceterms,the equationf motion
for theequvalentfluid arethemassmomentumandenegy conserationlaws, whichread
in 2 dimensionsas

oU | OF(U) | AG(U)

W—I_ oz Jy =0 0
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with U/ thevectorof conserative variablesand F'(U), G(U) thefluxes

P1 pru p1v
P2 P2t p2v
U=1| pu |, F(U) = pu® +p ) GU) = pUY . (8
pv puv pv’ +p
pe (pe + pu (pe + p)v

Thisformulationallows us,throughdiscretizatiorto write aconserative numericalscheme
thatwill bedescribeth thenext section.

3 Numerical method

3.1 DiscretizedSystem

For the sakeof simplicity, we restrictour presentatiorio the onedimensionaktase.Thus
we have now insteadof (7) thefollowing system

ou oFU)
En + B 0 (9)
with
p1 pru
_ | P2 _ p2u
v=| . F=| 0, . (10)
pe (pe + pu
This systemis discretizedn thefollowing way
At o
uptt = up - Ar [¢?+1/2 - %—1/2] (11)

where¢?, , , is the numericalflux attime ¢,,, atthe interface(: + 1/2) which separates
thecell » andthecell (: + 1). In the presenwork we adoptthe RoeschemgRoe,1981),

(Abgrall, 1996)to solve the system. Thusthe numericalflow ¢, , ,, is now expressed
o(UP, Ul ;) where considering stated/;, andUr, we have

, 1

¢(U, Ur) = 5 |F(Ur) + F(Ur) = [A(Us, Ur)|(Ur = Ut) (12)

Fis givenby (10), and A is a matrix called Roe Matrix which dependn the statesl/;,
andUg, which expressionwill bediscussedtraightafter.

Let usrecallthatgiven M beadiagonalisablé N, N')-matrix, given(};),=1 y and
(7i)i=1,~ respectrely the setof its real eigervaluesandeigervectors,we denoteby R the
matrix which the ;' columnis constitutedof the coordinatesof (7;);—; x, and |A] the
diagonalmatrix which the :** diagonalelementis |);|. Then|M]| is definedby |M| =
R|A|R7!.

(4)



3.2 RoeMatrix

Accordingto (Roe,1981)
AU, Ug) =dF(U)

where F' is given by (10), dF' standsfor its Jacobianand U* is some“averagestate”
dependingn Uz, andUxr which mustverify

F(UR) — F(UL) = dF(U*) (U — Uy).

Let usfirst write the Jacobiarof F, with thefollowing notations

8]3) u?
Xi = ; Bi=xi+ K= (13)

We have

u(l —¢p) —ucy ¢y 0
dr(U) = | (5, ") Eifgj _ 533 @ ; (14)
(Br—h)u (B2 —h)u (h—rKu?) (1+K)u

Concerninghe“averagestate” /*, asin (Roe,1981)we introducethe following notation

\/pPLar, + \/PRrRAR
VPL + /PR

It hasbeencheckedn (Abgrall, 1996)thatthe following valuesdefinea suitableaverage
statel/*

a =

-~

M > =19

>
*
Il

CiCyiKg

E c_icvi

7

Xi = cilki— )T

The choiceof the statel/* is not unique,andcanevenbe chosedy averagingmorethan
2 stateswhich could be usefulfor £-pointsnumericalschemesk > 2. A drawbackof

this numericalschemes thatit generatesomeoscillationsin pressurenearthe contact
discontinuities.In the next sectionwe will exposea methodproposedy (Abgrall, 1996)
to avoid this oscillationeffect.

x
|

3.3 Pressue at contactdiscontinuities

The mainideain orderto limit pressureoscillationsat the interfaceis to find a modified
numericalWhich preserescontactdiscontinuitiesIt meanghatif attimet,, thereis areal
contactdiscontinuitybetweentwo stateU; andUpg, i.e. p} = pj andu} = up, thenat
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time,,, we still have acontactdiscontinuitybetween/;*" andU3*": pi*' = pit' and

n+l _ _n+1l
UL —UR .

Recallingour notation(6), (Abgrall, 1996)hasshavn thatthe parametery mustbe
discretizedhroughthefollowing relation

fiH =& - E(%[ i+l Eql = ufl ] i1 fi—l]) (15)
Indeedthis equationis thediscretizatiorof the adwectionequatiorthaté mustverify

o€
ot

Takinginto accounthisrelation,we cannow sketchour wholenumericalscheme

4 gradé =0 (16)

i N . . e~ n+1 —~n41 .
1. computethe intermediatestate(U)"*! = (7™, oo™, (pu)  ,(pe) ), p"t! =

pr+t 4 pott usingthe Roe-basedcheme(11) (12);
2. compute(¢)"*t! with thetransporequation(15);

3. computetheconcentratior?*! from (4), using: p?*! = ! pn+t

k3

4. computethefinal statel/"*!, using:

o " —~n+1 " - n+1
Pt =T ()" = (pu) , (pe)™T = (pe)

3.4 Level setmethod

Sofar, our numericalschemelescribesheinterfacel'(¢) asathick zoneasdoesthe VOF
method.In orderto accuratelylocalizethe interfacewe implementan extra stepusingthe
level setmethod.Themainidea(Sethian,1988)is to introducea functiony(z, ¢) suchthat
its zerolevel setis preciselythe interface,i.e.p(z,t) = 0 <= z € I'(¢). Differentiating
this equationandextendingit to the whole domainyields a simpletransportequationfor
thelevel setfunctiony

o(z,0) =0 <=z € I'(0)

aa—f-}-ﬁ-graégozﬁ vt >0

(17)
GivenI'(0), theinterfaceatt = 0, a commonchoicefor the initialization ¢ (-, 0) of the

level setfunctionis the signeddistanceo theinterfacej.e.

+d(z, T(0 if 2 isin fluid 2
#(0,2) = { _dEx,rEoiﬂ f o isin fluid L (18)

Unfortunately throughoutthe motion, ¢ is numericallyupdatedby (17), andit doesnot
stay the signeddistancefunction to the interfacel'(¢). Becauseof numericaldiffusion,
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the slopeof ¢ hasatendeny to flatten,andthe localizationof its zerolevel setbecomes
increasinglyunstable An efficientremedyis to frequentlyre-initialize ¢ withoutchanging
its zerolevel set,i.eto straightenout its front without moving the interface. This canbe
done(Smereka1994)without knowing explicitly the positionof the interface,simply by
solvingthefollowing Hamilton-Jacobequation

00 (0.5) = sigrnt) (1 — leradel) s> 0

b(,0) = tho(x) = #(, o)

which is known, ass goesto infinity, to admita steadystatesolutionwhich is againthe
signeddistancdunctionto thezero-level setof theinitial conditiony(z, o) (recallthatthe

distancefunctiond(z, I') satisfieq@(d)(xﬂ = 1). Heres canbe seenasan “evolution
variable” which hasnothingto do with the time variablet. Thus, solving (19) is just a
convenientanti-diffusion procedurdor the level setfunction which doesnot changethe
interfaceposition.

(19)

Remarkthatboth equationg16) and(17) arethe sametransportequationfor ¢ =
(v — 1)~" and¢ respectiely. Thesetwo variablesarenotindependensince,introducing
the Heavyside function H (which is O on negative valuesand 1 on positive ones),they
satisfy

f(:l:,t) = (52 - fl)H(@(CEvt)) + 51' (20)

Theideais thereforeo still solve equation(16)- andnot(17)- andto addtheanti-diffusion
equation(19). Sincethe Heavysidefunction H is not continuouswe approximateat by a

smoothfunction H suchas H(d) = (1 + d(d* + 1)~'/2)/2. It allowsto recover from the
valuesof ¢ a function ¢ which is theinitial conditionof (19), andits steadystateis in
turn translatednto a new sharpfunction£. This procesds madeevery k£ time stepsthe
smallerk thefasterthe convergencen (19) (usuallywe takek = 1). Remarkthatit does
notrequiretheexplicit knowledgeof theinterfacelocalizationandis thereforenottootime
consuming.

3.5 SecondOrder Extension

A cornvenientway to gainsecondorderaccurag in spaceconsistan applyinga MUSCL
methodto our presentschemeon the classicalequationsof motion (9) and (10). Then,
by applyingthe samelines asin section3.3 we will find the ordertwo equialentof the
discretizedadwectionequationfor £. For detailson the MUSCL methodwe refere.g. to
(Godlaenski, 1996).

Let usstepbackto (12). In eachcell theconserative variablesarenow discretized

aspiecavise affine, andnot merelyconstant.Givena cell face: + 1/2 betweerthecell :
andthecell i + 1, we simply introducenew expressiongor theright andleft states(/, , ,
andU, /2 respectrely, insteadof the previousconstanstatel/; ., andU;. To preserethe

seond-ordeschemdrom spuriousoscillations,a minmodslopelimiter is used.It leadsto
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thefollowing expressions

1/
UZTH/Q = Uiy — 1 <A¢+3/2U + Ai—l—l/QU) (21)
_ 1 ——
UZ»H/Q = U+ 1 (Ai—l/QU + Ai—}-l/QU) (22)

with thenotationA,, .U = Uiy, — U; and

Ai—l—l/QU — m|nm0(:{AH_1/2[J7 Ai—l/QU)a (23)
Ai—l—l/QU - m|nm0(:{AH_1/2[J7 AZ'_|_3/2U). (24)

This yields the secondorderimplementatiorof (11). To getrid of presssurescillations,
we againneedto find a suitableadwection equationfor the variable¢ = (y — 1)~'. A
similar computationto thatdonein section(3.3) leadsto the secondorder equivalentof
(15)

n n At n — —
& o= & — QA:cui { ;:—1/2 + £i+1/2 - 5;——1/2 - i—l/Q}
At _ _
3 { ;:-1/2 TSi41/2 T 5?—1/2 + 52'—1/2} (25)

3.6 Extensionto 2d

Theextensionto two-dimensionaproblemgs really straightforwardf cartesiarstructured
meshesreused.Thenotationsof this paragrapheferto thoseof (7) and(8). Thegeneral-
izationof (11) is obtainedby discretizingseparatelyn = andy, i.e.alongthedirectionsof
thegrid. It yields

At At
n+1 n n n n n
Uz;L = Ui,j - E [ i+1/2,7 i—1/2,j] - A—y [ ij+1/2 T 92',]'—1/2] (26)

whered?, , ,, . is thenumericafflux attime ¢,,, attheinterface(: + 1/2, j) whichseparates

thecell (:,j) andthecell (i + 1,7), and#?,, , is the numericalflux at time ¢,,, atthe

interface(z, 5 + 1/2) which separatethecell (z, j) andthecell (7, 5 + 1).

As before,we have ¢, , . = #(U}";, UlL, ;), with ¢(Ur, Ur) definedasin section

1,77
3.1. A similardefinitionis setfor ¢ usingtheflux G (asdefinedn (8) andits corresponding
Roematrix B. Thuswe have 47 = 0(U7;, Ul ), usingd(Uy,, Ur) definedoy

i,5+1/2 4,50

Q(UL,UR): G(UL)—I-G(UR)—|B(UL,UR)|(UR—UL) . (27)

DO | —

(8)
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Fig. 1: surfaceension.
4 Surfacetension

4.1 Continuum surfacetensionmodel

The surfacetensionis a macroscopiceffect of a localizedmicroscopicforce thatactson
fluid elementattheinterface Althoughtheinterfaceis notmaterial,it givesit someelastic
properties.As in (Brackbill, 1992),we expressthe surfacetensionasa surfaceforce per
unit of arealocalizedattheinterface with thefollowing form

—

F(zo) = 0C(x0)7i(x0)

whereos standdor thefluid surfacetensioncoeficient(in unitsof forceperunitlength),z
is a pointon theinterface () is the unit normalto theinterfaceat the point z, directed
from fluid 1 to fluid 2, C(z) is thelocal curvatureat z,, whichis positive whenthe center
of cunvatureis in fluid 2.

In our numericalschemehe interfaceis artificially spreadout by numericaldiffu-
sion. We thusapproximatehis surfaceforce by a volumeforce which tendsto the surface

force F' asthethicknesof the interfacetendsto 0. In otherwords,the surfacetensionis
seenasa continuoushody force acrossthe interface. Let 4 denoteshe resolutionof the
grid, &, bethepiecavise constantpproximatiorof ¢

lim gradé; (z) = 7i(x)[¢]or ()

where[¢] = & — &, anddr is the Dirac distribution localizedon theinterfacel” between
bothfluids.

Let A beaportionof theinterface,andV;, avolumewhichincludesA. We assume
thatits edgesarenormalto A andthatit hasa constanthicknesd,, > 0 (cf. figurel). The
resultaniof the surfacetensionforcesactingon A is

J—":/Aﬁ(:c)dS:/Vh ﬁap(x)drz/ oC(z)n(z)ér(z)dr

Vi

(9)



We definethevolumeforce F, by

—

Fi(e) = oC(o) rirad(c)

If /;, is chosenn suchawaythat/ < [, < Mh, with agivenpositve constantV/ > 0, we
obtain
lim ﬁh(x)dT = / ﬁ(m)dS =F.
A

h—0 v,

Thereforethevolumeforce F, hasthedesiredpropertythat,in the limit of zero-thickness
of theinterface jts resultantin V}, is exactly 7, whenhs — 0 .

4.2 Discretization of the surfacetension

We have to find anapproximateralueof 7, in eachcell (i, j) of thedomain.Recallthat

Fiy(w) = oC(x) raradt (28)

g

Definingm = (m*,mY) = graaf, the outwardunit normalto the interfaceis 7 =
Sincethecurvatureis C = —div(n), it satisfies

c- L Kﬁ - @) 73] — div(m)} . 29)

| [\ |2

N

Asin (Brackbill, 1992)we usean ALE-like schemdo discretize(28) and(29) andobtain
the desireddiscretevalues( £}, ), ; in eachcell (z, 7). In the sequel,the subscript(:, ;)

denotesa valueatthe centerof thecell (¢, j), while (i, j + 1/2) or (: 4 1/2, j) standgfor a
valueattheinterfaceof cells,and(: + 1/2, 5 + 1/2) is avalueatavertex (cf. figure2).

Vertex-centerechormalvectorsarethusdefinedby

— 1 -
Miv1/2i+1/2 = G [iv1,5 + Eirr g — &ij — Gijar] €x
1 -
+ Ay [Eiga1 + Eirr g — &g — Givri] €y (30)

andcell-centeredchormalvectorsareobtainedoy averagingthe vertex values
1

Mij = —(Myt1/2,j41/2 + Mig1/2,j-1/2 F Miz1/2,j+1/2 + Mi_1/2,-1/2)-
4

ThecurvatureC, ; is obtainedrom (29) by usingthefollowing discretizations

‘ ) B amx amy
(div(m))i; = ( Ox >u + < dy >u

1 T xr xr xr
AT <m¢+1/2,j+1/2 T M1y -1/2 = Ma1/2,541/2 = mi—l/Q,j—l/z)
1
+—2Ay (m?+1/2,j+1/2 + m?_1/2,j+1/2 - m?—|—1/2,j—1/2 - m?-1/2,j-1/2>

(10)
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5 Numerical results

5.1 Shocktube

Our first testcaseis a bifluid shocktube. The computations onedimensionalandatthe
initial time the left part of the tube containshelium underhigh pressurewhile the right
sideof thetubeis filled with air atatmospheripressurgseetablel). Thisallows usto see
how well the schemdimits pressurescillationsat the contactdiscontinuity Remarkthat
theratio betweerthetwo fluid densitiess alreadylargerthan10 (Abgrall, 1996).

The shocktubeis 1m long andthe meshusedherehas100 cells. We presentoth
first orderschemeandsecondorder Figures3 and4 shav respectiely the graphof 1/«
andpressurattime ¢ = 0.25ms Thefirst orderschemeesultis representedy the plain
line, asthesecondrderonecorrespondso thedashedine.

We canthuscheckthat the oscillationshave beensuccessfullyemoved from the

pressureThe MUSCL techniquecontribution hasallowedto sharperall frontscompared
to thefirst ordercomputatiorwheretheinterfaceis rathersmeared.

(11)



Table 1: Initial stateof theshocktube

P u v p v Cp Cy

(kg.m™3) (ms™ Y | (ms™1) (Pa) (Jkg K™Y | (JkgTl.K™Y)

Left side(helium) | 14.54903| 0 0 | 194 x10° | 1.67| 4041.4 | 2420

Rightside(air) 1.16355| O 0 10° 1.4 | 1024.8 732

0.7 —

0.65 -
0.6
0.55 -
0.5

0.45 -

0.4

0

Fig. 3: graphfor «, firstandsecondeprder

1.5e+07
le+07

5e+06

o_

0]

Fig. 4. graphfor pressurefirst andsecondeorder

(12)




5.2 Shockin an helium bubble

Our secondestcaseis a two-dimensionasimulationof a shockhitting an heliumbubble
surroundedy air (for referencessee(Abgrall, 1996),(Karni, 1994)). The shocktravels
from the left to the right of the domainat a constantspeedbeforeit hits the bubble. In

front of theshock,the heliumbubbleandthe surroundingair arein equilibriumhaving the
samepressurgseetable?2). Thedomainis a squareof side1m, andwe usearegularmesh
of 200 x 200 cells. At time ¢ = 0, the shockwave is locatedat + = 0.25m, the bubble
diameteris 0.2m andits centersitsat (z, y) = (0.5m, 0.5m). Thevalueusedfor the fluid

surfacetensioncoeficients is here23.61 x 1074 N.m™!.

Table 2: Initial stateof theshocktubewith theheliumbubble

location p u \% p 5y ¢p Co
kgm™®) | (msH | (msh | (Pa) kg1 KTY | @kgTlKT)
air aftershock 1.3765| 0.3948| 0 |157| 1.4 | 1024.8 732
air beforeshock 1 0 0 1 1.4 | 1024.8 732
heliumbeforeshock| 0.138 0 0 1 |1.67| 40414 | 2420

Thefinal timeist¢ = 0.35s. Figure6 displaysthe discontinuityof the « parameter
i.ethe shapeof the bubblealongwith somelevel-setlines of the pressuren a small“win-
dow” which encloseghe bubble position. Each“shot” correspondgo successe times
increasedy At = 0.035s. At ¢t = 105msthe shockwave hasnt reachthe bubbleyet, then
att = 140msthebackof thebubblebeginsto flattenandthe bubblestepby steploosests
circularshape.

Thefigure 5 displaysthe pressuraattime ¢ = 0.35s. Althoughthe shockis now
beyondthebubble,it remaingn the postshockzonea circularpressurgap. This singular
ity correspondso the helium bubblewhich, afterthe shock,is not ary longerin pressure
equilibriumwith the surroundingair. The positionof the shockwave appearn figure 5
asa verticalline. Notice thatthanksto the MUSCL methodthe front of the shockwaves
remainssharp(seeb).

Fig. 5: pressurevaluesatt = 0.35s
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Fig. 6: pressurand« level-setgraph

6 Conclusionand perspecties

We have developeda numericalschemefor computingthe motion of two compressible
fluids separatedby aninterface.Surfacetensioneffectsaretakeninto accountanda level
setmethods usedto straighterouttheinterface.Therearemary unresoledissuesefore
we cansimulateboiling crisis (our ultimategoal), but we shallfocusmainly on numerical
ones. The next stepsin our work arethe introductionof phasechangeby usinga kinetic
relationat the interface,asdescribece.g. in (Truskinovsky, 1991),the treatmentof heat
sourcessuchasaconductingvall, andfurthertestingof theschemeobustnesgespecially
in the caseof ahighratio of thetwo phaseslensities).
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