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ABSTRACT

Many astrophysicalo ws occurin inhomogeneou&lumpy) media.We presentesultsof a numericalstudyof
steadyplanarshocksnteractingwith a systemof embeddedylindrical clouds.Our studyusesatwo-dimensional
geometry Our numericalcodeusesan adaptve meshre nementallowing usto achiese sufciently high reso-
lution both at the largestandthe smallestscales.We neglect ary radiative losses heatconduction,andgravita-
tional forces. Detailedanalysisof the simulationsshows thatinteractionof embeddednhomogeneitiesvith the
shock/postshocwind dependgprimarily on thethicknessof the cloudlayerandarrangemensdf the cloudsin the
layer. Thetotal cloud massandthe total numberof individual cloudsis not a signi cant factor We de ne two
classesf cloud distributions: thin andthick layers. We de ne the critical cloud separatioralongthe direction
of the o w andperpendiculato it distinguishingbetweenthe interactingand noninteractingregimesof cloud
evolution. Finally we discussmass-loadingitndmixing in suchsystems.

Subjectheadings:hydrodynamics— shockwaves— stars:masdoss— ISM: clouds— (ISM): planetary

netulae:general

1. INTRODUCTION

Massout ows play acritical role in mary astrophysicasys-
temsranging from starsto the most distant active galaxies.
Virtually all studiesof massout ows to datehave focusedon
o ws in homogeneoumedia. However, the typical astrophys-
ical mediumis inhomogeneouwith the "clumps" or "clouds"
arisingonavariety of scalesTheseénhomogeneitiesnayarise
dueto initial uctuations of the ambientmassdistribution, the
actionof instabilities,variationsin the o w source etc. What-
ever the origin of the clumpstheir effect canbe dramatic. The
presenceof inhomogeneitiexzan introducenot only quantita-
tive but alsoqualitatve changego the overall dynamicsof the
o W.

A numberof studieshave attemptedo understandhe role
of embeddednhomogeneitiesia (primarily) analyticalmeth-
ods (Hartquistet al. 1986; Hartquist& Dyson 1988; Dyson
& Hartquist 1992,1994; Redmanet al. 1998). In thesepio-
neeringworks it was suggestedhat interactionsof the global
ow with inhomogeneitiesnay causesigni cant changesn
the physical, dynamical,and even chemicalstateof the sys-
tem. Two major consequencesf the presenceof clumpsare
mass-loadingi.e. seedingof material, ablatedfrom the sur
faceof inhomogeneitiesinto the global o w) andtransitionof
the global o w into a transonicregimeirrespectve of the ini-
tial conditions.The paperscitedabove consideredhe potential
effectsof mass-loadingntheglobalpropertief anumbermb-
jectsin which inhomogeneitieganbe resoled. Suchobjects
includeplanetarynelulae,e.g. NGC 2392(O'Dell etal. 1990;
Phillips & Cuesta 1999),andNGC 7293 (Burkert & O'Dell
1998), Wolf-Rayetstars,primarily RCW58,which is believed
to be mass-loadinglominated Hartquistet al. 1986;Arthur et
al. 1996),andothers.

A numberof numericalstudiesof singleclumpinteractions
have beenperformedKlein etal. 1994)(hereafteKMC), (An-
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dersoretal. 1994;Jonesetal. 1996;Gregori etal. 1999,2000;
Jun& Jones1999;Miniati etal. 1999;Lim & Raga 1999).In
thesepaperghe basichydrodynamiceor MHD of wind-clump
andshock-clumpphysicshave beendetailed(oftenwith micro-
physicalprocessesncluded). A few studiesof shockwaves
overrunningover multiple clumpsexist in the literature (e.qg.
(Junet al. 1996)). A detailedstudy of multiple clumpshow-
ever, whereanattemptis madeto articulatebasicphysicalpro-
cessesnddifferentiatevariousparameteregimes,hasnot yet
beencarriedout. In this paper (andthosewhich follow), we
addresgheproblemof clumpy o ws providing a descriptiorof
thedynamicsof multiple densecloudsinteractingwith astrong,
steadyplanarshock.

Thelargeparametespaceandcompleity of the problemre-
quiresigni cant computationaéffort. To providethenecessary
resolutionof the o w we have usedan adaptve meshre ne-
mentmethod. This is a relatively new computationatechnol-
ogy andbecausef thiswe have choserto investigateso-called
adiabatico wsin which radiative coolingis notconsideredIn
thisregardour approachs similar to thatdescribedy Klein et
al. (1994)for singleclumpsandwe will utilize their resultsin
understandingur multi-clump simulations.We notethat pre-
liminary results appropriatéo AGN, werepresentedh (Polud-
nenlko etal. 2002).

Theplanof the paperis asfollows. In Section2 we describe
the numericalexperimentsthe codeused,andthe formulation
of the problem.In Section3.1 we considerthe generalproper
ties of the shock-cloudnteractionin the context of the multi-
cloud systems primarily we focus on the four major phases
of the interactionprocess.In Section3.2 we discussthe role
of cloud distribution in determiningthe dynamicsof the sys-
temevolution. In Section3.3we de ne severalkey parameters,
thatallow usto distinguishbetweenvariousregimesof shock-
cloudinteraction. Finally, in Section3.4 we addresgheissue
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of mass-loadingn suchsystems.

2. NUMERICAL EXPERIMENTS
2.1. Descriptionof the CodeUsed

The codewe usedfor this projectis the AMRCLAW pack-
agewhich implementsan adaptve meshre nementalgorithm
for the equationsof gasdynamics(Berger & LeVeque 1997;
Bemger & Jameson1985;Bemer & Colella 1989;Bemer &
Oliger 1984).In the AMRCLAW approachthecomputational
domainis associatedavith alogically rectangulagrid thatrep-
resentghelowestlevel of re nement(level 1) andthatembeds
the nestedsequencef logically rectangulamesheswith ner
resolution(levels 2,3,...). Thetemporalandspatialstepsof all
gridsatalevel L arere ned with respecto thelevel L-1 grids
by thesamefactor, typically 4 in our calculations Themeshra-
tios t xand t yarethenthesameonall grids,ensuring
stability with explicit differenceschemes.

Thesolutionon eachgrid is advancedvia a second-ordeac-
curateGoduna-type nite volume methodin which second-
orderaccuray is achiezedvia ux-limiting andproperconsid-
erationof trans\ersewave propagationThe multi-dimensional
wave propagatioralgorithmis basedon the traditionaldimen-
sional splitting with the Riemannproblemsolved in eachdi-
mensiorby meanf aRoe-approximatRiemanrsolver (LeV-
eque 1997). It shouldbe noted, that our implementationof
the Riemannsolver, basedon the Roe linearization,doesnot
useary additionalproceduredo ensuresatisactionof the en-
tropy condition,asusuallyemployedfor this type of Riemann
solver. Our analysisshavs thatthe numericaldiffusionpresent
in the systemis sufcient to prevent entropy-violating waves
from propagatingn the system.

The hydrodynamicequationswe solve are appropriateto
a single- uid system,althougha passie traceris introduced
in orderto track adwectionand mixing of the cloud material.
This wasimplementedasanadditionalwave family in the Roe
solver.

Our numericalexperimentsvereperformedon a coarsegrid
with the resolutionof 50 100 cells and with the maximum
numberof re nementlevelsequalto 3 (meaninghatthecoarse
grid associatedwvith the computationaldomain embedsnot
more thantwo nestedhigher resolutionlevels). Eachhigher
level hasa temporalandspatialstepre ned by the factorof 4
in comparisorwith the next lowestlevel andwe kept this re-
nement ratio constantfor all levels. Suchsetupprovidesthe
equivalentresolutiorf of 800 1600cells. In orderto facilitate
comparisorof our numericalexperimentswith thoseof KMC,
we will describethe resolutionnot in termsof the equivalent
resolutionbut in termsof thenumberof cellsthat t in theorigi-
nalmaximalcloudradiusay, following thecornventionof KMC.
Thenall of the runsdescribedherein our paperhave 32 cells
percloudradius.

KMC suggestedhata minimum resolutionof 120 cells per
cloudradiusis necessaryWe have performedthe simulations
of the cloud-shockinteractionwith the resolutionof 120, 75,
and 55 cells per cloud radius. Althoughwe will not describe
the detailsof thoserunsin this paper the principal difference
betweerthe casewith maximumandminimumresolution;.e.
120and32 cells percloudradius,is the rate of instability for-
mation at the boundarylayers$. This doesnot seemto have

ary signi cant effect on the globalpropertiesof theinteraction
or the averagedcharacteristicef theindividual cloud ablation
processes.Therefore,we nd the resolutionof 30 cells per
cloudradiusandabove to represenaccuratelythe global prop-
ertiesof theinteractionprocessinderconsiderationMoreover,
30 cells per cloud radiusis a reasonableompromisebetween
maximizingthesizeof thecomputationatiomainandcapturing
asmary small-scaldeaturesof theinteractionprocessaspos-
sible. We emphasizéhat our problemrequiresa compromise
betweertheresolutionneededor simulatingdetailsof individ-
ual cloudstructuresaandcapturingtheglobal o w pattern.

Finally, anotheraspecof this problemis the connectiorbe-
tweenthe spatialresolution(which naturally setsthe smallest
scaleresohablein the simulations)andthe diffusionandther
mal conductionlengthscales.As we will seein section3.1.4,
viscougdiffusionandthermalconductiorin arealphysicalsys-
tem operateat length scalescomparableo the size of a com-
putationalcell at the highestre nementlevel usedin our sim-
ulations. Therefore,n areal systemfeaturessmallerthanthe
onesthatcanberesohedwith our resolutioncould not survive
overthedynamicaltime scalegelevantto theproblem.We will
addresshisin greatedetailwhenwe discusghemixing phase
of cloudevolution. Of coursenumericaldiffusionmustalsobe
consideredut, asdiscusse@bore, our compromisaesolution
appearso satisfytheneedto capturebothsmallandlargescale
behaior.

2.2. Formulationof the Problem

We setup a two-dimensionabtomputational/olume,associ-
atedwith theinitial conditionof N differentcloudsof radiusa
anddensity ; embeddedn theambientmediumof density 4,
andanincidentshockwave. Sinceall of the experimentsvere
performedin the Cartesiangeometry the cloudsare actually
cross-sectionsf thein nitely long cylinders. We will address
theimportanceof the cloud shapan moredetailin subsequent
work wherewe will considerthe fully 3-dimensionakaseof
theshockinteractionwith sphericaklouds.Denotingthe max-
imum cloud radiuspresentin the systemas amayx, 0OUr cOmpu-
tationaldomainis 25amax  50amax This allows usto trackthe
dynamicalevolution of the systemover greatertemporaland
spatialintenvals comparedo the 6amax ~ 16amax domain,con-
sideredby KMC.

All our calculationswere performedin a x ed reference
framein which both the cloudsandthe ambientmediumare
stationaryattimet = 0. In this referenceéramethe horizontal
axis is taken to be the x axis, the vertical axis - y axis. Ini-
tially both the cloudsandthe surroundingintercloudmedium
areassumedo bein pressurequilibriumandhave pressurd>.
Typically, theextentof theregion, occupiedby theclouddistri-
butionattimet = 0, is takento be notmorethan30-35%o0f the
horizontalextent of the computationaldomainwith X, offset
by 5% from theleft boundaryof the computationalomainand
Xr offsetby 35-40%. Table 1 below, describingthe numerical
experimentdiscussedn this paper providesthe detailsof the
cloud distribution in eachsimulation. Figure 1 illustratesthe
setupof thecomputationalomainatt = 0.

In the mostgeneralcasewe assumesachcloud to have the
samenonuniformdensity pro le. The clouds have constant
densityup to a smoothingtransitionregion at the cloud edge

4 By equivalentresolutionhereaftemwe meantheresolutionof a uniform grid coveringall of the computationatiomainandpossessinghe temporalandspatialstep

of thehighestre nementlevel.

5 For the caseof lower resolutionthe lower rateof instability formationmay be somevhat compensatetly the useof thecompressie ux limiters.



whichis achievedthroughalinearor tanHr) function. We typ-
ically setthe extentof thetransitionregion to the outer20% of
acloudradiusa; andusethetant(r) - type smoothingfunction.
Thereforetheclouddensitypro le is of theform

i =Cong 0O r 1
(r) = at i, a i tanh r- &30
2 2 tanh &1
Although thereis very little obsenationaldataavailable con-

cerningthe internalstructureof embeddeatloudsthis particu-
lar choiceof the densitypro le seemgo bea sufciently good
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approximatiorto therealphysicalcloudsandinhomogeneities.

In the simple adiabaticinteractionof a cloud with a shock
wave therearetwo dimensionlesparametershat completely
de ne the problem: Mach numberof the blast wave, Mg,
andthe densitycontrastbetweenthe cloud andthe intercloud
medium _

- ()
a

Therangeof valuesspannedy thedensitycontrast canbe
quitelargeandis themostimportantparameteof the problem.
For the astrophysicasituationsof interestthis rangecanoften
cover up to 5 ordersof magnitude(from 10 to 10°), present-
ing asigni cant challengébothfor thenumericaimodelingand
for the subsequenhterpretatiorandanalysisof theresults.In
orderto decreas¢he extentof this dimensionof the parameter
spacewe chosea “compromise”value of the parameter to
be 500. Althoughtherunswe discussn this paperall usethis
valueof the densitycontrastwe will brie y discussnumerical
experimentswith 10 1000in theresultssection,partic-
ularly in the context of the problemof massloading. We wiill
provide a more comprehensie study of scalingwith density
contrasin the subsequentork.

Anotherimportantparameteis the shockwave Mach num-
ber Mg, de ned with respectto the ambientmedium sound
speedC, = ( Py 2)'2 We considera planarsteadystrong
shockwave propagatingnto the computationadomainfrom
theleft. Sincewe operaten thereferencdramein which both
the cloudsandthe ambientmediumare stationary the shock
wave Mach numbercompletelyde nes the shockvelocity as
well asthe conditionsof the postshocko w. The conditions
in the postshocko w, namelythe postshoclkdensity ps, pres-
surePss, andvelocity vps, are determinedusingthe Rankine-
Hugoniot relationsin the usual manner(Landau& Lifshitz
1959¥.

Shockwave Mach numbersin astrophysicakituationscan
cover a large rangeof values. However, for strongshocksthe
problembecomespractically independenbn the Mach num-
ber. Indeed,theresultsof KMC shaw thatfor the difference
in Ms of 2 ordersof magnitude(10- 1000)time evolution of
the systemdoesnot differ by morethan15%. We will seethat
our analyticalresultsfully corroboratethe presenceof Mach
scalingin the problemunderconsideration.

We assumehatthe structureof the postshocko w doesnot
changen time for thedurationof the simulations. An example
of suchsteadypostshocko w is thewind from apost-AGB star
driving a shockwith a constanpostshocko w structureinto a
slow wind ejectedduringthe previousstageof evolution. This
freesusfrom having to usethe pressurevariationtimescalep,
asde ned by KMC, to constraina cloudsize,sincewe canset
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tp . Ontheotherhand,for blastwavesonecannotassume
a steadytime independenpostshocko w (for example, SNR
blast waves) and the size of the cloudsis constrainedoy the
conditiontcc  tp asdiscussedy KMC (Klein et al. 1994).
Heretcc is the time necessaryor the cloud internal shockto
traverseits radius(seeequation(10) for amorerigorousde ni-
tion).

It shouldbe mentionedthatthe maximumcloud sizeis still
constrainedy the conditionof the shockfront planarity This
conditionis lessrestrictve thanthe onediscusse@bove, how-
everit still requiresa cloud diametemot to exceed5- 10% of
the global shockwave front radius. This conditionis satis ed,
for example,in thecaseof theinhomogeneitiexrthecometary
knots, obsered in suchplanetarynetulae as NGC 2392 and
NGC 7293(e.g.(Burkert& O'Dell 1998)).

Thetimescalewe useto de ne time intenvalsin our numeri-
calexperimentss thetimerequiredfor theincidentshockwave
to sweepacrossanindividual cloud, calledthe shod-crossing
time

te = @ (3)
Vs
whereamax= 8o for clouddistributionswith identicalcloudsand
amax= Maxg) for clouddistributionsof varyingsizeclouds.

Duetothescale-ivarianceof our simulationspnecan,using
speci ¢ valuesfor the shockvelocity andthe size of theinho-
mogeneitieseasilycorvertthetime unitsusedn ourdiscussion
into the physicalones.tg: is particularlyusefulto characterize
the problemsinceit hasclearphysicalmeaningand doesnot
depencdbnaspeci ¢ densitycontrastwhichis importantin the
caseof systemgontainingcloudsof differentdensity

Note that exceptfor the very short period of time whena
cloudinteractswith the shockfront, the former nds itself im-
mersedn apost-shocko w or “wind” thepressureanddensity
of which vary only by several percentover the large rangeof
Mach numbers.SinceKMC showvedthattheinitial interaction
with the shockfront doesnot alter the evolution of the system
for thevaryingMachnumberthedetailsof theevolutionshould
not changeafter the shockfront passedhe cloud. Therefore,
conclusionsaboutMach scaling should be valid both for the
durationsof cloud-wind interactionsdiscussedy KMC, and
for themuchlongerdurationsin our experiments.

One nal remarkshouldbe madeconcerningthe boundary
conditionsusedin our experiments.In all runswe imposeda
constantn o w attheleft boundarydescribedy the postshock
conditions,which is determinedusing the Rankine-Hugoniot
relations,and openboundaryconditionsat the right, top, and
bottom boundaries. Thoseout ow boundaryconditionswere
implementedria O-orderextrapolation.

2.3. Descriptionof theRuns

All of the runs discussedn this papercontaina Mach 10
shockwave as a part of the initial conditionsand embedded
cloudswith thedensitycontrasiof 500. Tablel present@& sum-
mary of our numericalexperiments.

In additionto thedependencentheshockMachnumberand
the cloud densitycontrastthereare other degreesof freedom
presenevenin thesimplestadiabaticcase We consideredhow
the dynamicalevolution, e.g. rateof momentuntransferfrom
the shockwave andshockdecelerationmassloading, mixing
of cloudmaterial,etc. of the systemdepencbn

6 In our discussiorwe assumeheperfectgas,.e. =Cong = g for cloud,intercloud,andpostshockmaterial.

7 This conclusioris truewith arestrictionthatthe shockspeedvs is held x ed.



the numberof cloudspresenin the system;
total cloud mass;

spatialarrangemendf clouds;

individual cloudsizesandmasses.

In mostof the runswe constrainecurselhesto the caseof
identical clouds,varying only their numberand arrangement.
Radii of the cloudsin all runsexceptM14, is 2% of the hori-
zontalextentof thecomputationatiomain.In orderto simplify
consideratiorof the dependencen a speci ¢ cloud arrange-
ment, mostruns have a regular cloud distribution, wherethe
cloudsare placedin the verticesof the mesh,formed by the
centersof the cloudsin the run M14. In addition,we consid-
ereda more generalcaseof a randomcloud distribution with
randomcloud spatialpositionsandradii.

All of ournumericalexperimentsvererunfor aboutl 00t-8.
By this time eachindividual cloud hasalmostcompletelylost
its identity andgaineda velocity comparabléo the velocity of
theglobal o w. Mixing of cloudmaterialwith the globalambi-
ent o w is nearlycompletecby 100ts- aswell.

In orderto facilitate our analysis,we track temporalevolu-
tion of the global averagesand one-dimensionaspatialdistri-
butionsof two quantitiespamely

kinetic enegy fraction, in = Exin Etot
volume lling factor

Dueto theadiabaticnatureof our simulationghekinetic en-
ergy fractionallowsusalsoto trackthecomplementarguantity
- thermalenegy fraction term = Eterm Etot =1-  «kin-

In order to obtain those quantitiesfrom the complex data
structureof the adaptve meshsimulationswe projectthe val-
uesof the statevectorfrom eachgrid of the AMR grid hier
archy onto a uniform grid with the resolutionof the highest
re nementlevel andthatis associatedvith the computational
domain. Suchprojectiondoesnot causdossof dataor its pre-
cision. Whenthis projectionis done we de ne theglobalaver-
agesof the rst quantityabove as

NN
Xmax Ymax
kinij kin(X y)dxdy
Kin 2D = i=1 j:1 Xmin Ymin (4)
i =
NiN;j (Xmax~ Xmin)(Ymax~ Ymin)

whereN;, N; arethenumbersof cellsof theprojectedyridin the
x andy directioncorrespondinglySuchaveragingallows usto
follow momentumtransferfrom the shockwave to the system
of clouds,in the caseof i, 2p, and,via the complementary
quantityof theglobalthermalenegy fraction tem 20, heating
of the cloudsystemandintercloudmaterial.

We also de ne the one-dimensionaspatialaverageof that
guantityas

N;j

Ymax
kin ij kin(X Y)dy
— j=1 Ymin

n lD(X) Nj (ymax' Ymin) (5)
Ourcodefollowsadwectionof apassvetracemarkingcloud
material. In orderto follow mixing of the cloud materialwith

theglobal o w, we de ne theglobalaverageof the volume II-
ing factor  ,p astheratio of the total numberof cells con-
taining cloud materialto the total numberof cellsin the com-

putationaldomain. We also de ne the one-dimensionaspa-
tially averagedvolume lling factor 1p asthevariationwith

the coordinatex of the ratio of the numberof cells containing
cloudmaterialin eachverticalrow of thecomputationagrid to

thetotal numberof cellsin theverticaldimension.

3. RESULTS
3.1. Geneal Propertiesof the Sho&-CloudInteraction

Figures2 - 5 shaw the time evolution of a shockwave in-
teractingwith a singlecloud (run M1), threeclouds(run M3),
fourteenidenticalcloudsin the regulardistribution (run M14),
and fourteenclouds of randomsize in a randomdistribution
(run M14,). Shown arethe syntheticSchlierenimagesof the
systemat four differenttimes for all four sequences.Each
imageis obtainedby calculatingthe densitygradientat each
point®, plottedon a grayscalewith thewhite denotingzeroand
black- themaximumdensitygradient.Everyimagein eachse-
quenceroughlyillustratestransitionsbetweerthe evolutionary
phasegliscussedbelow.

3.1.1. Initial CompessionPhase

After theinitial contactanexternalshocktransmitsaninter-
nal forwardshockinto a cloud. This causegloudcompression
andheating. At the sametime a bow shockforms aroundthe
cloud. KMC subdyvide this phasento two stagesinitial tran-
sientandshockcompressionOur numericalexperimentshowv
that,in generaltheir descriptions applicablefor all clouddis-
tributions exceptfor the caseswhenindividual cloudsare al-
mostin contactattimet = 0. The cloudinterior is dominated
by the forward shockwave. In additionit undegoesfurther
compressiorueto the ram pressurdrom the globalupstream
postshocko w. A reverseshockformsat the downstreamsur
face of the cloud due to the back ow, causedby the global
shockconvergencebehindthe cloud. This reverseshockin our
simulationsnever detache$rom the downstreansurfaceof the
cloud,butinsteadpropagatesomesmalldistanceupstreantto-
wardtheinternalforwardshock)togethemwith theclouddown-
streamsurface. Moreover, typically the reverseshockis fairly
weakwith shockMach numbersnot exceedingl.2 - 1.3. This
leadsto lower maximumdensitiesn the cloudinterior reached
during this compressiorphasecomparedwvith KMC: we typ-
ically see imax 6 io asopposedto imax 10 jo, quoted
by KMC. The latter value was obtainedanalytically by KMC
usingthe assumptiorof the collision of two strongshocks,as
opposedo the collision of a stronganda weakshockin real-
ity. Figure6 illustratesthe major o w structuregpresenin the
systemduringtheinitial compressiomphase.

Propagatiorof the forward shockin the cloud allows us to
de ne anotherimportanttime scalegoverningthe evolution of
thesystemandde ning the durationof thecompressiomphase:
the cloud crushingtimetcc. Thisis thetime necessaryor the
internal forward shockto crossthe cloud andreachits down-
streamsurface?

- 2amax
Vcs

tec (6)

8 For comparisonthe experimentsconsideredn KMC, thathave comparablénitial cloud- ambientmediumdensitycontrastwererun for about25tg:.
9 To bemoreprecisethe calculatedjuantityis the gradientof the densitylogarithm. This malestheimagesclearerandeasietto understand.

10 This wasthe principal time scalein the studyof KMC, althoughthey de ned it asasthetime necessaryor the internalforward shockto crossthe cloudradius
We have changedhede nition in ourwork sincethede nition of KMC did not actuallycorrespondo the durationof the compressiophase.Thereforefcc in our

work is abouttwice thetcc de ned by KMC.



In theabove expression/cs is theinternalforwardshockveloc-
ity andamax is againde ned asag in the case®f clouddistribu-
tionswith identicalclouds,andasmaxa;) in the case®f cloud
distributionswith cloudsof varyingsize. Following KMC, the
velocity of theinternalforwardshockcanbewritten as

V. 12
Vcs % FeiFs (7

wherevs is the velocity of the externalshock. The factor Fy
relatesthe external postshockpressurefar upstreamwith the
stagnationpressureat the cloud stagnationpoint and hasthe
form (Klein etal. 1994)
216
e 8
1+655 -12 ®

ThefactorF; relatesthe stagnatiorpressurewith the pressure
just behindthe internalforward shockandhasan approximate
valueof 1.3 determinedrom numericalexperimentgKlein et
al. 1994).

While we will primarily usethe shock-crossingime asthe
major time scale,we will occasionallygive time in termsof
the cloud crushingtime to facilitate comparisorwith the re-
sultsdiscussedby KMC. For this purposewe expressthe cloud
crushingtime in termsof the shockcrossingtime. Recalling
thede nition of tg- (9) we have

F« 1

tcc= 12 FuFg e tc 9
Thereforefor thecaseof =500
toc = 12t (10)

which agreego abouta few percentwith the resultsof the nu-
mericalexperiments.

The global propertiesof the o w at this stagearecharacter
izedby theonsetof individual bow shocksaroundeachcloudin
atime of orderts:. By theendof theinitial compressiomphase
thoseindividual bow shocksmemeinto a singlebow shock,

Finally, the downstreamo w, i.e. the o w right behindthe
externalforward shockfront, is effectedby the onsetof turbu-
lencein thetails behindtheclouds.

3.1.2. Re-&pansionPhase

This phasss initiated afterthe cloudinternalforward shock
reacheshebackof thecloud. Thetwo majorprocessethenoc-
cur: lateralexpansionof the cloudandthe onsetof instabilities
atits upstreamsurface. At this stageRayleigh-Rylor typein-
stabilitiesdominateat the cloud/ambiento w interface. These
aredrivenin part by the cloud expansionandincipient large-
scalefragmentation.The o w downstreamwith respecto the
cloudsis dominatedby Kelvin-Helmholtzinstabilitiesoperat-
ing in the growing turbulent region. The combinedaction of
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the lateralexpansionandthe instabilitiescauseghe cloudsto
take the“umbrella-type”shapeandeventuallybreakup.

In the context of thosetwo processegheinitial cloud sepa-
rationbecomef key importancede ning the subsequerie-
haviour of the whole system.We will seebelow thatit canbe
usedto distinguishbetweerthetwo regimesof cloudevolution:
interactingand noninteracting,and can sene as the basisfor
classi cationof cloud distributions. In subsectior8.3 we will
give morerigorousdiscussiorof the role of cloud separation.
For now we give a qualitatve illustration.

Clouds,locatedfar enoughfrom eachother, are not greatly
in uenced by their neighboursand their interactionwith the

o w proceedsndependenthasdescribedoy KMC. This case
is illustratedin Figure7. Comparedo the evolution of a sin-
gle cloud system,showvn in Figure 2, the two clouds evolve
up to the point of their destructionvery similarly to the single
cloudcase However, cloudseparationsanbesmallenougtfor
themutualinteractionto manifestearlyduringthere-expansion
phaseasin Figure8. This mutualinteractioncausechanges
primarily in the o w betweerclouds.As aresultthe lateralex-
pansionand growth of the Rayleigh-TRylor instabilitiesin the
cloud materialis affected. The tails behindthe cloudsarealso
deformedoutward (see for example,aswell Figure3).

The unperturbedsupersonico w that forms behindthe ex-
ternalshockwave undegoesa transitionfrom a supersonico
a subsoniaegimeasit passeshrougha cloud bow shock. As
aconsequenci suffersasigni cant velocity dropwhosemag-
nitudeis larger for smallercloud separationsiueto the larger
volume of the stagnatiorzonein front of the clouds. Clouds,
acting as de Lavalle nozzles,then causethe ow materialto
re-accelerate.The o w reachesa sonic point next to a cloud
corefor theregionsof the o w adjacento a cloud,andfurther
downstreanfor theregionsof the o w locatedfurtherfrom the
clouds. It is importantto notethat this re-acceleratiomesults
in rarefactionof the o w anda gradualdecreasédoth of ther
modynamicanddynamicalpressure Eventually asa resultof
accelerationn the intercloudregion, the o w becomeshighly
supersoni@nd nally shocksdown througha stationaryshock
formeddownstreanof the cloudsto theregime closeto theun-
perturbedo w behindthe externalshock(seeFigures7-8).

From the above discussiorit is clearthatthe lateralexpan-
sion velocity dependscritically on the cloud separation. For
sufciently low ow speedghe cloud materialwill expandat
the cloud internal soundspeed. With increasingglobal o w
velocities(or, equivalently, with increasingrelocitiesof the ex-
ternalshockfront) the lateralexpansionvelocity will increase
aswell. This velocity is limited, in principle, by the terminal
expansionvelocity into vacuum.

111t shouldbe notedthata bowwaveformsinsteadof abow shockif theexternalpostshocko w is subsonici.e. if

Mps=Vps ——

1
-2

1

With the postshockconditions ps, Pps, andvps determinedrom the Rankine-Hugoniotelations(Landau& Lifshitz 1959),the above criterionis satis ed for the

following valuesof the externalshockMachnumber

where
=4-2 ( -1)

=2.6 -7

2758for =§
3

=2 +2

Sincein this paperwe considerthe external shocks,Mach numbersof which aretypically abose 5.0, we will hereaftemot considerthe possibility of a bov wave

formation.



Fora x edunperturbedipstreamo w, the o w velocity near
acloudlateralsurface(facingthe spacean betweerthe clouds)
will bethe highestin the caseof a single cloud or a cloud lo-
catedfar from the neighbouringones. With decreasingloud
separatiorthis velocity will decreaseaswell, causinghigher
dynamicalpressureon the lateralsurfaceand,therefore Jower
lateral expansionvelocities. This occursbecausehe velocity
dropacrossabow shockin thecaseof smallcloudseparations
is muchlarger dueto a strongerstagnatioreffect in between
thebow shockandthe clouds. Therefore, o0 w adjacento the
clouddoesnotreachvelocitiesashighasin case®f largecloud
separation$. Anotherway to look at this processs the fol-
lowing. The o w adjacento the cloud surfacepasseshrough
asonicpoint but, in the casesof small cloud separationsgen-
sitiesin the stagnatiorregion aremuchhigher Thus o w den-
sitiesat the sonicpoint nearthe cloud lateralsurfacearemuch
higher This leadsto lower soundspeedsand,therefore Jower
o W speeds.

Following KMC, the effectivelateral expansiorvelocity Ve
canbede ned astheinternalcloudsoundspeed

1
2(-1 °
+1

wherevcsis thevelocity of thecloudinternalforwardshock(7).
Ournumericalexperimentgprovethisto beaverygoodapprox-
imationduringalmostall of there-expansiorphase Theexpan-
sionvelocity exceedghis valueby the endof there-expansion
phasedueto stagnatiorpressuren the regions,formedby the
Rayleigh-Tylorinstability.

We arenow in a positionto articulatethetemporalevolution
of acloudradiusin thedirectionperpendiculato the upstream
ow a (t). Fromthe momentof their initial contactwith the
external shockto the momentof their destruction the clouds
rst undego slight compressiorin the directionperpendicular
tothe o w andsubsequentlye-expand.KMC's analyticmodel
did not explicitly include cloud compressiorbut insteadtried
to accounfor its effectvia areducednonotonicexpansiorrate

fromt = 0. Sincea (t) is intimately relatedto the drag ex-
ertedon a cloud by the global o w, the theoreticalrate of the
momentumpickup by a cloud (or the rate of cloud decelera-
tion in the referenceframe usedby KMC) differed from the
numericalresult. Namely in Figure12b of the paperby KMC
numericalandtheoreticaresultsarepracticallythe sameup to
thetime 2 Otcc, whentherateof clouddeceleratiorsuddenly
increasesandthe numericaland theoreticalresultsdrastically
diverge. This momentof time correspondgo the beginning
of the re-expansionphasewhenthe cloud cross-sectiorstarts
to increasecausingan increaseof the rate of the momentum
transferfrom the o w to the cloud. To avoid this problemand
simplify anexpressiorfor a (t) we usethe following form for
evolution of a cloudradiusnormalto the o w,

_ & t tec
A= grclt-td) tc t oo D)
Here,Cc is givenby equation(11), andtcp is theclouddestruc-
tion time, de ned belaw in equation(13).

Vexp = Cc =Vcs (11)

3.1.3. CloudDestructionPhase

Dependingon the cloud separationyia the processof re-
expansioncloudsmay comeinto contactandmeigeinto a sin-
glecoherenstructure Thissubsequentlinteractsvith the o w

asawholeandeventuallybreaksup. Thusfor the caseof small
cloud separationsve cande ne the momentof cloud meiging
astheonsetof theclouddestructiorphase For large cloudsep-
arationsin which individual cloudsget destryed beforeever
meming, it is dif cult to de ne the preciseonsetof thedestruc-
tion phaseasit may be effectively viewed asa part of the re-
expansiorphase.

We de ne the endof the clouddestructiorphaseasthetime
whenthe largestcloud fragmentcontainslessthan50% of the
initial cloud mass. For single cloud systemsor systemsof
weakly interactingcloudswe de ne the total time fromt = 0
until the end of the cloud destructionphaseas the cloud de-
structiontimetcp,

tcp= fec= i (13)
Typically 2 0 consistentwith KMC, and using equation
(10)we nd 24 in our simulations.

In additionto tcp thereis alsoacloudsystendestructiortime
tsp which we de ne asthetime whenthelargestfragmentof a
cloud locatedfurthestdownstreamcontainslessthan 50% of
its initial mass.For thick layer systemgto be describedater),
including stronglyinteractingcloud distributions,tcp becomes
lessrelevant as a descriptionof the systemthantsp because
teco  tsp.

3.1.4. Mixing Phase

After the endof the destructionphasecloud materialveloc-
ity is still only a smallfractionof the global o w velocity (see
equation(36) belaw). ThevelocitydifferencepromoteKelvin-
Helmholtzinstabilitiesatthe cloud material- global o w inter-
facesand,therefore the transitionof the systemto a turbulent
regime. Typically by the beginning of this phaseeachcloud
haslost its identity as a resultof meming with neighbouring
clouds.As theindividualfragmentdecomesmallerandtheve-
locity of theglobal o w relative to thecloudmaterialdecreases,
Kelvin-Helmholtzinstabilitiesgrow fasterthanthe Rayleigh-
Taylor type ones. This eventuallyresultsin completedomina-
tion by the formerof the small-scaldragmentatiorandcauses
mixing of cloud materialwith the o w (Klein etal. 1994).

In our numericalexperimentsasit canbe seenin Figures2
- 5, turbulentmixing producesa two-phaselamentary system.
Theappearancef suchatwo-phasesystenresultsbecaus®ur
codedoesnot includeviscousdiffusionor thermalconduction
restricting all dissipatve effects to numericaldiffusion only.
The latter actsat the length scalescomparablevith a cell size
atthehighestre nementlevel.

Real dissipatve effects also constrainthe overall stability
of cold denseplasmaembeddedn a tenuoushotter medium.
KMC consideredhe overall effect of thermalconductionon
thestability of suchtwo-phasanediaagainsivaporation.They
concludedthatthe cloud ablationtime dueto evaporation,ex-
pressedn termsof the shock-crossingime ts-, de ned in (3)
above, hastheform

[N
[

2

-2
= S F4qFy Ot 14
9':( 0) 1 cllFst C ( )

tab

where F( ) is typically of order unity (Klein et al. 1994).
Therefore for the caseof our simulations the typical ablation
timeistyy, 30z, or comparabléo theclouddestructiortime.

12 1t shouldbe notedthateventuallythe velocitiesreachedoy the o w downstreamafter passinghe region betweerncloudsaremuchhigherand,consequentjythe
strengthof the stationaryshockdownstreams muchlargerin the caseof smallcloudseparations.



Onecanalsoestimateaneffective depthoverwhichdiffusion
andthermalconductiorwill disrupttheboundaryayerbetween
the two phasesover a dynamicaltime-scaletg:. This canbe
estimatedas follows (see(Kuncic et al. 1996) andreferences
therein).For viscousdiffusion

1
2

2 &
dars  (Daitrte) 2= — (15)

“Msng p

HereDgitt = Vrp is the coefcient of viscousdiffusion, is

the effective path length betweencollisionsin the cloud ma-

terial, vr p = (KT, mp)* 2 is the protonthermalvelocity in the
ambientpostshockgas,tg is the shock-crossingime, de ned

by equation(3), np is the initial cloud numberdensity , is

the protoncollisional cross-sectiorandMs is the global shock
Machnumber If weassumay, 1000cm 2 then,for thecases
presentedn our simulations,dgits is about1% of the initial

cloudradiusor, equivalently, is aboutl 3 of a cell of thecom-

putationaldomainat the highestre nementlevel. For thermal
conductiontheeffective depthis

1 12

2 & m, °
dterm (Dtermt$)1 z = — Msno El?
N 1‘1 (16)
= daift E‘?
Dierm = Vre is thethermaldiffusioncoefcient, is againthe

effective pathlengthbetweencollisionsin the cloud material,
vre=(KTe me)! ?isthethermalelectrorvelocityin theambient
postshockgas®, me is the electronmass,and other quantities
have the samemeaningasin equation(15). Thendem, is about
6% of ap, or equivalently, abouttwice the size of a computa-
tional cell at the highestre nementlevel. Therefore,should
we have includedreal dissipatve effects they would destry

thesmallestresohablestructureoverthedynamicallyrelevant
time scales. Consequentlyary further increasen resolution
without providing for the appropriatenechanismsgapableto

inhibit signi cantly diffusion and thermal conduction,would

not provide additionalinsightsinto the real physicalevolution

of asystem.

The importanceof the dissipatve effectsis, therefore two-
fold. Ononehand,it is the dynamicalstability of small scale
structuresand,on the other it is theoverall stability of the sys-
tem as a whole. Considerthe stability of the initial system
againstdestructiondue to thermal conductionand diffusion.
Fromtheargumentgivenabovedissipatve effectspreventsur
vival of the systemfor any dynamicallysigni cant amountof
time. As a solutionto this problem,KMC suggestedhatweak
magnetic elds inhibit thermalconductionand diffusion. In-
deed,asit was shovn by Mac Low et al. (1994), evolution
of weakly magnetizectloudsduring the compressiorandre-
expansionphasesioesnot differ signi cantly from the purely
hydrodynamiadescription.However the presencef magnetic

elds would raiseotherissues. During the mixing phasethe
systemundegoestransitionto turbulencewhich may amplify
theinitially dynamicallyinsigni cant magnetic elds. Turbu-
lence can lower valuesof the plasmaparameter = Py P,
wherePy is theideal gaspressureandPs = B? 8 is the mag-
netic pressureto 1 or evensmallervalues. This may alter the
evolution of the systemduring the later periodsof the mixing
phaseln thisrespecbnly afully magnetohydrodynamstudy

13 We assumehatelectrontemperatur@ndprotontemperaturareequalTe = Tp.
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of theevolution of a systemof cloudsinteractingwith a strong
shockis fully self-consistenfor a seriesof singlecloud MHD
studiessee(Mac Low et al. 1994; Gregori et al. 1999,2000;
Jonesetal. 1996;Miniati etal. 1999;Jun& Jones1999)).

3.2. Roleof CloudDistribution

In order to characterizethe global properties of the
shock/cloudsysteminteractionwe plotted the time evolution
of the global quantitiesde ned in section2.3 for therunsM1,
M2, M3, A5, M14, and M14,. Thoseplots are presentedn
Figures9 - 10.

Theimportantfeatureof thoseplotsis the striking similarity
of the behaviour of systemscontainingsimilar cloud distribu-
tions. Thesystemgontainingfrom oneto ve cloudsarranged
in a single layer exhibit exactly the samerate of momentum
transferfrom the global o w. Thisis manifestedoy thelinear
ratesof fractionalkineticenegy in 2p increasdromt =0 up
tot = 24ty (seeFigure9). Thevalueof theslopefor those ve
caseds 0193 16%. Thethermalenegy tem 20 behaes
complementarily Suchbehaior of singlelayer systemscon-
traststhat of the multiple layer systemspamelythe runsM14
andMi4, whichwe now discuss.

The two fourteencloud runs have different cloud distribu-
tions(regularasopposedo random) differenttotal cloudmass
anddifferentcloud sizes. Neverthelessthe evolution of their
fractionalenegiesare similar. The rate of the kinetic enegy
increaseduring compressiorandre-expansionis the samefor
bothM14 andMy4 andyetis differentfrom thatfor singlelayer
casesTheslopein themulti-layercasess alsopracticallycon-
stantthroughouthetwo phasesvith valuesO 146 4 5%.

Note that for all caseghe kinetic (thermal)enepgy reaches
its maximum(minimum) atthetimet = 24tg, or thetime, de-

ned above asthe cloud destructiontime tcp, eventhoughfor
the fourteencloud runsthe cloud systemdestructiontime tgp,
de ned above in subsectiorB.1.3,is greaterthantcp. Thefact
thatthekineticenegy peaksatt = 24t signi es thatthecloud
destructiortime is the characteristicimescalefor the onsetof
thefully developedturbulencein the systemwhich limits the
ultimategrowth of the kinetic enegy fraction. We will discuss
thisin greaterdetailin subsectior8.3.2.

After passinghroughits maximum,thekinetic enegy frac-
tion beginsto decreaselueto the transitionto turbulenceand,
consequentlyturbulentenegy dissipation.It is dif cult to de-

ne avalueof theslopefor themixing phasedueto thecomplex
natureof the turbulent o w but the averagerate of kinetic en-
ergy dissipationin the systemis 0013 27%for the single
layersystemsand 0015 25%for the multiple layer ones.
The proximity of thesetwo values(within the standarderror)
is evidencethatthe systemdave lost any uniquedetailsof the
initial clouddistributionanddevelopedurbulencethatdepends
primarily ontherateof enegy inputatthelargestscalej.e. on
therelative velocity of theglobal o w with respecto the cloud
material.

The time evolution of thevolume lling factor o is an-
otherexampleof the similarity in behaviour of singlevs. mul-
tiple layer systems. As canbe seenin Figure 10, the rate of
cloudmaterialmixing into theglobal o w is similarfor thesin-
gle layer systemsbut is differentfrom that in multiple layer
ones.The highermixing ratein the caseof multiple layerdis-
tributionsresultsbecauseaipstreancloudspick up momentum
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fasterthanthe downstreanones.Upstreantloudspromotede-
structionof the downstreamonesand consequenththe over
all mixing of the system. The mostimportantfeatureis that
the slopesof the two fourteenclump runs, that have differ-
ent cloud distributions and different total clump mass,from
time t = 0 to roughly t = 35tgz, when they both reachtheir
maximum, is the samewith d ,p dt 0196 39%. In
caseof singlelayerrunsthe differencesaresomavhatgreater
(d ,p dt 0067 259%). However thisis primarily due
to the factthat small numbersof clumpsexhibit statisticalbe-
haviour to thelesserxtentanddetailsof individual clumpevo-
lution aremoreimportant. With increasingnumberof clumps,
even thoughthe distribution doesnot change,the slopesbe-
comemoresimilar: for therunsM3 and A5 the slopevalueis
d .o dt 0078 71%. Notethatall of the single layer
runsundego a slight breakaroundt = 25tg-, which is associ-
atedwith clumpbreakup'4.

Theseesultdeadusto concludethatclouddistribution plays
a more importantrole than the numberof cloudsor the to-
tal cloud mass. We usethis conclusionin the next sectionas
the foundationfor classifyingpossiblecloud distributionsand
de ning the generalype of the cloud systemevolutionin each
cateyory.

3.3. Critical DensityParameter

We have seenthat the cloud distribution playsthe de ning
role in determiningthe evolution of a shock-cloudsystem.We
now quantifythis statemenandde ne criteriafor determining
thebehaviour of agivensystem.

We de ne asetof all possibleclouddistributionsfor a given
numberof cloudsN. We consideronly the cloudsof equalor
comparablesize and density contrast. We de ne eachset of
clouddistributions y for any givennumberof cloudsN to be
a setof all possibleN pairsof cloud centercoordinatessatis-
fying two conditions: (1) eachpair of cloudsis separatedy
someminimum distancer,, and(2) cloudsarecon ned to a
layer extendingfrom the position X, to the position Xg (see
Figurel):

N 1w iyl 0 Nirg=
(% - Xj)2+()/i-yj)2 > Imin 280 X [XL XR]

Next, we considerthe completesetof all possibleclouddis-
tributions for all possiblecloudnumbersde ned as

= N (18)
N 1
We de ne within thisset thetwo subsetsa subsef “thin-
layer” cloud distributions | and a subsetof “thick-layer”
clouddistributions y sothat

I M= and I M (19)

In our numericalexperimentghosetwo subsetareassociated
with the singlerow andmultiple row distributions.

In orderto give a precisede nition of thosetwo fundamen-
tal classeof cloud distributionswe needto introducesereral
auxiliary quantities.

(17)

3.3.1. CloudelocityandDisplacement

We now estimatethe distancethat the cloud material will
travel beforethecloudbreakupj.e. within thetime tcp.

14 The presencef themaximumvaluesin

Theequationof motionof acloudin thestationaryeference
frameof theunshoclkedambientmediumtakestheform
mc% = %CD ps Vps- Vo “Ac(t) (20)
wherem is the massof the cloud, v is the cloud velocity in
thestationaryreferencdrame,Cp, is theclouddragcoefcient,
psis the undisturbedoostshocko w density andAc(t) is the
cloudcrosssectionareanormalto the o w. It shouldbe noted
that this equationis valid only until the cloud destructionis
completej.e. untilt  tcp. Fromthis pointon we assumehat
thedragcoefcient Cp 1 whichis arathergoodapproxima-
tion for a cylindrical body embeddedn a supersonico w of
Mps=1 31 (see(Klein etal. 1994;Bedogni& Di Fazio1998;
Miller & Bailey 1979)).
Let usassumdor amomenthatthecloudshave nite extent
in the z-direction:z,. Notethatthen

M= o a5z (21)
where g is the cloud densityand ag, zy arethe cloud dimen-
sionsattimet = 0. Moreover, the crosssectionareais

Ac(t)=2a (t)zo (22)
wherea (t) is the cloud radiusin the directionnormalto the
ow. Substitutingequationg(21) and (22) into equation(20)
andusingequation(12) for a (t) we getthe following modi-
ed equationof motion'®

dvc _  ps
o —a% Vps- V¢ ‘a (t) (23)

This equationdescribeamotion of the cloud asa resultof its
interactionwith the postshockvind. However, we alsoneedto
accounfor thevelocitythatthecloudmaterialacquiresafterits
initial contactwith the externalshockfront. This velocity may
be comparabldo the velocity acquiredduringthe compression
andre-expansionphasesand, therefore,mustbe carefully in-
cludedinto consideration.

Recall that the initial contactof the incident shock front
drives an internal forward shockinto the cloud with velocity
Vcs. Cloud materialbehindthe internalshockfront gainsa ve-
locity \c ps, thatcanbedeterminedrom theRankine-Hugoniot
relationsin theusualmanney

Veps= — 7 1 MZe (24)
Here Mcs is the Mach numberof the cloud internal forward
shock,which canbe expressedn termsof the external shock
Machnumberasfollows

Mcs= &> =Ms FaF " (25)
whereby Cc o we denotedthe soundspeedin the unshocled
cloud materialand used(7) for vcs. For the simulationsdis-
cussedn this paper( =500and =5 3) theinternalcloud
shockMachnumberis Mcs =1 86Ms=186.

Substitutingequation(7) for vcs and equation(25) for Mcs

into equation(24), and expressingthe external shockvelocity
Vs in termsof theunperturbedipstreanpostshockelocity vps,
we obtainthefollowing expressiorfor thevelocity of thecloud
materialdue to the cloud interactionwith the external shock

front

12 -1
FeiFs M2- FeFg

12 M2-1

Ve ps= Vps = Vps (26)

2p in Figurel10Ofor all runsis dueto the eventuallossof the cloud materialthroughthe out ow boundaries.

15 Note, thatfrom now onwe will omit theclouddragcoefcient consideringt to beequalto 1.



For the caseof Ms =10, =0 084. Note thatfor the limiting
caseMs thevalueof remainspracticallyunchangedt
0 083 which corroborateshe previously discussedvlach scal-
ing.

Finally, makinguseof thefactthattherelative velocity of the
postshocko w with respecto thecloudis now (Vps- Vc ps- V),
we canintegrate(23) andobtainthefollowing form of thecloud
velocity

Vps 1 1 t o
s 1- =—F——7 C
Vc(t): ) At+(1' )-11
1- t
Y 1 RBG- P *AG- i +C L
(27)
wherewe introducedthe following quantities
-1
psvps _ 1 2 1
A—an—tsc ETll-M_g -1 (28)
. 2
Cc 1 12 3 (-1
=—= FaF ; 2
2 t3: 12 cllFst 4( +1) ’ ( 9)
C=12Atg+(1- )? (30)

The unperturbedpostshockquantities ps and vps are deter
minedfrom the Rankine-Hugoniotonditions(Landau& Lif-
shitz 1959),C; isthesoundspeedn theshocledcloud,de ned
by equation11),andthefactorFy is de ned by therelation(8).

The rst quantity A relatesthe speci c momentumof the
postshockwind to the cloudinertia(mass).Thusit de nesthe
rate of the momentumpickup by a cloud during the compres-
sion phase ,whenthe cloud dimensiontrans\erseto the ow
doesnotincrease.The secondjuantity B is the inversesound
crossingtimein acompressedloud,i.e. attheendof thecom-
pressiorphaseagainfor the cloud dimensiontrans\erseto the
o w. This quantitydetermineghe rateof the cloud lateralex-
pansion. Therefore during the re-expansionphasethe regular
momentumtransferfrom the wind to the cloud, describedby
A, is augmentedy the cloud lateral expansion,describedby
B, which comesasan additionalfactorin the quadraticdepen-
denceont. QuantityC ensuregontinuity of the cloudvelocity
duringthe transitionfrom the compressioro the re-expansion
phase.

Next, integrating(27) from timet = 0 0 up to the cloud de-
structiontime t = tcp we can determinethe displacemenbf
cloudmaterialduringthe compressiomndre-expansiorphases

Vps - %\In (1- )A+1 0 t tcc
12 (t-tec)d
Le()=  Vvps t- = —taml-———_
¢ PUA QT ()t B
+Hn (1- )Atec+1 tcc t tep
(31)
whereqg= 4BC A- 1. Thisallowsusto estimatghetotal dis-

placemengcloudincursbeforeits destructioncalledthecloud
destructionength

Lep = Le(tep) (32)
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In orderto geta clearerunderstandingf thegenerakexpres-
sions(27) and(31) let us considerthe two casesthe casepre-
sentedn our simulationswith Ms =10 andthelimiting caseof

Mg . We will assumen bothcaseghe densitycontrastof
=5000and =5 3.
First, we rewrite (27) as
t -1
Vps 1- —ag+ap t tec
t
t 2
ve(t)=  vps 1- —=-12 by (33)
tc
t -1
+—atap fcc t top
tc

In the rst caseof Mg = 10thecoefcients ay, ap, andb; have
thefollowing values

a; =179 10% a = 109;b, = 835 10° (34)

Substitutingtheseinto the expression(33) we nd thatat the
end of the compressiorphase,i.e. atthetimet = 124, the
cloud velocity is 10% of the postshockvelocity vps and 7 5%
of the shockvelocity vs. On the otherhand,at the endof the
re-expansiorphasej.e. atthetimet = 24t thecloudvelocity
is 12 66% of vps and9 4% of vs.

ForthecaseMsg theabove coefcients havethevalues®

a1 =18310% a, =109;b; = 851 10° (35)

Substitutioninto theexpression(33) givesusthe maximumval-
uesof the velocity thata cloud canreachin the caseof anin-
nitely strongshock:

Vemax = 101 102%ps = 755 10%vs
compressionphase (36)
Vemax = 128 10%ps = 957 1025

re- expansionphase

Similarly, we candeterminghevaluesof clouddisplacement
for thetwo casesconsideredbove. Expressior(31)for Lc can
berewritten asfollows

t 1 t a
agCy — -~ In — & 41 0 t tcc
<« a1 I« a
ci —-Ctant = _¢ t
apCy - 2 é04+05 3 lcc tep
(37)

wherefor the caseMs = 10 the coefcients a; anda, have the
valuesde ned in (34), andfor Mg the valuesde ned in
(35).
In thecaseMs = 10thecoefcients ¢y, ¢y, C3, C4, andcs have
thevalues
¢t =149;c, = 10417;c3 =1089;
Cs =934 10% ¢5 = 11372

Substitutioninto the expression(37) givesusthe displacement
thatthecloudmaterialundegoesby theendof thecompression
andre-expansiornphasesi 6a; and3 5ag correspondingly

In thelimiting caseMs thevaluesof thecoefcients c;,
Co, C3, C4, andcs arethefollowing

¢, =15;¢, =10322;¢c3 =109;
Cs =943 10% ¢5 = 11256

16 Notethatthe assumptiorhereis thesame asin thediscussiorof Machscaling,namely while increasinghe shockMach numbeywe keepthe shockfront velocity

in thestationaryreferencdrameto be constant.



10

Substitutingthesecoefcients into the expression(37) we nd

that by the end of the compressionphasethe cloud is dis-
placedby the distanceof 1 65a9, whereasby the end of the
re-expansionphasehedisplacemenis 3 53ay.

It is clearfrom the results,obtainedabore, thatboththeve-
locity and cloud displacementaluesin the caseMs = 10 are
practically identical to the maximumvalues,achieved in the
limiting caseof Ms . Therefore,our resultsobtainedfor
the caseof a Mach 10 shockcanbe consideredasthelimiting
onesfor thecasef strongshocks.

Theseresultsderivedfor singlecloudsor systemswith large
separationarein goodagreementvith numericalexperiments.
Typically the maximumdifferencebetweemumericalandana-
lytical valuesof cloudvelocityandpositionneverexceedsl 0%.
Theanalyticalresultsareusuallyanoverestimatef thenumer
ical ones. This is dueto a slight overestimatiorof the initial
velocity gainafterthe contactwith theexternalshockfront and
becauseve assumedhe cloudcross-sectioto beconstantur-
ing the compressiorphase whereasit undegoesa small de-
creasan theexperiments.

Thereforethe maximumdistanceacloudwith adensitycon-
trastof 500 cantravel beforeits destructioraftertheinitial in-
teractionwith a strongshockis

Lcomax 3 5@ (38)

Finally, it shouldbe notedthat the valuesof the maximum
cloud velocity at the momentof breakupvc max givenin the
expression(36), and the maximum cloud destructionlength
Lep max givenin the expression(38), arestill functionsof the
cloud - ambientmediumdensitycontrast . Therefore,for a
differentvalueof thevaluesof Ve max andLcp max Shouldbe
determinedy directevaluationof theexpressiong27)and(31)
17, Although the changein v max Canbe quite signi cant, we

nd that Lcp max doesnot changeso prominentlywith vary-
ing . For example,for =400, whichis morethanan or-
der of magnitudelessthan the value = 5000 usedabove,
Ve max = 365 10 2vps, which is almostthreetimesthe value
givenin theexpression36). However, thecorrespondingalue
of Lcomax 3 54ag, whichis only a 1% increasecomparedo
the valuein the expression(38). This is dueto the fact that
cloudswith lower densityacceleratdaster however their de-
structiontime is shorter Therefore,eventhoughthe value of
thecloudvelocityatthetime of breakupshouldbeevaluatedor
eachparticularvalueof , the cloud destructionlengthvalue
given above in the expression(38) can be usedwith a suf-
ciently high accurag over the full rangeof density contrasts
consideredn thiswork,i.e. =10- 1000.

3.3.2. Critical Cloud Sepaation

We rst de ne theaveragecloudseparatiobetweeraclump
andits nearesneighbour projectedon to the directionof the
ow Xy andperpendiculatoit vy , for a givencloud

distribution,
1 N
=N i:ljr'r[11|r'3” Xi - X (39)
1 N
== min_ yi- Y; 40
WEN R Y (40)

We canalsode ne a maximumcloud separatiorprojectedon
to thedirectionof the o w, or the“cloud layerthickness”,

( xN)max:ijm[%] X - Xj (41)

Now we arein a positionto give a precisede nition of the
“thin-layer” and“thick-layer” systemsWe de ne adistribution
of cloudsto belongto thesubset | if its maximumcloudsepa-
ration ( Xn)max doesnot exceedthe cloud destructionlength
Lcp. The distribution belongsto the subset y in all other
cases:

| N:( XN)max  Lep
M N:( XN)max LCD (42)

A moreintuitive way to look at this classi cationis thefol-
lowing. As we have seenacloudinteractingwith thepostshock
o w re-expandsandbreaksup beforeit proceedsnto the mix-

ing phase.Theabove criteriontells usif any cloudor arow of
cloudswill completdts destructiorphaseorior to encountering
ary othercloudslocateddownstream.The de nition (42) ap-
pearsto draw ratheraccuratelythe line betweercloud systems
of two types.

In practicethe maximumcloudseparatiof Xn)max (€q.41)
is simply thethicknessof thelayerof inhomogeneitieg areal
systemand shouldbe comparedagainstthe cloud destruction
length. Thisthicknesanbe obtainedrrom the obsenationsof
a particularobjector it canbefoundanalytically e.g. via con-
siderationof instabilitiesat theinterfacebetweertwo o ws.

Having de ned thetwo classesor subsetsof clouddistribu-
tionswe now consideithebehaiour of thecloudsin eachclass.
First we consider |, the “single-ron” distributions. On aver-
age,by the time the cloudsaredisplacedby the distancel cp,
all of themwill be destroyed andwill proceedto the mixing
phase. Thustime of the destructionshouldbe approximately
teco  tsp.

The questionariseswhethercloudswill interactduring the
processof re-expansionand destruction. We can give a for-
mal criterion for this. Considertwo cloudswith separation

ynv = dand( Xy)max Lcp. Bothcloudswill expandlat-
erally atthe velocity ve, de ned by the expression(11). Con-
sequentlythetime for thecloudsto comeinto contactis

d- 2a

tmege T@(p (43)

Suchre-expansiorstartsafterthecloudcompressiomphasej.e.
afterthetimetcc andcannotproceeeyondtheclouddestruc-
tion time tcp.  Therefore,settingtmege = tco - tcc we nd the
following critical cloudseparatiorirans\erseto theglobal o w

derit = 2 @9+ Vexp(tep - tec) (44)

Substitutingexpression(11) explicitly for the expansiorveloc-
ity andexpression(13) for the cloud destructiortime into the
equation(44) we obtain

1 1

2
tCD - tCC FClFS 3 ( - 1) + 1 (45)
tc +1

derit = 289

In otherwordscloudswhoseseparatiortrans\erseto the ow
is lessthandyi; will comeinto contactandmeme beforetheir
destructionis completed.Therefore their evolution duringthe
destructionphase(and for the most part of the re-expansion
phase)annot be consideredsthe evolution of two indepen-
dentclouds.

The critical separatiordoesnot dependon the global shock
Machnumberin consisteng with the Mach scaling,discussed

17 Note,thatdependencen alsocomesvia theclouddestructiortime tcp thatshouldbe substitutednto the expressiong27) and(31).



above. Therefore,this parameteris universalfor all strong
shocksandfor all possibledistributionsfrom thesubset . For
thecase =5 3and =500we nd thecritical cloudsepara-
tion to beapproximately

derit 4 2a9 (46)

For clouddistributionsfrom thesubset | whichhave anav-
erageseparation yy dcrit, theevolution of the systemwill
proceedn the non-intemctingregime On the otherhand,for
thedistributions,forwhich  yy  dyit, thecloud-cloudnter
actionsareimportantthroughouthe re-expansioranddestruc-
tion phaseglacingthemin aninteractingregime

It is moredif cult to formulatea uni ed criterionfor thebe-
havior of the systemsin the class y. When  xy Lcp
suchsystemscanbe consideredhsa setof thin layerswith an
averageseparatiorgreaterthanLcp, i.e. eachrow canbe con-
sideredasa systemfrom subset . Consideyfor example,the
run My4, presentedn Figure4. From Table (1), the average
separation xy forthisrunis equalto 7,i.e. Xy Lep.
Indeed the evolution of theleftmostrow of cloudsproceedsas
asimplesinglerow caseandits destructioris completedy the
timetcp. Thisresultsin thefractionalkinetic enegy reachinga
maximumatthetimetcp 24t (seeFigure9). However, it is
clearfrom Figure4 thattheevolution of thedownstreanrowsis
alteredby the destructiorof the leftmostone. Therefore when

XN Lcp onemustaccounffor thefactthatthedestruction
of anupstreamayerof cloudswill changethe propertiesof the
global o w for the next, downstreamayer. The new averaged
valuesof the velocity, density andpressuren the global o w
shouldthenbe usedasan input for the analysisof the down-
streamcloud layer.

3.4. Massloading

One of the principal questionsconcerningthe effects of
shock/cloud-systeninteractionsis the role of mass-loading
(Hartquist& Dyson 1988). Mass-loadingis de ned asthe
feeding of materialinto the global o w by nearly stationary
clouds. Analytical studieshave predicteda numberof im-
portantchangesvhen mass-loadingccurs. The mostimpor-
tantof theseis the transitionof the o w to atransonicregime
(Hartquistet al. 1986; Hartquist& Dyson 1988; Dyson &
Hartquist 1992,1994). In our numericalexperimentsve con-
siderif mass-loadingndeedis prominent.

Massloadingcanoccuronly from timet = 0 up to the mo-
mentof cloud destructionat timet =tcp. In our experiments
the clouddestructiortime is fairly shortcomparedwith theto-
tal age of mostrelevant astrophysicabbjects. Indeed,cloud
destructioris practicallycompletedy thetime theshockwave
reacheghe right boundaryof the computationaldomain,i.e.
by the time the shockwave travelsthe distanceof about20-30
cloudsizes.This could,for example,be comparedvith clump
systemsn planetarynehulae. Assumingtypical sizefor PNe
cloudsto beaboutl00a.u. (whichis thesizeof cometaryknots
in NGC 7293 (Burkert & O'Dell 1998)), a density contrast
500,andashockwave velocity 100km s 1, we nd thatclouds
getcompletelydestrgyedwithin approximately00- 150years.
This is muchlessthanthe typical ageof the planetarynetulae
(10* - 1P yrs.).

Thus cloudswith low densitycontrast ; 10- 100 can-
not provide signi cant mass-loadinglue to the easein which
they are adwectedand destrged by the global ow. On the
otherhand,cloudswith higherdensitycontrasts ; 100re-
taintheirlow velocitieswith respecto theglobal o w for much
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longer periodsof time and, therefore , may potentially be ef -
cient mass-loadingources.However, it shouldbe noted,that
this higherrelative velocity of a cloudincreaseshe ef ciency
of the instability formation, therebypromotingcloud destruc-
tion andits mixing with the o w.

We can also considerthe amountof massseedednto the
ow, i.e. strippedof from the cloudsandassimilatednto the
global o w, beforecloud destruction.Typically, in our exper
imentsthe amountof seededcloud materialdoesnot exceed
a few percentof the total cloud mass,which is unlikely to be
enouglhto switchthe o w into amass-loadedegime. Figurell
shows the distribution of cloud materialalongthe directionof
the o w or, to bemoreprecisethedistribution of theparameter

10(X) for thethreecloud run M3. Therethe cloudshave the
separation yy  095d.i. The rst graphcorrespondso the
endof the compressiomphasewhile the secondcorrespondso
the end of the destructionphase. The graphsshow that cloud
materialremaindocalizedin thevicinity of thecloudcoresun-
til the momentof cloud destructionand the systemdoesnot
exhibit any signi cant mass-loading.Moreover, the graphs3
and4 of Figure 11, showving cloud materialdistribution early
in the mixing phasejndicatethat even after destructioncloud
materialremainslocalizedwithin the region of about8 cloud
radii andretainsalmostthe sameaveragevelocity with respect
to the global ow. Only further onin the mixing phasedoes
cloudmaterialspreadsigni cantly.

Concluding,we may saythatfor the cloud densitycontrast
valuesin therange ; 10- 1000andpracticallyall valuesof
the global shockwave Mach number the o ws arenot likely
to be subjectto massloading. This is dueto the factthatsuch
relatively low densityclumps,on one hand,accelerateather
rapidly and, on the other, fairly quickly becomedestryed by
instabilities. These o ws will be dominatedby the mixing of
cloud materialwith the global o w thatoccursafter cloud de-
struction. Systemswith very denseclouds 1000 may
provide sitessuitablefor massloading. Futurenumericalstud-
iesarerequiredto verify this.

4. CONCLUSIONS

We have numericallyinvestigatedheinteractionof a strong,
planarshockwave with a systemof inhomogeneities.These
"clumps"areconsideredo bein nitely long cylindersembed-
dedin atenuousgcold ambientmedium.We have assumedon-
stantconditionsin theglobalpostshocko w, therebyconstrain-
ing themaximumsizeof thecloudsonly by the conditionof the
shockfront planarity Ourresultsareapplicableo strongglobal
shockswith Machnumbers3 Mg  1000. Therangeof the
applicablecloud/ambientiensitycontrastvaluesis 10- 1000.

We consideredour major phase®f the cloud evolution due
to theinteractionof the global shockand postshocko w with
a systemof clouds. Theseare: initial compressiorphasere-
expansionphasedestructiorphase andmixing phase We de-
scribea simplemodelfor thecloudacceleratiomuringthe rst
threephasesi.e. prior to its destructionandderive expressions
for the cloud velocity and displacement. The resultsof that
model arein excellentagreementvith the numericalexperi-
ments. The differencein the valuesof cloud velocity anddis-
placemenbetweenanalyticalandnumericalresultsis ~ 10%.
The maximumclouddisplacementiueto its interactionwith a
strongshock(prior to its destruction)Jdoesnot exceed3 5 ini-
tial maximumcloudradii. The maximumcloudvelocity is not
morethan10% of the globalshockvelocity.
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The principal conclusionof the presentwork is thatthe set

of all possibleclouddistributionscanbe subdvidedinto two
largesubsets | and . The rst subseis |, thin-layersys-
tems. This subsetis de ned by the condition that the maxi-
mum cloud separatioralongthe directionof o w, or thecloud
layerthicknessjs not greaterthanthe cloud destructioriength
( XN)max Lcp. Thethick-layersystems y, arede ned by
thecondition( Xn)max Lep. Theevolution of clouddistribu-
tionswithin eachsubseexhibit striking similarity in behaiour.
We concludethatthe evolution of a systemof cloudsinteract-
ing with astrongshockdependgrimarily onthetotalthickness
of thecloudlayerandthe clouddistributionin it, asopposedo
the total numberof cloudsor the total cloud masspresentin
the system. The key parametergleterminingthe type of the
cloud systemevolution arethereforethe critical cloud separa-
tion trans\erseto the ow dct (this is alsothe critical linear
cloud densityin the layer), and the cloud destructionlength
LCD-

For a given astrophysicakituationour resultsindicatethat
onemightdeterminegitherfrom obsenationsor from theoret-
ical analysis,the thicknessof the cloudlayer ( Xn)max This
will thendetermingheclassof thegivenclouddistribution, |
or . For cloud distributions from the set | with average
cloud separation yy  dgit evolution of the cloudsduring
thecompressiome-expansionanddestructiorphasesvill pro-
ceedin the noninteractingegime andthe formalismfor a sin-
gle cloudinteractionwith ashockwave (e.g. (Klein etal. 1994;
Jonesetal. 1996;MacLow etal. 1994;Lim & Raga1999))can
be usedto describethe system.On the otherhand.,if thecloud
separatioris lessthanthe critical distance the cloudsin the
layerwill memgeinto a singlestructurebeforetheir destruction
is completed.Thoughthroughoutthe compressiorphasethey
canstill be consideredndependentlyof eachother, their evo-
lution during the re-expansionand destructionphase<clearly
proceedsn theinteractingregime.

Whenthe distribution belongsto the subset it is neces-
saryto determinethe averagecloud separatiomprojectedonto
thedirectionof the ow Xy , de ned by the expression(39)
above,andcomparet againstcp: if Xy Lcp evolutionof

thecloudsystemcanberoughlyapproximatedsthe evolution
of asetof distributionsfrom thesubset | andtheabove “thin-
layercase”analysisapplies.If, ontheotherhand, xy Lcp
(especiallyif  yn  deit) the systemevolutionis dominated
by cloudinteractionsanda thin layer formalismis inappropri-
ate.

Finally we have consideredhe role of mass-loading.Here
our principal conclusionis thatthe mass-loadings not signi -
cantin the caseof strongshocksinteractingwith a systemof
inhomogeneitiefor densitycontrastsn therangelO- 1000.In
partthisis dueto shortsurvival timesof cloudsundersuchcon-
ditions, andin partdueto the very low masslossratesof the
cloudseven during the times prior to their destruction. Mass
loadingmaywell beimportantin higherdensityclouds(Dyson
& Hartquist 1994).

The major limitation of our currentwork is the purely hy-
drodynamicnatureof our analysisthat doesnot include ary
consideratiorof magnetic elds. As it wasdiscussedn sec-
tion 3.1.4, cold denseinhomogeneitiegclouds)embeddedn
tenuoushottermediumareinherentlyunstableagainstthe dis-
sipative actionof diffusionandthermalconduction.This evap-
oratesthe cloudson the timescalescomparableo, or shorter
than,the timescalesf the dynamicalevolution of the system.
It wassuggestedhatthe magneticelds mayplay a stabilizing
role againstheactionof thedissipatve mechanismsAlthough
weakmagnetic elds, thataredynamicallyinsigni cant up to
the momentof cloud destruction,caninhibit thermalconduc-
tion anddiffusion,thosemagnetic elds may becomedynami-
callyimportantdueto turbulentampli cation duringthemixing
phase.A fully magnetohydrodyamicdescriptionof the inter-
actionof astrongshockwith a systemof cloudswill needto be
carriedforwardin futureworks.

This work was supportedin part by the NSF grant AST-
9702484andthe Laboratoryfor LaserEnegeticsunderDOE
sponsorship.

The mostrecentresultsandanimationsof the numericalex-
periments,describedabose and not mentionedin the current
paper canbefoundatwww.pas.rochestaadu wma.

REFERENCES

AndersonM.C., Jones;T.W., Rudnick,L., Tregillis, I.L., Kang,H. 1994,ApJ,
421,131

Arthur, S.J.,Henng, W.J.,Dyson,J.E.1996,A&A, 313,897

Bedogni,R., Di Fazio,A. 1998,Nuovo Cimento,113B, 1373

Bemger, M.J., Colella,P. 1989,J. Comp.Phys.,82,64

Bemger, M.J., JamesonA. (1985),AIAA J.,23,561

Bemer, M.J.,LeVequeR.J.1998,SIAM J.Numer Anal., 35,2298

Bemer, M.J., Oliger, J.1984,J. Comp.Phys. 53,484

Burkert, A., O'Dell, C.R.1998,ApJ, 503,792

Dyson,J.E.,Hartquist,T.W. 1992, ApL, 28,301

Dyson,J.E.,Hartquist,T.W. 1994,in 34th HerstmonceuxConf., Circumstellar
Mediain the Late Stagef StellarEvolution, eds.R. Clegg, P. Meikle, & .
Stevens(Cambridge CUP)

Gregori, G., Miniati, F., Ryu,D., Jones;T.W. 1999,ApJ,527,L.113

Grayori, G., Miniati, F., Ryu,D., JonesT.W. 2000,ApJ, 543,775

Hartquist,T.W., Dyson,J.E.1988,Ap&SS, 144,615

Hartquist,T.W., Dyson,J.E.,Pettini,M., Smith,L.J. 1986, MNRAS, 221,715

JonesT.W,, Ryu, D., Tregillis, I.L. 1996,ApJ, 473,365

Jun,B.-l., JonesT.W. 1999,ApJ,511,774

Jun,B.-l., JonesT.W., Norman,M.L. 1996,ApJ,468,L59

Klein, R.l.,, McKee,C.F, Colella,P. 1994,ApJ, 420,213

Kuncic,Z., Blackman E.G.,ReesM.J. 1996, MNRAS, 283,1322

Landau, L.D., Lifshitz, E.M. 1959, Fluid Mechanics (Reading:Addison-
Wesleg)

LeVeque R.J.1997,J. Comp.Phys. 131,327

Lim, A.J.,RagaA.C. 1999,MNRAS, 303,546

MacLow, M.-M., McKee,C.,Klein, R., Stone J.M.,Norman,M.L. 1994,ApJ,
433,757

Miller, D.G., Bailey, A.B. 1979,J. Fluid Mech.,93,449

Miniati, F., Jones,T.W., Ryu,D. 1999,ApJ, 517,242

O'Dell, C.R.,Weiner L.D., Chu,Y.-H. 1990,ApJ, 362,226

Phillips, J.R, Cuestal-. 1999,ApJ,118,2929

Poludnenk, A.Y., Frank, A., Blackman,E.G. 2002,in ASP Conf. Ser 255,
Mass Out ow in Active Galactic Nuclei: New Perspecties, ed. D.M.
Crenshw, S.B.Kraemer & I.M. Geoge (SanFrancisco:ASP)285

RedmanM.P,, Williams, R.J.R.,Dyson,J.E.1998, MNRAS, 298,33



TABLE 1
SUMMARY OF THE RUNS DISCUSSED

Run #ofclouds® Distribution #ofrows x-spacing y-spacing

M1 1 regular 1 - -
M2 2 regular 1 - 4
A2 2 regular 1 - 12
M3 3 regular 1 - 4
A5 5 regular 1 - 4
M14 14 regular 3 7P 4
M14, 14 random - 6.34¢ 6.34°

& Total numberof cloudspresenin the system.

P Spacingbetweenthe centersof cloudsin two differentrows projectedonto
thex-axis,in the units of the maximumcloud radiusamax.

¢ Spacingbetweenthe centersof cloudsin the samerow, projectedonto the
y-axis,in the units of the maximumcloudradiusamax, exceptfor therun M14;,.

4 Maximum absolutespacingbetweerthe cloud centersn anydirectionin the
unitsof the aveliage cloudradiusfor thedistribution.
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FIG. 1.— Setupof the computationadomain. Shavn is the setupfor the run M14. “x-spacing” and“y-spacing” arethe parametersisedin Table 1 for the
descriptionof theruns.Note: notdrawvn to scale.
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FiG. 2.— RunM1. Time evolution of a system containinga singlecloud andinteractingwith a Mg = 10 shockwave. Shavn arethe syntheticSchlierenimages
of thesystemattimes22 47 tg-, 3523tgs, 5054 tg-, 68 40tg-.
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FiG. 3.— RunMa3. Time evolution of a systemgcontainingthreeidenticalcloudsandinteractingwith aMs = 10 shockwave. Shawvn arethe syntheticSchlieren
imagesof thesystemattimes22 47 tg, 3523tg, 5054 tg, 6840tg.
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FiG. 4.— RunM14. Time evolution of a systemcontainingfourteenidenticalcloudsin aregulardistribution andinteractingwith a Mg = 10 shockwave. Shavn
arethe syntheticSchlierenmagesof the systemattimes22 47 tg:, 3523tg:, 5054 tg, 69 09tg:.
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F1G. 5.— RunM14 . Time evolution of a systemcontainingfourteencloudsin arandomdistribution andinteractingwith aMg = 10 shockwave. Shovn arethe
syntheticSchlierenmagesof the systemattimes9 71tg:, 2247 tg:, 4543tg:, 69 09ts.
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FI1G. 6.— Flow structureduringtheinitial compressiomphase.Shawvn is the Schlierenimageof therun M1 attime 5 1 tg-. GS- externalglobalforward shock;
RB - externalreversebow shock;lF - internalforward shock;IR - internalreverseshock;BF - back o w, causeddy global forward shockconvergenceon the
symmetryaxis; V1 - primary vortex sheetscausedy regularre ection of the bow shock;M1 - primary Machre ected shockscausedy Machre ection of the
globalforward shockat the symmetryaxis; S1 - primary Mach stem(moreprecisely two primary Mach stems);T1 - primarytriple points;V2 - secondaryortex
sheetscauseddy the primary Machre ection of the global forward shock(notethe two stembulgesformedat the baseof the secondarywortex sheetsmearthe
symmetryaxis); M2 - secondanMachre ected shocks;S2 - secondaryMachstems;T 2 - secondaryriple points.



20

FIG. 7.— RunA2. lllustrationof the non-inteacting regimeof cloud evolution: interactionof a Mg = 10 shockwave with a systemof two identicalcloudswith
thecloudcenterseparatiorof 120ag 2 86 dgrit. Shavn arethesyntheticSchlierenmagesof the systemattimes22 47tg-, 3523 tg, 5054 tg, 68 40tg:.
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FIG. 8.— RunM2. lllustration of theinteracting regimeof cloud evolution: interactionof a Ms = 10 shockwave with a systemof two identicalcloudswith the
cloudcenterseparatiof 4 0ay 0 95 drit. Shavn arethe syntheticSchlierenmagesof the systemattimes22 47 tg:, 3523tgs, 50 54tg:, 68 40tg-.
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FiG. 9.— Time evolution of the globalaverageof the kinetic enegy fraction

kin 2p for therunsM1, M2, M3, A5, M14,M14,.



F1G. 10.— Time evolution of the globalaverageof thevolume lling factor

op for therunsM1, M2, M3, A5, M14,M14;.
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FiG. 11.— Distribution of cloud materialalongthe horizontaldimensionof the computationatiomainfor the run M3. Shavn arethe one-dimensionaépatial
averageof thevolume lling factor 1p attimes1226tg:, 2502tg:, 37 78tg:, 5054 ts:.



