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Abstract. Low speedneutralparticletransportin long meanfree path(LMFP) ernvironments,preseits challenges for well-
establishedechniquessuchas the direct simulation Monte Carlo (DSMC) method.In particular at low flow velocities,
statisticalmethodssuffer from noisethatmayrenderthemimpracticalin LMFP ervironmentg1].

We describea non-statistica(no randomnumbersareused)kinetic modelfor particletranspor{2, 3, 4]. The behaior of
particlesis handledin two stagesBallistic and Collisional. The ballistic operatortracksthe location of the particlesacross
a phasespacemeshuntil the particlesundergo a collision. The collision operatorredistritutesthe particlesin directionand
enepy in suchaway asto consere momentum andenegy at eachspatiallocationof the phasespacemesh.

In the past,the methodhasbeenappliedto heattransportin LMFP ervironments[4]. The currentapplicationcenterson
flow pasta micro air foil. We focuson the methodandits extensionto hande directionalflows. Sometypical resultsfor high

Knudsemumber, (K, = %), flows pastaflat platearepresented

INTRODUCTION

We have developed a kinetic solver that is well suited for low Mach numker, M < 0.3, flows in high Knudsen
numker, K, > 0.05, environmentsWith theemegenceof Micro ElectromehanicalSystemgMEMS) andtheongoing
redudion to NanoeTechndogy BasedSystemgNTBS), thesaypesof mocelsareexpectedo playakey role asdesign
toolsfor MEMS/NTBS.

Themodelpermitsefficient, nonstatisticaliterative calculationof the scatteringateof particlesin eachcell of a6D
phasespacemesh.The methal usespropagatiny’ directions for trackingthe transpet of particlesthroudhoutphase
spaceThespatialmeshesnayconsistof arbitrarily shapedalementsThistranspet model is similarin spirit to earlier
transitionprobability transpat codeg2, 3, 4, 5, 6, 7]. Although earliercodeqd5, 6] arecapableof handing arbitrasy
spatialmeshesthey typically assumasotropicscatteringandmake othersimplifying assumptioa which redue the
computationaloverhead makingit possibleto storelargeamourts of geometrial informationtypically needed

The mockl presentedheredoesnot assumesotropicscatteringof particles. Anotherimportantdiffererce from the
earliermodels[5, 6] is thatwe consere momentum, giving our mocel the capaliity to describea flowing gas.Two
momerium conseving collision opeatorshave beenemplagyed [8], a simple mon@nepetic operato andthe BGK
modd. The moroenegetic mocel offers advantagesin termsof speedwhile the BGK modeloffers a morerealistic
descriptim. Oneconseqanceis thata ‘full’ phasespacemeshis requiral. However, the computationalovetheadof
storingthe probabilities for a full phasespacemeshis large. For examge, if N is the numter of spatialcells on the
mesh,theneven the geometic informationrequired to find the prababilities of going from eachinitial cell to each
final cell involves (N¢)? numbers.To overcomethis problemwe limit theamour of informationstoredby efficiently
computing needednformationonthefly.

In thepastthemethodhasbeenappliedto heattransferin araregasbetweerpardlel platesatdifferert temperattes
[4]. Resultsveregeneatedfor severalKnudsemumbersin thetransitionregime. Theresultsof thekinetic simulation
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whichemploy theBGK operato comparefavorally with thoseof afinite differencesolutionof the Boltzmam equatia
usingthe BGK collision operdor [9]. Theresultsfor both collision mocdkls exhibit fair agreemst with experimental
dataof TeagarandSpringer10].

Thecodehasbeenexterdedto studygasflow pastaflat plateathigh K. Someresultsof the enhaacedcodewill be
presented

TRANSITION PROBABILITY MATRIX (TPM) METHOD

Ourgoalis to solve the steadystateBoltzmannequatio for LMFP environmeris,

V-Drf(—r*,V)JrE-va(—r*,V): O i 1)
Themethodis basedn a one-stegransitionprobability matrix (TPM) which describs steadystateparticletranspot
on a phasespacemesh.However, this matrix neednot be formally construted. Instead the transpotr of the particles
is describedvith two opegtors;a ‘transpat’ operato anda ‘collision’ operdor.

In the next sectionwe provide an overview of the method followed by a more detaileddescriptim of the two
operdors. It worth noting that this appoach can be extenda& to hande flows which evolve in time without the
introductionof a costly probability history, aswasthe casein refererce[11].

Overview

We presentanoverview of the TPM. Themethdl is 6D, i.e., it usesa uniform 3D spatialmeshanda 3D velocity
spacemeshcompising a single enegy meshin combnation with a 2D (®,©) directioral mesh.In the past,we
have not restrictedour work to uniform spatialmeshes[§t Enegy, momerium and particle corsenation arestrictly
enforced.

Our appoachin solvingequatia 1 is to solve for the collision ratesat eachlocationof the phasespacemesh.By
solvingfor thecollisionratesin eachphasespacameshcell, informationabou thedirectionandenegy of the particles
thatmalke up theflow is captuedat eachspatiallocationof themesh.T is the matrixwhichrepresentsthe praobability
that, startingat location(c’,a,E’), a particlewill have its next collision andbe redistrituted to location(c, a, E) for
all phasespacedocations(c’,a,E’) and(c,a,E). ¢’ andc arespatiallocationson the phasespacemesh.Thevelccity
informationis cortainedin (a’,E’) and(a,E) wherea anda’ representhe (¥, ) directioral informationandE and
E’ representtheenegy. Let R(c/,&,E’) bethe numberof particlesthatcollidedin cell ¢’ thatwereredistritutedwith
directiona’ andenepgy E’ at the previousiteration,i.e., R(c’,a,E’) is the collision ratefor particlesthatcollidedin
phasespacdocation(c’,a,E’) atthe previousiteration.Thenthenumbe of theseparticleswhich collidein cell c that
wereredistritutedwith directiona andenengy Eis givenby

R(c,a,E) = T(R(c,d,E")). %)

We breakT into two opeators,T,, andT,. T, is the onesteptransitionprobaility matrix for particle ballistic
motionandandT_, the one-stegransitionprokability matrix whichlocally redistributesthe particlesin enegy and
directionafteracollision.

Thefirst transitionprobability matrix is usedto compue the number of particlesper seconathatcollide in cell ¢

with directiona’ andenengy E’,

R(c,a,E') = ZR(C’,a’,E’)Tbaj (c,d,E':d,d,E"), (3)
whereR(c,a,E’) is thenunmberrateof particlesthatcollidein cell c with directiona’ andenegy E’ andT,, (c,a,E’:
c,a,E’) is the probability that a particlehaving startedin cell ¢’ with direction a’ andenegy E' will have its next

collisionin cell c, wherethe sumis over all meshcellsatlocationc’ with direction @ andenegy E’.
ThesecondlPM is usedto redistritutethe particlesaftera collision,

R(c,a,E) = Z Z R(c,a,E")T (c,a,E:c,a,E), (4)
a E
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FIGURE 1. Two possiblepropagatingstructuresusedin the transportphase,T, . @) is a point sourcepropagatorandb) is a
Cornvective Schemebasecdbropagatar

whereT_, (c,a,E : ¢c,&,E’) is the probability thata particle,having collidedin cell ¢ with directiona’ andenegy E’
will beredistritutedwith directiona andenepgy E (in thesamespatialcell ¢) [3, 8].
Thecollision rates,R(c, a, E), canbe usedto recorstructary desiredinformationaboutthe flow. For example the
densityn(c) is
R(c,E)A(c,E)

=2 Ve ®)

wheren(c) is thedersity in cell ¢ of thespatiaimeshR(c,E) = Y R(c,a,E), A(c,E) is themeanfreepath,|v(E)| is
the magnituwe of the velacity, andy(c) is thevolumeof cell c.

In the following sectionswe describehow the TPM are setup without explicitly corstructingeitherof the large
matrices,T,, or T,

Ballistic Transport Operator: Constructing R(c, &, E’)

Theballistic transitionprobability matrix T,,, hasbeenimplemernedwith two differentopeators,the PointSource
(PS) opeantor and the Corvective Scheme(CS) operdor. Both operatos malke full use of symmety to redwce
computationaloverthead seereferene [4]. The PSoperato is nearlyidenticalto the T, foundin refererce[4] while
theCSoperato playsarolesimilarto the T, in refererce[3].

In computingR(c,a',E’), T, (c,&,E’: ¢,a,E’) is notexplicitly constricted.Insteadthe TPM emplg/sanaverage
length,{L(c)), andafractiorel ovetap, f , (c,c’). (L(c)) is thedistanceaparticlewouldtravel onaverag whenpassing
throwghacell candf(c,c) is thefraction of particlesstartingin cell ¢’, moving in thedirection @', thatpassthrough
cellc[4].

Thepropagate subdvidesspacdnto afinite nunberof directiors

a, = (qai,ej). (6)

andexterdsafinite distance,

Lprop = X{A (¢, E")) @)
where{A(c’,E’)) is the average meanfree pathand x > 0 is a corstant.Figure1a)is the PS propagate andfigure
1b) is the CS propagator Both propagates containa list (in radial order) for eacha’i’j. Eachlist consistsof the
geonetric information (fa, .(c c),{L(c))) for eachmeshcell c that particlesmaving in the directin a’ j interact

with. The PS propagato cwers the entire (d,0) spacewith propagatingrays centerel abou eachdlrectlona

The PSassumeshat particleswhich collide in meshcell ¢’ canbe redistritutedfrom the centerof the cell [4]. The
geonetrical information can be computed via test particles,or asin [4]. The ®-© rangeof eachdirectin a’; i is

uniformly subdiidedin ® and© to give M sub-ays, d;. The solid angle,dQ,, of eachd, is compued anda test
particleis assignedo §,. To obtainf,, (c,c’) and(L( )) threepiecesof mformauonaretracledfor eachmeshcell
i
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c; thenumbe of testparticlesthatpassthrough the cell, P¢, the total distanceall of the particlestravel before leaving
¢, I(c), andthetotal solid anglethat the test particlessweepout whenpassinghoud ¢, dQ(c). Then(L(c)) = %

andf, .(c d)= (fg 9 wheredQ,, is the solid angleof the ray centeredabou a’ . The enlaged cell in figure
i .J

la) d|rect|onC dep|ctsth|s process.Thelight graylinesarethe boundiriesof the SO|Id anglesthe dashedine is the

distanceatestparticletravelswhenmoving throudh thecell andthesolid angleattributedto thetestparticless shavn.
TheCScomptestheactualprobailities T (c,a,E' : ¢, &, E’). Thisinformationis thencorvertedinto theformat

of (fa,i j (c,c),{L(c))), sothatthesamecodecanuseeitherpropagata. Thepropagato is constrictedfor onedirectin

atatime.Let A beanarraywith dimersionN x N in 2D or N x N x N in 3D, whereN = 2| % +0.5] andAM

is themeshspacing A storesthe probabilitiesof particlesscatteringn ary givenphasespacecell. The CSuseslong

lived” moving cells (LLMC) [12, 13] to compute T, (c,&,E’ : ¢,a,E'). For ‘ande’ &' ;, a LLMC is corstructed,
MC(c,a| ), thatinitially overlapsthemeshcell ¢’ andis assigned ‘density’, n= 1. TheMC(c’, & ) is propagate

alongthe dlrectlm a by time stepping Figure 1b) directionc depictsseventime stepswheret; is the it" time step
andi € {1,...,7}. After eachtime step thefractionof theparticles

d(t)
fMC(d,a’i‘.) =n (1 e (A, E’))) , (8)

which collidedin time stept; is subtractedrom n of MC(c', & ;). d(t;) is the distancetravelledin timet;. fMC(C, &)
A

is subdvided amang the cellsthatMC(c’, &, ;) overlappedafterthe time stept;, andis addedto entriesin A which
correspndto thesemeshcells, figure 1b) dlrectlonb wherethecellsmarked A, B, C, andD arethe cells overlappé
by the moving cell at a particularstep.In 2D, the fractions of particlesaddedo cellsA, B, C, andD of A, afterthet;

step,are;
Aa= (XA_WA_I\;I(MC_mm> (yMC_mAXI\; yA_mm) fMC(c’,a’i’j) 9)
Ao = (XB_WA_I\;I(MC_W) (yB_maXA_nZMC_m") fuc.a,) (10
Ac = (XMC—m(Z'\; XC—min) (yMC—magl\; yc—min> fMC(C,’a,i’j) (1)
Ap= (XMC—WZ'\—A XD—min) (yD_mA_hZMC_mm) fMC(d,a’i!j) (12

wherex/ynme_mx/min arethe coodinatesof the meshcell or moving cell. (Seerefereres[12] and[13] for a full

descriptim of the CS.) This procesf time steppingis continued down the propagatingdirectionuntil the LLMC

reacheghe endof the propagate. At this point, all remainingmaterialin MC(C’,a’i’j) is subdvided amorg the last

grOLp of cellstheLLMC overlaps.Any nonzeroelemenin A representsacell ¢ thatc’ interactswith, alongdirectin
a, j» andwill beaddedo thelist. Usingtheequaion,

(c)
(L@ = -1 (¢ Ein(M0at 19
o

it is possibleto backoutanaverage lengthfor the particlesthatpassthoughcell c moving in thedirectiona’m , Where
Mo (C) i thetotal fractioral amount of particlesthatcollide in cell ¢, n, is oneandthe propagatorfractional overdaps
aresetto one, fa, (c,d') = 1. For asingleinitial cell, the CS doesnot cover all of (®,0) spaceascanbe seenin

figure 1b), but theCS doesredistritute particlesthathave collidedin cell ¢’ from thewhde volume of ¢’, asit shoud
[31.

Propagtionis performedby allowing particlesto move alongthea . from ¢’ encounteringothercells of thefixed
meshin orde of increasingadiusandis competedwhenthea of all c have depaitedall of their particlesbackin
the simulationdomain. The numtler of particlesoriginatingin ceII ¢’ with directiona’, ij andenegy E’ thathave their
next collisionin cell cis,

Ne(c,

L]

' , _ o)
IJ,E c’alj, )—Na,__fa,i’j(C,C) 1—¢ ACE) |, (14
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whereN,, isthenumker of particlesleft in the propayatorwith direction a’i’j andenegy E’ atcell c.

1]
R(c,d;

i,j2 E’) cannow becompuedfrom

R(c,a; ;,E') = Z_NC(C’ali,J’E/ :c,dj,E), (15

wherethe sumis over all meshcells ¢’ of the fixed mesh.Particleshaving scatteredn a cell ¢/, during the ballistic
step,areplacedin theraysof ¢’ in suchaway asto consere momerum, asdiscussedh thenext section.

Collision Operator: Constructing R(c,a, E)

T, redistributes particles on the meshin enegy while conservigg momenum in particle-grticle collisions.
Applicationof T, to R(c, &', E’) (corstructedduring theballistic move) givesR(c, a, E). We now give anoverview of
T, » followedby its implementation.

In this work the collisions have beendescrited usingtwo different models.In the first, particlesthat undego a
collisionin cell c areput backon the phasespacameshat the averageenepgy of the particlesthatcollidedin thecell
during thecurrentsimulationstep.Momertumis corsenedusingtheangular distribution f (a).

Theseconc:ollision mode usedfor theinterior of the simulationdormainis amodifiedBGK model,whichis

%|w”igm =vn(c)f,(E)f(a) — v (T, V), (16

wheref,(E) is the Maxwelliandistribution function. f (a) containsdirectianal informationasdescribedelow.

The monaenepetic T, and T, definel usingEquation 16 consere enegy andmonmentum,locally on averag,
i.e.,theaverag of theenegy andmomenum of the particlesin meshcell ¢ afterredistrilution by collisionsis forced
to equalthe averag enegy and momentum of the particlesin cell ¢ befae they are redistrituted Details of the
implemenationof eitherT_, canbefoundin refeiencef4].

For eachcell, the total momertum browghtinto the cell by particleswhich collide thereis computed (their initial
directionbeingtakento bethatof thecenterf theincoming rays.)Thenthedistributionof outgoing particlesis chosen
to conserethatmomernum [4, 8]. Theform of thedistribution is

f(@) = (1+ aw(a)/v+ Bvy(a)/v+ w2(a)/v), 17

wherev is the speedof the outgoirg particles,vy(a), vy(a) andv,(a) arethe commnentsof velocity of the particles
moving in the directiona and a, 8, and y are normalization factors.The distribution f(a) musttotal to one,i.e.,

J f(a)dQa = 1. Theintegral of f(a) placesthe needecdconstrainton equationl? in orderto find a, 8, andy. The

meanvalue of vy is

(W) = avny, (18
whereny is anintegration factor Sincewe choseto apprximatetheintegraion usinga summatia, n x is given by

S a(w/V)dQa

Onceny is deternined, for the givensetof directiors, a canbefound exadly, to ensuremomerum conseretion. 1 y
andn; arefoundin thesamemanrer. (Then’sarethesameor all locatiors andenepies.) Thisapprachwasoutlined
in [8], whereparticleandenegy consevation werealsodiscussed[8] providesdetails,includng how large values
of themeanvelodty arehanded. Otherangulardistributions could be emplgredinsteadfor instanceo allow for an
accuratalifferential crosssection.

Boundary Conditions and Surface I nteractions

The effect of areflectingsurfaceshould,for a uniform dersity above the surface,beto give the sameflux comirng
backoff thesurfaceaswe would have for auniform densitybehindthe surface . Similarly, attheedgeof thesimulation
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FIGURE 2. Depiction of equivalentvolume vs. surface point sourcecoverageof space.Figure a) shavs equialert volume
coverageof spacefor two directionsandfigureb) shavs surfacepointsourcecoverageof spaceor rougHy thesametwo directions.

region, wheregasis introduced the flux comingin shouldbe exactly whatwe would getfrom a large volume where
we (usually) specifya uniform density Much of our effort in settingup the simulationgoesinto handlirg boundaries
soasto mimic theseequivalent’ volumes.

Onedifficulty with making a surfacerepioduceits equivalentvolumeis causedy the factthatwe sometimesise
PS,insteadof integratingthe sourceover theentireinitial cell. The PSusesrays(abait eachdirectiona’, j) whichfill
the solid anglecenteredarourd the PS. Particlestravel down theseraysandstrike all the cellswithin eachray Rays
comingfrom points onasurfacecannotexactlyreprodicetheanguar andspatialdistribution of particlescomingfrom
PSin anequvalentvolumebehindthe surface,seefigure 2.

The bourdary condtions we describedo achieve the effect of repladng the surfacewith an‘exact’ equiaent. In
the caseof point sourcesye have to replacethe surfacewith a setof fictional volumecells, behird the surface,and
useamethodof imagesNumeraisotherversionsof thebourdaryconditimswereconsideed,whichfailedfor subtle
reasonsvhichwe do nothave the spaceto describehere.The methaswe describenerearethe simplestthatwe have
discoveredwhich satisfythe ‘equivalentvolume’test.

The CS provides an alternatie way to hande geneating probabilities, which eliminatesthe errar in usinga PS
distribution off surfaces.This schemes more corveniert andeasierto usethan point sourcesfor several reasons.
Oneadvartageis that launching a CS prgpagato from a surfaceis indeedcapableof geneating the sameanguar
distribution astheequivadent volume. This will bedescribedaterin this section.

As mentionel, boundarycondtions muststrictly meetan‘equivaentvolume test,in orderto prodiwceasatishctory
densityprofile. At theouterbourdary, we inject particlesfrom avolumeregion whichis severalmeanfreepathsdeep,
to acconplish this. This would be quite unwieldy, but we can storethe particle collision rate on the mesh,of the
injectedparticles,andaddthatrate backat eachstep.In addition we canstorethe profile in a compact form, and
allow for variationsin meanfree path,usingacombirationof the CS propagator mappirg back,andthenull collision
operdor.

Reflectionat a surfaceis handledby the methal of images Particleswhich reflectspecularlyareallowedto travel
down a fictitious ray, which is the continuation of the original ray betind the surface,and are placedin fictitious
volumecells,seefigure 3. After they have beenpropagatedalongtheray, they arereflectedbackinto therealvolume,
i.e., whatcollidesin volumereflectingcell B is placedin cell B with the correctdirectional information. Again, this
would be unwieldy, but in factwe canmapthembackinto (fictitious) volume cellsimmediatelyafterthey crossthe
reflectingboundary Thesearethenreflectedbackinto therealvolume. This procedire achiezesthe equivalenteffect
in amoreefficientfashion.

Diffuse reflectionis hardled by finding a set of ‘mirror image’ rays for an incomirg ray, whosecenterhits a
particula surfacecell ¢(the dot on the wall of figure 3 b). If theincoming ray is at angleslabelled(i,j), the mirror
imageraysare(-i,j), (i,-j) and(-i,-j). Sharirg the particlesamory theseraysequally providestotal momernum loss.
The sharedparticlesencainter both the volume reflectingcell in the original direction (reflectingcell B) andthe
‘conjugate’volumereflectingcells, reflectingcell B’ in figure3 b). B’ is the mirror imageobtairedwhenB is reflected
abou the centerof the surfacecell €. Particlesplacedin the conjwatecells arereflectedn the samemannerasthose
placedin reflectingcell B. Partial sharingis doneto achieve a mixture of specularanddiffusereflection;so perhaps
10%of theray mightscatterspeculdy andtheremainirg 90%besharedin additionto this procedureproviding exact
momenum loss,for auniform sourceabovethesurfaceit guaanteesatishctionof theequivalert volumerule, which
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FIGURE 3. Depiction of how wall collisions are handledfor spectrallyand diffusely reflecting particles.Figure a) depicts
spectrallyreflectingparticlesandfigure b) depictsdiffuselyreflectingparticles.

is to say it givesthe exactnumericalequivalentof the cos® distribution comingoff the surface

Mapping Back and the Null Collision Operator

The adwentagesof the CS versionof the propayatorfollow in partfrom thefactthatit only employs a discreteset
of angleswherea the PSversionemplgys rays.Theraysarecenterd on discreteangles but they spreadver arange
of anglesThis allows the CSversionto use'mappirg back of particleswithout alteringthe particles’anguar distri-
bution. While the mappng backis not essentialit malesseveral proceduresa greatdealmoreefficient. An increase
in efficienay comesfrom factthatthelengthof time anindividual iterationtakesis proportional (x (A (c,E))/AM) 2 in
2D and(x (A (c,E))/AM)2 in 3D. Thisis becaus¢he numter of cellsthe propagatormustloop over in asinglestepis
proportiond to thethe number of cellsthatfit insidetheareaor volume the propagatorsweepoutin space.

In this work we sometimeamap back particlesin a ray, to achieve greaterefficiency, befae the particleshave
travelled asfar asthey evertually will alonga direction a. After they have travelled one or two meanfree paths,so
relatively few particlesremainin theray, thereis little benefitto following the particlesfurther. Instead we replace
themin acell ¢ of themeshatthe exactsameangleandspeedTheir motionalonga is thencontiruedwhenwe next
propagateall of the particlesin thatvolume cell which have the samemomantum. Thereis somenumeical diffusion
in spacejn this processput nonein momentum,andfew particlesareinvolved. Impottantly, this processdoesnot
introducenon-uniformitiesinto anotherwiseuniformflow. Sincethedensityvariatiors we arestudyingaresometimes
small,we mustensureghatnumerical erras do notintroducedensityvarigions.

The null collision operato wasintroducedfor Monte Carlo simulatiors [14] andwe have usedit in TPM calcula-
tions. It consistsof overestimatingthe collision rateby assuminga constanmeanfree pathA (or collision frequency
v) whichis known to betoo small(large). ThefixedA (v) malkesit easietto calculatethe propagator Theover court-
ing of the collisionsis remediedy takingsomeof the particleswhich wereremoredfrom theray ashaving collided
andmappng themback,asdescribedibore, with theidenticalmomernium they hadbeforetheir spuriots collision.

RESULTS

Typical resultsfor the flow pasta flat plate,geneatedby the TPM, areshawn in figure 4. The depcted flow is for
argon flowing over a flat plate.Kj is 0.2 andtheinlet (far field) velodty is setto (vx = 405, vy = O,V = O%).
Sincethe thermal velccity of argon is aronnd 43041, M ~ 0.1. The meshspacmgwasabou a meanfree path,i.e.,
AM = (A(c,E)). Theupstreanregion was20AM, thedcwnstrearrreglon was35AM, andthe width of the simulation
doman wasZOAM.

Theseresultswere geneatedusingthe CS praopagate. Resultsgeneratd usingthe PS propagator for theseflow
condtions, exhibit only minor differencesandsothey arenotshown.

Becausedhereis no experimentaldatato comparewith, the resultshave beencompaedto thosegereratedby the

InformationPreservig (IP) metha (reference[1]), resultsnot shavn here.The TPM andIP metha predct similar
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FIGURE 4. Typicalresultsfor flow pastaflat plate. Theflow is argongaswith aninlet velocity of (40m/sec, 0,0) andaK, = 0.2.
Figurea) is the normalizeddensitycontous. Figureb) andc) arethe normalizedw andvy contous respectiely.

a)

flow behaior for theseflow condtions.

CONCLUDING REMARKS

We have presented kinetictranspot mocel well suitedfor handing low Machnumkerflowsin highKnudsemumtler
ervironmens. Themodelgivesaveryaccurae handing of theflow, in circunstancesvhereparticlesimulationssuffer
from statisticalnoise.In this paperwe emphasizedhe methal, including hardling of bourdary corditions andthe
constriction of a ‘propagdor’ usingthe ‘Convective Schemé
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