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Abstract. In this work we presentnumericalresultsfor the problemof ‘high’ (of orderunity) Knudsennumber gasflow
pasta micro-airfoil, for low flow velocity. The resultsaregeneratedisingan enhancd versionof the transitionprobablity
matrix (TPM) method.The TPM is a non-statisticalkinetic method[1] for computing neutral particle transportin high
Knudsenumberflows. The problemof high Knudsennumter, low Machnumbe gasflow hasbeenstudiedin the pastusing
severalcompuationalapprachessuchasthelnformationPreseration(IP) method[2] andthedirectsimulationMonte Carlo
(DSMC) method[2]. For low Mach numbes, the DSMC approactsuffersfrom statisticalnoise[3]. The IP methodextends
therangeof the particlemethodby reducingthe statisticalnoiseof the approat. The needfor a methodwhich is capableof
describingthe particledistribution function for high Knudsennumbe flows atlow flow velocitieshasled to aninvestigation
of alternatve kinetic approaties,suchasthelP[4]. In this paperwe presentinaltogethedifferentapprachto the problemof
statisticalhoise thetransitionprobabilitymatrix (TPM) method[1, 5, 6, 7]. We give a brief overview of the TPM method and
compareits strengthsandweaknesseto thoseof the IP andDSMC methodsFinally, we presentesultsfor the micro-plate
andcompareghemto theresultsgeneratedby boththe IP andDSMC method.

INTRODUCTION

In thiswork we consiceralow velocity flow (Machnunber, M, lessthan0.3) pastaflat plateof lengh of the order of
% um. Suchflows presehchallengs for well establishedtatisticalappoachessuchasthe directsimulationMonte
Carlo(DSMC). At low Machnumnbers particlebasedappoachesequie alarge numker of samplesn orderto redwce
statisticalscatterto alevel wheretheflow canberesohed (samplesize~ 10° for avariarcelessthan1Jl.). Theneed
for a large number of samplescanrencer thesemethod impractical[3]. Figurel illustratesthe issuefor a DSMC
simulation.Theflow is for aMachnunberof M = 0.12 anda Knudsennumker of K, = 0.05, whereK, = Wengh'

Adaptatias of statisticalmethodshave extended their range to cover thesetypesof flows. One suchadaptatio
is the information preseration (IP) method[8, 2, 3, 4]. The IP methal is a hybrid modelthat comlinesa particle
(microscopic)descriptiorwith aglobal(macioscopic)description. Although this extersionworkswell for flowswhere
Kn < 1.0, thecontinwmmodelusedn adjustingheglobal informationbecome®f questionale validity for K , > 1.0.

Anothe appoachto this prablemof statisticaihoiseis to develop anonstatisticalnorandomnumkbkersusedkinetic
modé suitedto thesetypes of flows. To thatend,we have developeda particletranspotr modelbasedn the useof one
steptransitionprobability matriceswhich we referto asthe transitionprobability matrix method(TPM) [5, 1]. (See
also[6, 7,9, 10, 11].)

The TPM hasbeenappliedto the prodem of flow pasta micro-plate.In lieu of expeimentaldata,we have also
appliedthe IP, DSMC and Navier-Stokes (NS) modelsto the sameflows. The resultsare qualitatvely similar and
they provide someinsightinto the strengtls andweaknessesf eachof the models.We find broady similar results
for thedragcoeficientsandthe IP and TPM resultsexhibit similar trendsin velocity. As K, increasesthedoman of

influene of particlescomingoff the plateincreaesin a similar mannerfor boththelP andTPM. The NS slip model
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FIGURE 1. DSMCresultsfor amgonflowing pastaflat plate.Theinlet flow velocity is (40,1, 0, 0), thetemperaturés 288 and

. sec’
the Knudsennumteris 0.05. The samplingsize~ 3 x 1P %‘f'ﬁes andthe simulationdomainconsistof 4000cells.

agreesvith theIP andTPM for low K. As K, increasesthe NS slip modelfails to captue theessentiaphysics. The
densityprdfiles for the NS slip model becone morelocalizedaboutthe plateasK ,, increasesindthevelocity diverges
from thatpredictedby boththe TPM andIP models.

We begin with abriefintroductionto the TPM followedby a discussiorof the strengtls andweaknaseof the TPM
versughelP andDSMC mockls. Thisis followedby adiscussiorof theresults Finally, we summaize theresultsand
give someconcludng remarls.

TRANSITION PROBABILITY MATRIX (TPM) METHOD

In this sectiorwe provide anoverview of the TPM[1]. Theobjedive of theTPM is to solve the steadystateBoltzmam
equatia for LMFP ervironmerts,

= 5t
V-Drf(_r*,V)%—ﬁ-va(_r’,V): E|m”ision. 1)
Insteadof directly compuing f( T, V), the TPM tracesthe collision rates,R(c,a, E), of particlesfor eachlocation
(postion, diredion, enegy), of a 6D phasespacemesh[1]. The conputationof R(c,a,E) is perfamed through
successie application of a one-stegransitionprobability matrix,

R(c,a,E) = T(c,a,E:d,d,E")R(c,d,E) 2
22¢

where(c,a,E) arethe coordnatesof a phasespacedocation.R(c’,a,E’) is the numter of particlesthat collided at
coordnates(c’,a,E’) at the previous iterationandT(c,a,E : ¢’,a,E’) is the prokability that a particle startingat
coordnate(c’,a,E’) will haveits next collisionat (c,a, E). Giventheotherphysicalparametes suchasthemeanfree
path( A(c,E)), theparticlevelocity (v(E)), andsoon, R canbeusedto recorstructary desirednformationabou the
flow. For examplethe densityn(c) is
n(c) = Z R(c,E)A(c,E) 7
IV(E)ly(c)

wheren(c) is thedensityin cell ¢ of thespatialmesh,R(c,E) = S ,R(c,a,E), andy(c) is thevolumeof cell c.
Thetransportandredistrikution, in enegy andangle,describe by T in equaion 2 is broken up into two distinct
operaions, a ballistic move operaion anda collisionalredistritute opeation,i.e., T(R) = T, o T, ((R). T, (¢, &, E’:
c,d,E') is the probaility thata particlestartingat a spatiallocationc’ maoving alonga directin a’ with enegy E’
will haveits next collisionin spatialcell c. T (c,a,E : c,a, E') is the prabability thata particlethathada collisionin

cell c andwasinitially moving alongthe direction a’ atenepy E’ is redistritutedwith diredion a andenepgy E. The

®3)

equatimsfor corstructingR(c,a,E), usingT,,, andT_, are,
R(c,a,E) = ZR(C’,a’, E)Tyq(c,a,E : ¢, E) (4)
R(c,a,E) = Z Z R(c,a,E") T (c,a,E:ca,E'). (5)

a E
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The ballistic opeation, T, canbe perfamed efficiently through the useof a ‘propagaing structue’ andlocal
phasespaceinformation abou the flow at eachcell ¢c. The propagatingstructurecontairs geonetrical information
abou fractioral overlapsandaverage lengths.A fractioral overlap, y(c,a’), is the fraction of particlesthatwill pass
thoudh ¢ having startedn cell ¢’ with direction @'. Theaveragdength,(L(c,a’)), is theaverag distancea particlewill
travel whenpassinghrough cell ¢, sothenunberof particlesdistributedfrom location(c’, ', E') tolocation(c,a’,E’)
is givenby

Ac,E
N(e o ) =n(e, & )y ) 1- €t ) ©

wheren(c’,a', E’) is thenunberof particlesremairing at phasespacdocation(c’,a,E’) whenthe propagatorreaches
spatiallocationc. R(c,a’, E’) is the sumof equationt over all ¢’.

T, redistritutesparticlesin enegy anddirection while strictly enfacing enegy and momentum conseration.
Thecurren versionof T, emplg/s oneof two functionsfor redistritution in enegy (f(E)), eitheramonoenegetic
collision operato or amodfied BGK collision opeator[5]. Thenredistritutionin directionis periormedthrough the
useof a polynomial,

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

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

J f(a)da = 1. Theintegral providesthe constrain neededo deternine a, 8, andy. Detailsregaiding f(E) canbe

found in refelence[5] anddetailsof f(a) canbefoundin refererce[7].

In the past,we have appliedthe TPM to 3D arbitray spatialmeshedor 6D phasespacemesheg5]. However, in
thecurren version,we have implementedthe TPM for a uniform spatialmesh for two reasonslt wasdiscoveredthat
in orderto getuniform coverageof a spatialmeshfor particlesreflectingoff walls, the earlierversia of the TPM
(in reference]5]) nee@da ‘volume reflecting region behind the wall for trackingparticletranspot [1]. This volume
reflectingregion ensuredhat particlescomirg off the wall behaed asif they werecomingfrom sour@sbehindthe
wall. Without sucha region the bestthat the methodcould achiere was a 1% variationin uniformity, which is on
the orde of the densityvariatiors for thesehigh K, low M flows we areinterestedn descriling. With the volume
reflectingregion, uniformity variatinswereuncer 10~°. The versionusedhereandin referere [1] doesnotreqtire
avolumerreflectingregion, however the resultspreseted heremake useof one.In addition T, depems heaily on
geonetric informationaboutthe mesh soa uniform meshallowedfor redution in compuationalovetheadby taking
adwartageof symmetry

A COMPARISON OF THE MODELS

GenerallyDSMCis oneof themostsuccessfuparticlemethalsfor rarefiedgasflows. It is severd ordes of magnituae
lessnumeically expensve thanmethod for directly solvingthe Boltzmannequatia, andseveralordersof magnitue
more expersive than corventional CFD schemesThe DSMC methodinvolves statisticalscattercomparableto the
meanthermalvelodty of the molecules,i.e., the scatterper particleis 0 = v2RT so that the scatterper cell is
g = % In theprevious two expressiondT is in Kelvin andN is the nurberof samplegpercell. Hence,it requresa
hugenumter of sampledor low speedyasflows, andbecoms almostimpossiblefor very low speedlows.

The information preseration metha was proposedto solve the samplingdifficulty in the DSMC methal. In IP,
particlessimulatedin the DSMC methal additiorally presere macroscpic information aboutthe flow field. This
macracopicinformationis updatedduring collisionsbetweerparticlesandcollisionsbetweerparticlesandwalls, and
is modifiedto include the pressuresffectsexclude in the collisions.Namely the macrescopicinformationpreseved
in the particlesis updatedaccordng to the average betavior of therepreseted molealesduring collisionswhile the
pressurdield effectsareevaluatedemploing acontiruummocel to modfy themacoscopicdnformationcontairedin
all particlesin agiven cell. Theflow field is sampledrom themacrscopicinformationpreseredin the particlesThis
processdramaticallyredwcesthe statisticalnoiseof the particlemethal for verylow speedyasflows. It wasshovn [4]
thatthe IP method with modelsfor updatirg theflow field, worksverywell for low speedyasflows rangirg from the
continwm regime to the free molecuar regime. It wasalsomentionel thatmodfied modelswererequirel for flows
wheretheflow speeds notsmall. However, it is not very clearabou the physicslostin the collision processfor the
presered macrscopicinformation.Hencejt is suspectedhe currant mocels arenot physically correctfor very high
Knudsennumter flows, but theresultsappearto suppat its validity for thesdow speedlows.
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The Navier-Stokes equdions are solved usinga finite volume formuation [12]. The fluxes are evaluatedwith a
seconderderaccuratemodified Steger Warming flux-vector splitting appoach,andan implicit Gauss-Seiddine-
relaxation methodis usedfor the time integration. Compaed with particle methals, the NS solver is relatively fast.
However, the Navier- Stokes equatims are only accuratefor nearequilibiium flows. To enhame the validity of the
equatims, a Maxwelliantype slip wall mocel is used.Then,the Navier-Stokes solver may be appliedto flows with
Knudsennumterupto 0.1.

The TPM was proposedas an alternatve to statisticalparticletranspot mocels. The dravbackto this version of
theTPM is thatthe BGK modelbecanesof questiomblevalidity for K,, > 1.0. However, given thedifferential cross-
sectionfor a desiredspeciesthe TPM could easilybe alteredto hande collisionsexactly for high K, flows. Another
alternatve to the BGK modelis to usea DSMC modelto determinethe statisticsfor collisions[7]. However, in a
flow wheretherewerewide variationsin density pre-omputirg the collision rateswith a DSMC modelwould not be
possible.

All four modelshave limitations.For DSMC, low speedlows presendifficultiesbecageof the enomousnhumter
of sampleseededo redicestatisticalnoise. DSMC coud beeffective for thesdow speedlows, if enaighcomputing
powerwereavailable.However this is unlikely to hapensoon.

For the IP methdl, it is not clearthatthe contiruum modelscurrerly usedarewell suitedfor high K ,,. However,
numeical resultsof the IP modelfor simplehigh K, testflows arein goodagreenentwith DSMC results[4]. Some
thoudht needsto be givento undestandingwhatis the essentiaphysicsthatis lostin the IP during the averaging
process.This mayprovide thekey to beingableto propasemodelsfor building backthe'‘lost’ physics.

TheNS slip modé doesnot captue the essentiaphysicsof high K, ervironments. Higherordercorrectionsto the
NS mockl, suchasthe Burnettequatims,couldbeusedbut this doesnotaddresshe fundamentaissuethatmosthigh
K flows arenotwell describedy a singlemacrascopicflow velocity andtempeature.

TheTPM maybetheappoachthatis easiesto modify in orderto modelhighK , flows,becausé is well undestood
whatadditioral physicsneedgo beincludedto provide amorecomgete collision mocel.

RESULTS

In this section theresultsfor the TPM, IP andNS simulatiors, for flow pastaflat plate,are preseted anddiscussed.
All of theflows preseted arefor argon. The far field boundarycondtions (aninlet velcocity setto (vx = 4053,V =

045, v, = 03)) areusedfor all therunspresentedAlthough theseboundary conditimsarenot physicalfor theflow
domans investigaed,theseconditimswereusedbecausehey make directcomparisonof themodelseasierSincethe

speecf soundin argonis arond 3162, M ~ 0.12. Theflows presentedor all threecasesarefor Knudsennumters

(%) of 0.05,0.2 and1.2. In thefiguresthefirst coluitms arethe normalizeddensitycontous, the secondcolumms are
the normalized x-velocity contaurs andthe the third colunms are the normalized y-velocity contaurs for the TPM,
IP andNS models.We alsocompae the dragcoeficient,C , for K, of 0.05, 0.2, 0.8, and 1.2 aspredictedby these
modads. In addition we presenfTPM resultsfor K, = 10.

Figure2 is for K, = 0.05. The upstreanregion is 1% timesthe lengthof the plate,the downstream region is 2%
timesthelengthof the plateandthe heightof the simulationdomainis 2 timesthelengthof the plate. Thesimulations
wererun on two different meshesThe first meshusedwasthe samefor all threesimulatiors to make compaisons
easier This first meshhada uniform spacingof a meanfree path,i.e., AM = (A (c,E)). The secondmeshusedby
the IP andNS models was nortuniform with mary cells pacled arownd the plate,while the secondmeshfor TPM
wasa uniform meshwith double theresolutionof thefirst uniform mesh Excepi atthe upstremboundary wherethe
artificial fixing of thedensitycausesinghysicalbehaior in the IP andNS results thedersity contairsexhibit similar
trendsin all casesThemaximum andminimum densitiesleterninedby the TPM, IP andNS for theuniformmeshare
(1.012 0.988), (1.035, 0.975), and(1.029, 0.977). Whenthe TPM wasrunonthesecondiniform meshthemaximum
andminimum valuesare(1.019, 0.981). Foranonuniform meshthelP andNS find amaximumandminimumdensity
of (1.020, 0.980) and(1.034, 0.973). Thevalues for maximumandminimum densityfor thethreemodelswith better
resolutionarecompaablealthoughthe NS givesa somavha largervariation The normalizedvelccitiesfor all three
modds also exhibit similar behaior. For the casesshavn in figure 2, the minimun and maxinum x-velocities are
(0.11, 1.20)1pp (0.22 1.18)p, and (0.22, 1.16) \s. The y-velocity rangesare (—0.16, 0.17) 1py, (—0.12,0.17) p,
and(—0.17, 0.17) 5. Only thex-velccitiesexhibit muchchangevhenthemeshis altered Thex-velocity rangefor the
TPM, onameshwith doulde theresolutionis (0.13, 1.15). For theIP andNS mocelstherangesare(0.13, 1.07) and
(0.16, 1.14). Table1 shavsthecalculateddragcoeficientfor theDSMC, IP, NS andTPM models TheDSMC results
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FIGURE 2. Resultdor flow pastaflat platefor the TPM, IP andNS modelsgeneratedvith auniformgrid. Theflow is argonwith

aninlet velocity of (40m/se¢0,0) andK, = 0.05. Thefirst columnis normalizeddensity The secondcolumnis the normalizedx
velocity andthethird columnis the normalizedy velocity.

TABLE 1. Drag coeficient for flow pasta flat plate for the
DSMC, IP, NSandTPM modéds. In all caseK, = 0.05.
Kn | grid DSMC IP NS TPM

0.05 small,uniform1 1.84 189 170 2.30
0.05 small,uniform?2 — - — 1.65
0.05 | small,non-uiform 164 162 180 —-
0.05 | large,non-uiform 1.52 145 152 —-

aregivenherefor compaison purpaes,althoudh the statisticalscatteris not small enoudp. The columndesignatd
grid specifiesthe type of meshthat the resultswere geneatedon. ‘small, uniform1’ designate the drag coeficient
for the plots shawn in figure 2. ‘small, uniform2’ is the samedomainsize as mentiored above but with double the
resolutionof the mesh.'small, nonuniform’ is the samedommain size as mertioned abore but the resultsare for a
nonuniform mesh.large, non-wiform’ is aboutthreetimesthe domain sizeasmentiored abose andmakesuseof a
nonuniform mesh.Our first obserationis thatthe dragcoeficientis depadenton the resolutionof the mesh.The
first row of table1 shavsthat,for identicalbourdaryconditimsandmeshspacingthe TPM predictsthehighestdrag
coeficient (C, = 2.30) while the NS givesthe lowestdragcoeficient (C; = 1.70) for thesecorditions. For a higher
resolutionmeshnearthe plateanda smallerdomain, the DSMC, IP andTPM mocklsarein goodagreemat, whereas
the NS modé predcts a valuehigher thanwhatthe modelcompuedfor the uniform mesh(ascanbe seenin rows 2
and3 of table1). However, the NS mocel agreeswell with the resultsfor the DSMC andIP method for the larger
doman, seerow 4 of tablel.

Figure3 shows the density x-velocity andy-velocity contous for K, = 0.2. Theresultsshovn in figure 3 arefor

two differentmeshesThe TPM wasrun on a uniform meshwith a meshspacingof AM = MZE» ThelP andNS
modéds arefor anonuniform meshthatpacls cellsarourd theplate. Thedensitycontaursexhibit similarbehaior. The
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FIGURE 3. Resultsfor flow pasta flat plate for the TPM, IP and NS models.The flow is argon with an inlet velocity of
(40m/sec0,0) andKn = 0.2. Thefirst columnis normalizeddensity The secondcolumnis the normalizedx velocity andthethird
columnis thenormalizedy velocity.

maximum andminimum dersitiesdeterninedby the TPM, IP andNS mocklsare (1.022 0.985), (1.028,0.972), and
(1.062 0.942). The peakdersity compuedby the TPM is slightly off the surfaceof the plate,whereasthe IP model
prediatesthatthe maximum andminimum densityshoud beatthe surfaceof theplate. The normalizedvelodties for
all threemodelsalsoexhibit similarbehaior. For thecaseshovnin figure2, theminimum andmaximumx-veocities
are(0.28, 1.07)rpp» (0.26,1.02),p, and(0.36, 1.03) 5. They-velocity rangesare(—0.13, 0.14) 1pp, (—0.09, 0.11),p,
and(—0.11,0.11) s

Figured is for K, = 1.2. The upstrean region is 5 timesthe lengthof the plate,the downstreanregionis 7 times
the lengthof the plateandthe heiglt of the simulationdomainis 4 timesthe lengthof the plate. The TPM results
shawn in figure 4 arefor a uniform meshwhile the resultsfor the IP andNS modelsshown in figure 4 arefor a
nonuniform mesh.Thedensitycontous for K, of 1.2 arenotassimilar asfor thelower K, but thethreemocdelshave
theirminimum andmaximum dersitiesin aboutthe sameocation The maxmum andminimum densitiesdletermine
by the TPM, IP andNS for the uniform meshare(1.022, 0.978), (1.038 0.966), and(1.048 0.956). Boththex andy
velocity contous for the TPM andIP arevely similar, while the NS resultsarenot. For the resultsshavn in figure 4,
the minimum andmaximum x-velccities are (0.5, 1.02) 1y, (0.46, 1.0),, and(0.70, 1.0)s. They-velocity ranges
are(—0.12,0.12)rpy, (—0.092,0.092),, and(—0.018 0.018) <. It is not surprisingthatthe NS slip model results
arenotvery similar to the kinetic modelsfor sucha high K, sincethis is well outsidetherangeof K, wherethe NS
modé is applicatbe. ThelP resultsfor thesameuniform meshspacingusedfor the TPM, have thesamegenerashape
but the minimum andmaxinum valuesdiffer from the IP or TPM results.The densityrange for the uniform meshlP
is (1.01, 0.99) andx andy-velccity rangesare(0.57, 1.0) x and(—0.016, 0.016).

Figure5is for K, = 10. Theresultsweregereratedwith the TPM. The upstreanregionis 5 timesthelengthof the
plate,the downstreanmregionis 7 timesthelengthof the plateandthe heigh of the simulationdomain is 4 timesthe
lengthof the plate. The maximum and minimum densitiesare (1.03, 0.96). The minimum and maximum velocities
are(0.55, 1.01) and(—0.20, 0.21),. All of thecontaursaremore striatedthanin the previouscaseslt is notclearat
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FIGURE 4. Resultsfor flow pasta flat plate for the TPM, IP and NS models.The flow is argon with an inlet velocity of
(40m/sec0,0) andKn = 1.2. Thefirst columnis normalizeddensity The secondcolumnis the normalizedx velocity andthethird
columnis the normalizedy velocity.
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FIGURE 5. Resultsfor flow pastaflat platefor the TPM model. Theflow is agonwith aninlet velocity of (40m/sec0,0) and
Kn = 10.0. Figurea) is thenormalizeddensity Figureb) is the normalizedx velocity andfigurec) is thenormalizedy velocity.

a)

this point if thisis aresolutioneffect; dowbling theanguar resoldion hadlittle effectontheresults.

Table2 shaws the dragcoeficients calculatedfor various K, on seseral differentmeshesThe uniform grids were
thesameto make comparisonbetweenTPM andIP easy Thedesignatio S, in thetable,specifiesanupstreamength
of 1% platesadownstrean region of 2% andasimulationheightof 2 platelengtls. Thedesigmtion 2 is thesameasS
but with doulle theresolutiononthemesh.ThedesignatiorL specifiesanupstrea lengthof 5 plates,a downstrean
region of 7 anda simulationheight of 4 platelengths.The tablealsoincludesthe dragcoeficient for non-wniform
grids. Thefreemolecularflow dragcoeficiert for argon uncer theseflow corditionis C ; = 4.88. Thedragcoeficient
determiredby thelP andDSMC simulatiors for auniform meshis anoverestimatdor 0.8 and1.2. Thismaybearesult
of theunphysicalbourdaryconditimmswhich could causesomeregionsof thedonmain to have alarger momenumthan
they shouldin orde to balane the momentumlossto the plate,which would resultin the particleshitting the plate
having a larger momentun thanexpeded. Compariig the TPM resultsto the non-uniform IP andDSMC resultswe
seethatthe TPM agreeswith theIP andDSMC for a K, = 0.2 andpredictsa smallerdragcoeficient for higherKp,.
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TABLE 2. Dragcoeficientfor flow pastaflat platefor the DSMC, IP, andTPM models.
Kn | grid-(uniform) TPM IP DSMC | grid-(non-tniform) IP DSMC

0.05 S 230 189 184 S 162 164
0.05 S2 165 —- — L 145 152
0.2 L 3.08 3.22 299 L 3.00 3.04
0.8 L 356 5.05 455 L 462 4.25
1.2 L 390 542 5.05 L 481 4.76
10.0 L 439 —- — — — —

This may be dueto meshsizeeffects.It is alsoworth notingthatthe TPM predcts a C 4 lessthanthe free molecuar
flow valuefor K, = 10,whichis probably becaused (a) (equatim 7) gives thecorred drift velocity but underestimates
thetrans\ersemomenum-fluxto the surface.

CONCLUDING REMARKS

The prablemof accuraely simulatinglow Mach nunber high Knudsenmnumtker flows is aninterestingchalleng. We
have given an overview of the appoachwe are developing (the TPM) for this problemand have preseted results
for the TPM modelfor flow pasta micro-platefor variousKp. In addition we have preseted resultsfor two other
modds, the IP andNS modds, for the samerangeof K. The resultsfor all threemodelsexhibit similar trends, i.e.
the normalized minimum and maximum densitiesincreaseas K, increaseandthe differencein the minimum and
maximum velocitiesdecreaseasKp, increases.

Futurework will involve exterding the TPM to diatomicgas,flow pastanobjectfor arny angleof attack,exploring
other collision models,and investigatinghow to implemen irreguar meshesin an efficient manrer. In addition
comprisonsof all methalswill be madewith new expetimentaldatabeinggeneatedfor micro-scaleairfails beirg
condictedin amicroscalewind-tunnel[13].
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