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Abairac

Are gfficie s alparitfun i prege et for compuning porgi e
pelfer, srpeek Neg ot tnie Nres D L eqde perete o fhvwe s
wilike movwng curwlinear gridy, The inre granon, veloedny
Jwrerpolarion, ana srep iy condral are ol performed in
physical spece which oumds the need e frangform See
welaciry fleld [nsr compunaniowl space. This leads o
eher accuraey because there are we focokian manrlx
app boximkiany., 2nd expenslve manrlx Javerslons are
elimibried. I grarioe aocupecy [ madesr e sl on
laprive sep sl conniol soheme whdc ke by regulbried by
rhe peh Nowe curvenurs . The problem of polnr hocedlon
and Jrerprlaciion Ine pheyplcal speve 13 simplified by
decamgrsing Fexabedeal colly inar tepofedral celly, This
enables ihe polwr hocarlon fo be dowe owlurbolly ana
subsranrially favier than wirth o Wewion- faphoos lrenuloe
merfurd. Reguliy presended sharw thiy olgorithon [5 up o
i fmes fogrer s poriicle rracers which operons on
Fewsaheitiol celly ot provuce 5 obmaess laenrieol twes.

1. Toroduction

Unmeady panicle wscing iz a relsuively new
visualizsion vchnigue tan has emerged becsuse of the
need W visualize wnstesdy of Lime-dependem dussee.
Wherss seady-seane Flow simulons only roguine gne 2o
of grid and sohuion e v dexeribe @ flow, wisesdy flow
timulsigne may owpsize of hundreds of supuasnds of
Lime seps of dins; sech having an ateoc meed grid and
spluvigpn file. The zize oF thete dunsbris Ccan fun ing
hundrsds of gigsbiaes (12).

The vechinigues weed For viswalizing wiseady Flows in
experimentsl fuid medianics inclede path lines, tme
lines and swesk lines. They are generaved by injecuing
foreign mueerisl 2och at parvicles, dye o snipke o e
Fluid:

* perhe Mie:  penersved by wacing the path of & zingle
paricle {alo called s panicle path) .

me Nne:  peneraed by wacing & line of parvicles
which e &1 pelesend 2 e tome Lime .

= grraak Naa pensroed by conlinwgusly injecuing
parucles frgnn & fixed lpcation

In thiz sedy we were imsresed in ganerating suesk
lines Fromn large vime-dependend compuational Fluid
dynamics (CFDY tinulsmipns. Tn compuauions| Flow
vigaglizanign, suwesk linez are peosraed by relessing
panicles s discrae invervalz, wtaally in sccordanc: widh
the simulation time aeps Thiz ConLinwg injecuipn |«
w & rapid prowih of the number oF panic e in the flow,
&l oF which musy be weckood il they [ssve the flga- Field
o il the simulavipn snds, which =ver cpnes firse s
L unopmmon fgr there wp be tevers | thpussnd o
paniclez in an wnsvesdy Flow, 20 i iz sxtentia| than the
SvecLion OF U ing process iz at & fTiciem o possinle,

A Ume-gCourae paricle vacing algoritun ix peessmaed
in Wiz paper which offers improved scalar par fgrmance
withpaun secrificing sccuracy. The alporithm can be uted w
compwe path lines, ume [ines, o areak line: in
o sd O wnarec e d grids.

1. Previouz work

Many algorihms have besn pressned for panicle
wacing in sepdy flows yey reliively few congider the
=) i v wntvss oy Flosws. Thiz e xusneion it nm & hyays
wivial becsits the ime varying neter of the Flow and grid
adbdt complex iy w0 & oL every par of the & lpor i [2).
Alsp, vohnigues used v spesd-ug seady flow alporiduns,
zuch a2 lgading the andire S0lAion g MENry O pre-
&valusning cOMpuaiona| apace velgoitist, ar oM
poxzinle with lege dme-de pervdend datazes,

To imprgve panicle wecing performance, Shirsyama
3] wvansformed wthe velpcivy weewpe field intg & wnifoem
feompuniona |} spece and deconposed hexdiedea | cellx
ing wwshedrs. The parvicles wers then waced in
compustional spaoe. Shirayems s appeosch signi ficanly
reduces the number oF cakulatione aldwugh socwreey
tuffers because of approximation: made in the
wanafpmmaion w compusiona| space. This problem iz
dizcusted Funber in secuion 3.

Sipnificant gaing in performance can be schisved by
particle uecing on paralle] [45] and muli-processor
aymentt [&] Faricle wacing i eaily parallelized tince
such parucle can be waced independenaly. The algovidum
P d here i pegores 20 e performanc e & khough could
e sl e ] o v Sochuie e o ven pre er spead-aps.



3. Physical va computstional space

Parvcle wacing alporichmz fge surecuwned curyilinesr
gridz can divided g thoss that wece in CONNpELignal
tpace and thoze thay wace in physical space.
Compasnional spece sohemas reguire the curviliness grid
and wthe sxeocisued velocivy field vp be mapped o0 &
wnifprm recunpular grid using lacobian vantfpnmanions.
Thiz can sidher be done a2 & preproceszing 2ep for e
whole grid [T] or Wcally onahe-fy a2 sequired by the
wvacking process [B]. Parvicles are then sdvecesd in dhe
logical prid tpece raher than in phyzica | space.

The main ditedyamwsges of wacing in compuatipnl
ipace i that the vantforming lecobian mawices ae only
Sppe Ox iMaions snd 20 the wanaformed vecur Field may be
dizopminueat. Alsg, if here are irregularivies in e prid,
tuch & oxlls with collapasd edpes, the wanzfpred
e peiviet may be infinive [9). Anelyees by Sader jpan s
al. (1) and Hulwquis (1) in seady flows have thown
tha thiz mapping vechnigue produces sipniflicam srrges in
disvored curviliness pride. Caloulsing lacobian marices
in wnaesdy Flows with moving gride iz moee inaocwrae
becauss each maarix hat duwes sddivona| ine-de pendem
vermite which niuey be o ppeox imaeed [12).

Fhyzical tpace wacing scheames are more scouwraue
becauss e inenpg BUon and ineEgravion proossees are
done in Carvezian space which liminawes te need w
evalume lacobian marices and vanshoem the velgeigy
field. The gnly ditadvantags it tha the wek of lgoaming
partiches iz moee compliciued snd hance mges & xpentive,
Thiz probrlem iz sdde extad in thiz paper. An e xpliciupoin
lgcavion wohnigee it presenied which hat vielded 2
zignificam speed-upg grer the MO CMMON PO [gomion
vechnicpes; she T wagn-Fos plhcgn ie e medd.

4. Physical space tracing algorithm

Fhysical space wacing alpwithms prgozed by firsly
rarching oud the 2lemem gr cll which bounds & given
point. Thiz it vrmed the call gearch or poinr locasion
process, Once fpund, the velgoivy it svalueed s poim
by imsrpglaing the npdal velgeives. T sty fows,
the v lpcivy COMpne it wews |y need wp be imerpolaed
vepprally &% well a2 tpanially. This necestivass lpading
WO OF moee Lime seps of s i memoey. Trermediane
posivions of the grid may alsg have vp be inenpd bed if
the prid changes in e, The parcle's pah i deven ined
by splving wthe dif farential eguunion for & field lins:

o _
3 = Treo 1

where ¢ it the paricle’s lpcsion and v the panicle's
velge iy s nine L Ineeprang (1) vie kds:

[E0.T)

Mwd = mu o+ [ womua {2
The imegral verm on she righa hand side of thiz e quaion
il be v kiaed e rically uting & mului-tege mahod
{t.g. Runge-Kus, Bulirzdh-Suwper) o & muli-nep
methpd (=g, Backwards differemisuion, Ademsz-
Bashfprh). Bawes ognosming i aoowrecy and 2ubilny of
thass e et are dizcuess d by Drannngfa | and Heimes [13].
Fegardlzss of how v iz splved, the end rezul iz 2
dizplacement which when added up e Cunfan poiign,
L, givezahe new panicle [Qosion sume Hed

The sxeenial zeeps in & Ume-dependend paricle
WECiTg & lpor it safe 51 Follpws:

1. Specify the sted ppim fge & parvcle in physical
e, (X, Y20

2. Parfoemn & point lpcsion w lpcse the cell dha
CONE ins i poin.

3. Evalaave the o (1" e lpo itiet and ooedinee £ s nime
L by e g ating bevws s Sinnl i ume e ps.

4. Tmerpolare the velpoivy Field w dewamine the
Vo iy VT LOF S0 NE Cdr s PR RLion, (X .20

5. Tmepraae whe lgosl ve lpe iy Field wting & quaion (2) w
devermine the panicle’ s new [Qosion anLime v

&. Exvimate the ine pravion eregr. Reduce the sep tize
and repeia the inepranion iF e srror iz e

T. Repesa frpm suep Zumil panicle leaves Flpw Field or
wndil v excesdtthe L5 timulsion ume sep,

L Poinl bycation in tetrahedral cdis

The core problam in all pardc & wecers is! given an
arbivary point X in physical space, which el doex thiz
poine lie in and what are it naral opoed inaasx. The
ot al opprdinaues ore ook | non-dine: ntional ogped inae-s
{2¢ Figwre 1) and are differant from the oonpusnignal
coprdinees which ahe ploba |1y defined.

The widely uwsed wilinesr inerpolation Funcion {33
Providex the QppOzie Maping v ke regquirsd, thaa s, i
devermines e lpcstion of x from & given naveral
cpgedinae [£,1),0). Thnforvenee by, squaion (3) cannm be
invemed ana hica lly because oF the -l ine o pagdus t, 50
it hat vp e 20l ved nanerically uting @ iveeive wheme
zuch &t e NewL-Faphaon method

WENL) = [ (X0 5+ 1, 500 +
(Bl 15342, 5 {23+
[ {153+ 2,5 X103+
i, 15+ X, R ) el

A g leonaive poim lgcatipn sdhenne it bean deve lpped
barrd o vrurahed sl & lamemt which allpws the naural
coprdinaes v be svaliaed direculy Fogm the phosical



coprdinaet. The mathemaical baxiz of thiz meuhgd will
g et dexcribed

Figure 1. Tedakvedron gepmedry in nedural inon-
dimevcional} and physical coprdinale spaces.

The zsimplest imerpo lvion Funcuion for vurshedeal
cellziz a linear gne of the vype in equanion (4 5. Tuhas Fowr
coefficiens which, in thiz case, are expressed in verms of
the npdal positipns. The ol coprdinaes (Xx.0) are
wken ax per wsusl w vary from & w 1 in e non-
dimenzional cell {z=e Figure 1).

HEND =X 4 KT a3 (4)

Thiz funcuion doez noa have sny -l iness voms like dhe
wri lineur Pt ipn snd o dherefpee be invsned snalyical ly.
Thiz iz done by expanding ad rearvanging (43 g e
maurix fonm belooy. TMoue than k. ¥, @nd 2, aee the
coordinass of & given physical poim and &y, ¥y, 2y.... 8L
are whe physical coprdinawes @ the vervices of the
e shedingn.

Iy —l.l

¥ | KrKy KyKy Kqky LiET
¥l = | ¥rdy ¥ Yo ¥y |'I‘|| i
12Ty | Zr2y ZrZy Ig2y ) ]

Thiz 2yaem of equaions can be splved by invening e
3x3 maarix o the right and den pramuliplying iv wid
e vmcapr ook the b L. The snd resuh can be wr e o

. s
ayy @y dyg ) KK

|'§'|
n =]f aay @3y dy || ¥ &
1Ly TR FIEFFERE el T

where the consame inhe 3x3 marix s given by

gy = XYY - 2z Ny
iy, = Ny - 2y
dyy = (¥ — 2 )
8y = (R NEg) — xR )iz,
fy; = (R N2-Ty) — xRz, )
EIPRC R LPU ERC M L LIS I

By = O E g — D R
By = Qg MK RS — Y NE R
Sgq = Qe g — o e x g

aandll whee dhever minana, Y (e by b imes e vplume of the
vewrabiedeon), is given by

o= (ke Oy gz gz N |
i vz ez g~z w0 |
ke LAYy Mz ez iz ez, Mg |

The navural oppedineees 5,50 can b svalaeed in 104
Mosting poiny gperaaions by implameming e & guaions
abgve. Thix figuwre can be halved by precompating
NN LarnTs ke fgre eva luing e mawix o Ticioms
danedl dhe i

%. Tewrahedral deconaposition

Equanion (&) can be applied direcuy v ansurwcuwnsd
ride conmaining wwshedral cxlls. However, suwcured
curviliness pride conasining hex shedral cellx gr hybrid
Pride conas ning mixed &lamam gpes mum be de o poaed
g verdhedes o geder vp ute i Sinoe she deansas for
vime-dependena flows are weually sxuemely largs, i iz
impracticsl vp 0o the decpmpORiuon 52 & prepeooELting
2ep. R onrua therefoee be performned oo |1y a2 panic =
ey el lx.

A hepshordes | onl] can be divided inug & mininmn of
five vewrshedes (Figure 23 Thiz decpmposivion, howsver,
i oA i becsues the disgons | sipss & ke 50058 5
cell. Since the faces of & hexahodron are uteally non-
planar, iv iz inponam 0 snewrs tha sdjgining cells have
maaching diagonals w prevam paps. Thiz it achieved by
ahemaing beowesn an ood and sven deconmpozivgn at
illugursned in Figawre 2. In & suracvwred grid, the coereo
configuwraion i s=leced by timply soding up the inesger
indices gf & gpecific nade (e node with the pwe s indices
waz wred in pracuice). Choosing e gdd configuration
when he s iz odd and e sven configuraion when the
N i &V il et C RNy Devwesn el lx

W &

Fague 2. Suin-divkobin B 1 edned es e e |
O by SN | ensue CONM vy Ded waeed coll .



V. Cel-gearch acheme

The previgus 2ecrigna dizcuseed hpw v sub-divide
hexahedes | cells inp euwshedes and how w evalueee dhe
nanural cppedinawes of poine withinthem. Theze opnceps
are g cpmbined with an efficient ppin location sheme
w produce & cell-srarch wehnigue which lpcaes the
veurs e on that bogunds the phiysical point (x 2.

Equaion (&) allows the navural coprdinaes w be
evalumed dirsculy from the physical cpoed inmes with
re lanively limle =Fon, Theet are four conditipns which
miust be valid for the pogim (5,20 v lie within de
vearskhvndrgn. They ane:
Tz Lz 1-5-w-Lazid M
TF any gne oF thess condivions it invalid then the poin iz
uaside she ruhedogn. In panicle vacing o lgovituns, shiz
happens when paric ket oroas o || boundaries. The poollen
ariget then of which varshed sgn vy sdvanc: w nexe The
20luion iz quite zimple sines the novws | cooedinae s ol
¥ou which direcugn v move. For example, if 5=, she
particle would have orosesd the E=(b Face. Similaely, if
v o T, dhe parvic le would have engated the Y= of
L=tk face respacyively. 1F the Founh condivion iz viglaed,
i {1%-n-Lhtb, dhen the panicle would have ongaes d the
diggona| face. The oo ll-teanch procesds by advancing aorost
the peperiive e g the sdjgining wwshedron.

Oceationgl vy, vwg o mgees oondivions in {71 may be
viplaed if & paricle oroxses nesr the comner of 2 cell o if
i et wevera | colls supnoe . T sech cates, the wir
viplaspr of the Fowr conditignt is uzed w predice which
nexL weushedrgn w uy nexe Even iF dhe bgunding
veurghe dogn 4 pa Found in the inmedisee neighieger, by
ahwvayz moving in the direcugn of the worsL viglswe i
will cpnverpe i the corecy cell.

The ca |l 22 arch pogecs due deteribed stugoe thould only
be e iF dhe cell being spupha it neary, than iz, within a
few cells of the previgus gne. Thiz iz etuslly the case
during panic e wacing since te major iy oF panicles gnly
crpt e ofll a0 & vime. Thes are, hpwsvsr, oo
tivuaigna when the cell being toupin iz nou like by 1w be
nearby, thess being: i) she san oF & panicle wace snd ii)
afuer jumping bevween pride in muki-prid doges Thoder
thetr circumsuances the o0 || s2srch should be prece ded by
anguher achane in Qode r M) pre VENL WeSVing Schpas & larpe
grid one verahedeon A & ume. We ute the "boundany
starch’ echnigue devoribed by Baning [15).

£ Veocily interpolation o tetrabedra

The velgoivy ¢onmppnant i e 2va e d whensyver
& paricle changes position or whenever the imegraion
Lme sep changes. They can be imerpolasd on the
gromeuic cxl| in phytics | pace uting linear inuenpolaion

(14] or volume weighting [13], or on the univeel|l in non-
dimenzional space using linesar basiz Funcuions [16). All
three have been sxeeceed inhe pressm sudy and shown w
be equivalen, ie, they produce idemical imerpg uion
Funcvions. Howsver, gne of then it mach moee = Fic ism
and viex in with pping locavipn ol gosivhim already desribed.

8.1 Physbeal space lnear b lerpokaibon
The phiytical space linzar imerpolsign Fancuipn can
o WF ML it

wWryz = a +b kxe ¥+dz {83

whers iz gne oF the three velge iy componants and X, ¥,
z the Cane tian copedinaess. The opntuam s, by, o, andd,
are e vslsved by subsivating dee Kngwn vakees of u, &, ¥
and 2 s esch of the nodes g this exprestion. The
P xuRing A OF RiniT s (e Sp Qo o be wr uen &

AL
1 1 1
Ky Yo Iy |t

II i“ II II ]

b _ 1 %3 ¥12; CF)

2y B 1 %5 %323 i3 &
|Id.I| |I i Ky g 24 I| |Iudl|

whars wy, ug, Uy, S0y are the velgo it Conpe s
each oFf the Fpawr niedes. Moo tha the contane 5, b, o, and
d differ fge sach ve g gy compgnent b the ded mawix iz
the some for &l becouts i goly depends on the cell
Fronewy. B owrns gt than nine of the ope Ficiams in e
invensd ded maw ik are idemics| v hozs in e guoign ().

Thing whiz appromch, the ve lQCivy oW Mt can be
evaluaued in approriniae |y B3 Flosing poing operaions
attum ing thatthe marix coefficients are reusd frgo she
POInL | oo ign seheame.

8.2 Volsme: weliphbed Enterpokobomn

Yohume weighing &t & more popular inue npp Eion
vehnigee and has beon usted in tvers| paricle wacing
alporithmz [10.15). The imerpy laion swsvgy iz w uee
the vplwmes of fpur sub-wwshedrs a2 weighis applicd w
the welgoiyy compontmz su cach node. Thes: sub-
vurshedrs are oresved by connecting the imer pg lavion
poim, P sy, w e four corners of the original
wushsdopn. The ranig of the volume of =ch sub-
veurghedogn 1o the vghanie of the while euahedron gives
the weight axtigned w the verex gpposice the sub-
vrghedrgn. Thing the npEugn in Figere 1, the vglume
weighed intenpolaion funcuon s poeim P i given by

Yaap Yia4p Yane Yy
1 z + kg z + iy + iy d
Yizaq Yizaq Vi Vi

Up = U

{1m



The vplwne of & poneric wwshedeon, ¥, o, i given by
Vinen = :__.I_H:.'- |28 x Al {11}

By expanding equanion (101 uting the wphune definiion in
(113, n can be shown thaa whiz ineerpglaion Funoion iz
idemical w dhe peevipus one. However, L wkes 192
floating poiny gperaione wp evaluae e four weights in
equaion (109 which makex iv e expentive than e
previpus linear inve npolation vechnigus .

£.3 Limear ks iim oo bl e oltis i

The third and W popular vechnigue For inusipplating
within & veurnhedron it the lineor basis Function ap e
Theing whe s node nuntbering o e fpes, the lineor batiz
o Uit <l bee W sn at:

WE MDY =y a4 fogsag g F{e-udt (123

whers £ v and T are the opedinaes in the vansfprmed
venrs heedegn (2 Figure 1) By substisiing the & xpeestions
For £, 4, and T From equaion (&) inup (123, it can be
ahwn that thiz inerpoland it identicsl vy dhan in (9. Tha
iz, boah the linear physical and linear basiz interpolaion
Fancuigns give the sanne inuerpoEion resul,

Since the novurs | coprdinaues are evalumed a pan of
the poind lgcsaion scheme, i i clearly more efficien v
wer e lintar batiz funoions v evaluse the velgeigy
componens than =ither of she guher vwg meahods. The
Ve e iUy e it i be computed in st 27 Flosing
PO operaLigns by uting |inear batis funcuione

% Numwrical integration scheme

The nwmerical inegration of squation (2) was
peer for e d with s standerd doh grder Rungs- Ko scheme
which compr iz=x of the fpllgwing sages:

= w ey s

b = w rgd, uf;_' ™

c

Wl w2ty s
d = v WU+, vrdn ) A
Py = l{lj+1—{i+?h+?c+¢ EN

whers 1 iz the panicle pozivign, ¥ the velgcivy veou @
that poezivion, and Au the dme wep which iz 220 by he
adepuive uep size proceduwrs desoribed in the Following
oign. A consequenct OF mult-negs whemes such o
thiz pne it thay the velpciizs (and grid poziignt in a
moving grid) nause be Freguemly inuenpglsed bevwes i e
timulavign tme zepr. T opase [17] and presrm

algoridums, hese quantivies are linesrly inenpolaved.
Darmgfal and Haimes [13] have shown than linsar
inAenpep S ion in ume reduces te vempeors | sccwrscey of the
Funge-Kuus schveme from duhwp 2nd geder .

The fgur suages of e Funpe-Kuas scheme tpan teee
Lime v lees {y, 2, and vet) S nd dheneFoee reguire new
Prid sl ve jge gy dute s sech one. Forunae v, thets gnly
need g be inaerpn Eved inohe o2 || surrgunding & panicle.
However, becaute & particle moves in ine and tpace
s ing e inepravion, ivmay lie in differsn cxlls
differen tages of the iMEPrELIon, 20 poiny [QcELion it
redpuired & Fer esch teape

There it an imponen difference in the way the
inuepraion it poverned in wntesdy fows compared with
aendy Figws. In seeady flows dhe inuepravon & usually
fovernad b dhe prid pronnewy, that i3, paricles are waced
frpm goe Face vp angabher soroas & ox | T wnsseady Floas
whe inee pranion i poverned by Lme snd prooeeds fronn gne
Lime sep wp the nexl The poiny (goavion and velocivy
inderpg L gn procedure £ are called fronn she Fungs- Kons
acheme &t required. Suep size sdapion gocurs afer each

OOV eLe AT aign sep.
18. Curvaure-based step size adaption

TFuhe inaepranion sep size it Fixed @ & conaan value
alpng he anaire panicle pah, o regulaed w xchisve @
apecified nwmber Of seps-per-cell, & parvicle may
wndersesr aropund bends if the Flow changes direction
rapidly. This can be prevemed by using an adapive sep
size oargl scheme where the imegration sep size iz
changed sccording v an error wplerance,

The errgr wplerance can be compued wsing & suanvdsrd
nmer ical echnigue such as srep dewbling (18] whereby a
panicle iz sdvanced Forward from & given poim wsing a
atep size S and thenthe process is repeaaed from the sme
poin using vwo half seps of size Aft The sep size iz
reduced i the disance beovesn the end-poins iz greaer
than @ specified wplerance; 2 nmber weus |y deduced by
wril snvd srnoe .

We implememed the s2ep doubling alpor it and
vested v in several Flpws. The sep zize adeprion worked
well, particularly in the vicinigy of crivcal poims,
alvhpaugh dhe performance was worse than & scheme which
uted & mepy-per-cell. Thaywas becsuse the sep doubling
alporithum per fprmed appeox imane|y vwice dhe number of
namer ically e xpensive poim lgcsions

A hewrimtic wchnique for adapuing mep size was
zugpesed by Darmofs| and Haimes [19). They measured
the angle browesn velgoivy YEcUNs S Sulosstive poins
alpng a particls path v eximae the changs in velgeicy
direcvion. 17 she ve lgeivy direction changsd wpo much (gver
15 degress) the 2ep size wit halved, wherest iF ivchanged
o linle {lexs than 2 degressy the sep iz wat doubled.



We implenmemed thiz tcheme and & very similar one
which mestured the angle bevwesn tucceszive |ine
o on the pah line (Fipare 30 The laver sheme
aduped the aep xize socording weothe pah line cwrvars.

Panicle pah T - ~=T».
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| witn at — iy || iy - wi |

Fhgure 3. SHep sdapdbn ks Dased gn e pahine cury sone.

Boh of these schemes worked well in pracuics and ran
approximately twee vimes Fauer than the sep doubling
algorithm. In boah cazez, the initial mep zize was
estimaned using:

1
ﬁl:mfk/; {143

where lul iz the magnisde of the velgcivy o he cunrem
pogitipn and Y iz e dererminen from equarion (6).
Follow ing thix inivial esimae, the sep 2ize was habved if
the angle O, wat v scute (0,157 ), doubled iF iv wat wpo
obuuze (@, 3*), or kepaahe aonne iF ivwas in becwesn
thete limive | 3= @ = 13

Thegugh £xperine i ion in s2veral dosts o we found
the curvavene-bated alporithm produced similr panicle
waces wp the suep-doubling scheme when adaption angles
of 15 deprees (upper limic) and 3 deprees {lower [iniy
were utad, The curvatuns-be sd ol posidn peoduced panicle
waces oF superigr sccuracy when the upper [imic was
lpryered beigry 12 degrees

11. Performance evalustion

The performance of the vurahedeal alporichm wis
compared with & ogvenional hexahvedea| algorihim [17)
in wo vme-dependenty daasers. The conventional
algoridum used wilinesr funcuions for spavial and v elocicy
intenpeplanion and an ivraive Mewoon-Faphaon medod For
poin locaion. Bodh & lporiduns used dah order Funge-
Kug inee pravon schemes ban uwsed dif ferent sep adapion
vchnigues. The convemionsl alporidun ured & s=mi-
adapuive (5 sepapercell) scheme whersas the vewrshedral
algorivhm wsed the hewristic owrvature-besed medvd.

The missile dozre (Table 1) comprized of & single
susic grid with 3K MG prid poins and TO5 dme-varying
velpeivy Fields. Each velocivy Field was approximae by 4
ME (Megsbrnesy in size which yielded 2 vpual| of 3.3 GB
(Gigsbomes) for the entive daaze. Sixveen paric les were
re |eared gy ench simulsion time sep.

The V-22 viluwougr dowszer consiseed of 26 grids (¢ of

which mgved) comaining 25 millipn grid poims. We
uwted 140 o0t 0F 2 voan| 1 AKF 2innulsion tinne aeps, sach
one cpnzizied oF 100 MB of dos. Thers wers 14 panic (e
o [eated an snch Lime sep reuliing in gver 15 (KK aoaive
parviclez e ing weced by the and oF the zimulstion.

The sxecuimn tines thown in Tablex 1 and 7 hane
been divided wp ing e main sl poridmic ks and e
given in both s2opndt and & percamage oF the wual
ERECULgN Lime. Compustiont were performed on a

Convex M0 with & auriped disk sysem (16 heads).

Miszlle dataset {795 ime tepey

Tewrahedesl Hexahedeal
i Qs ign M3 {863 %) 1150 {34.5%)
e O iy inenp. 4% (56%) M58 {43.5%)
i prai T3 {0 %) 336 {T.1'E)
o ok i g & {0 TR [FLRLE S Y]
A ISP 103 {13%) A& {140k
10 & tymem b {83%) T {1 5%)
Tob {104%) 4731 {10dr%)

Tade 1. Break-down of execwlipn bmes dor e mew
tedrahedval Akpwiihim and & convendional e hedr sl
Bhpnrilem In & dingle-zooe dadasel. Thmes ae given in
Aol Al A9 B povcenisge o (e (el exeowlbon tkme.

Table 1 shows tha dhe vowranedeal o goridn ran s
xix vimex fatesr than the hegshedral alporitm in the
miztile donger. Every azpecy of alporichm iz moee
& fTiciem although the no zipnificam gain comes Fron
the velgoivy inuerpglation. Thiz iz becauts the poim
I ign and we |geivy inuerpplaion are o losely coupled in
the new wurghedral slgorithm and the majorivy oF the
wiwk, namely, compuaing the noveral opgedinaes (% v,0),
iz done during the point [gezion.

nthe V27 dogees {Table 2), the peed sdvamage of
the wwrzhedesl alporichm was gbtowrsd because of the
addivpn of grid jumping: the procsss by which pare (e
CHOAt prids in & mului-grid dessse Crid jumping i an
infrequent process, i Qoowrs o0 averaps gnoe every 1 KK
Poin lgcanigng, ven i wkes de majoriey of the execmnion
Lime in thiz cate (5T.4%). Resalet frgon the he gahedesl
alporivmn thow wthan the poind lpcavion and velgeicy
inuerpeplaaion are the Mos expensive wk s, prid jwnping
iz nruch less significan wking only 11% of the sxecmion
vime. Clearly, the perfpomance of the new veuahedral
alporithmn could be xipnificandy impogved in o ki-grid
disse s with faaer prid jumping code.

Fuvwre work will involve waing ahernaive prid
Jumping schennes such & the donor-re oz iver poim mahod



(29 in which & pre-compued |opk-up wble iz wed w
predicy whers & panicle ' bnds" sfera grid junp.

V- 22 i odor dacasst {140 00me e pah
Tewabhedesl Hexahwdeal

e ez i o {26 4%) 1250 {27.1%)
Ve s i inenp. T (2. 2R 1130 {34 .T%)
i praninn 10% {30E) 32T {TIE)
20 o i g pai g TR 27T {61FE)
ChiAs anape 160 {4 B%) B0 {193
O & tymem 210 {6IE) T {dBE)
grid jumping 2B {5TAR) 50T {11.0%
3514 {100k 4611 {10k}

Table 2. Break-down o execuwon limes ior e ledrahedal
v Ivealvedral Blpwidhma in & mulli-zooe deleoed.

Fles 1 and 2 shw sillz sunime sepe 550 and 654
from & aninmion of swesk inex Flowing angund the
migtile, Swegk |inex peneravd uting toah the hexshedral
(magams dout) and vurghedes| {cyvan lines) algor s are
shown in these picwres, As can be teen, there iz viral ly
00 i Fference bevween the paric e pahe peneraed by sach
& lpor ivhm.

Flaes 3 and 4 show aills from an animsion of the
V-22 s ime seps 56 and 140, The panicies could now be
rendered gt awresk [inves becsine e flow wat surbulen and
haed & presy desl of recircukivign whichmade ivdiFiculuy
connecy the poinas. Panicles were releasd from & fixed
[pestion sbgue the puw bladet which retaled in the
distincy gaps &t e blades cuu dwrgugh the descending
sheey of paruc ks, Contidering the varbsulent nevere of thiz
Figw, there it very popd spresment bevwesn paricks
contpaed with the veurahedeal and hexalvedes | 2lgor s,
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