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.,j 
1J'YI'YI 1 

1J'YIlh 

.... . ..,
1.1 mnWltmUUnfUY 

'll1l~UlJfll1fffl1nn1f1'S~Nilfl'\l6~1'UftACJf~lJU (Lattice Boltzmann Method '1116 LBM) 

, A'1111,hdfll1 i9lllJl'lMJlJlfl~6-3i'j6~ihh:: ff1'ln fll'Vf tfl'l1 i''U fll'~ 111 ft6-3 1;-3i11ft '\1'\1 fHfI11 '\IfH ... 

, '11 ft 91 ft6~1llJlh1f1{Jfll1 W'\IlJ th tilJl~011~ 6~n'UtnJfll1'\16~'\Itl-3' '11 ftU ftt WffmYffUfl i 1mh-3 

d1'11! 'Ufll11h::QflAl'*mfl'i1fl15 1lJiJ1l~UlJ 'A'Ufl fll1fffl'l:l1fll1 ''I1ftl1'U'U Poiseuille H1lJ'l1tl~ 
r6lJ'I1U~ Uft::n'VfqflmnJfll1 ''I1ftu'U'U mUltiphase ~~nfl11111~T~~ l~O'\ltl-3 ''I1ft1ltn 

flW"'fIlJ\u::~u'Uti~'ff d1'111U LBM n~tJu'U'Unlh::1I1ftHft~fltrl0n'Un automata Ufl LBM 

1l::~-3-W1111 W1~ film~ 0'\16-3 fl111l1~1Uft::fl111l'l1lJ1U-UlJ 1~OtllfiOfll1 utfffllfll1 Navier-Stokes 

ff10n fIl1 ~mi111I115 1l::fflJJ110fffl1:l1fll1 ''I1ft'\l6~'\Itl~ ''11ft'~'1~fJfllnht1l1ftHft llJ 1t,j''U 

fll16i'UlOfll1''I1 Cl'\l'M'\Itl~' 'I1Cl~HllJfhn~'\I11~ltJUUUflH9 nff10nlJ'I1ft1fJn J~ 
"''' iii " d .... -,_.., ... '" " fll16li'UlfJ~1fJffllfll1fll1I'11Cl'\l6~lUm~ft (Bernuli equation) 'I116'lli n lJ6ClllllJ'YI (Finite 

Element) U~fll16i 'UlOfll1''I1ftff1fJ'I1 "'flfll1fi~mh1 ii'~'UfflJJ11 06i'UlOfll1''I1ft'\l6~ffffl1 llJ 

1:;,j''Utlllfllfl'~ 'YIqlltjiflHfffHHilfl'\l6~1'UClJjlJ9l',r~I~lJ Numerical Tool A11'11ullJfl11fffllll 

fll1 
, , 

'11ft .lI d.1 ... """" "" '" flftl1fltl• ....'I1Cl'\l6-3'\16~ <)j'~'YIqllUlJffl111H16li'UlOfll1 '11ft ~lftflo.:nt~'U611fllfl fll1 

6i'UlfJfll1 ''I1ftU'U'U LBM ffl1111m'lflU-3mt'U1lJ fll1'Y11~Wffmflffilflfl';h 'til1..rl'1flU~1lftUfnff9lf 

'\I6~611fllfl UClt fflJJ11 f:lfff1~U'U'U111ft6~fll1 ''I1ft'\l6~611 fl1f1 ,~ 

i fl1 ~fl111,rfJ15~~'U'lJ fll1 fffllll~tJU'UUfl11' 'I1ft'\l6~'\16-3hIClH1lJ a~n~'\I11-3Iff'lJ'YIH 
fll1 ''I1ftl~lJ~ tJth'l1~fJlJ utl'1fffl-3UUU111mHfll1 ''11ft 1l1f1fll1 11m 1::li'l11'VflniiI9l6f ~n1'l1ml 
ltJU'UUfll1''I1ft l'l1lJ fI11lJ~ 11U1lJft'PlirlJl'U6f 1l1f1nfl1l1lu'U LBM 1~OHft1l1f1fl11fffllll15 
ffllJl1 f:l6i'UlfJltJuU'U fll1''11 ft'\l6~'\Itl~''I1ft~fhl1 ullJft~irlJL'U6fflH9 , ff 

CV ... I .t AU

1.2 'lflO1J1::il'~fl'\la~fI1'l1ij[J
q 

I. ,l46tlfllllltJUU'Ufl11 ''I1ft'\l6~'\16~''I1ft~HllJa-3n~'\I1H 
4 d t tli fI QI d"dq, ,

2. 1'Vf6fffllllHft'\l6-3f111'W lJtl~lJ1I1U61'Y1lJHCl9l61tJIlU'UfI11 '11ft 
'U 
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1.3 '\Ji)Ul'\JfI'\Ji)-lfl1"l~tI 

lm.:jonl~tJd~~nrUfffl'l:lltlll' 'I1il'Ufl.:j'Ufl.:j''I1il~''I1mhU'lifl~~mgmJ 
'Ull-3f1Htlll'1H'II~url'flu~mgtJlllll~01J1fffl~lU'lU 1 ~h 

1rltJn~.:jOrl 

1.4 1.h~lt1"i1~fl1~rh~~'A11J 
'~fJtlHrfl'l:lUl:tlll ''I1n'Ufl-3'Ufl.:j''I1mhu~~Orl'U'lH 

'!"t .I., .I.llOlUilrlUlll1JflHIH'l '"rl 



I 
q

1Jrtrt 2 

2.1 anllW:::'U&-3n11''1U\u1J1J,l....U'';I'U 

1~v,t1hlfil'J'.."n~n1J''''';iA11'J::~l'r'UUt1:: f)1'J '11t1''U~11t)'j Wl'IHif'f1m 'J1JlT'U111'U 

fil'J' l1t1I1UU,j''U ih'UlIl'IU .J'.:tl1lJ~ 'U"hll::ln'UiJty111f)1'J 1 11 t1~ii~ 11'.i H'IlV.:tiJty1111u<iu~v'Umo 

un 1,r'U fil'J '11t1 i'UnVOt1lJl1;Vfil'J '11t1 ''UYiVl1lrnrft~'11~VlJ 'J1lJ111o.:tiJty111fil'J 'l1t1~iil11iH 
'IlV.:tiJty111<iU~V'U 1,r'U f)1'J 'l1t1Nl'U'JOV'U~l1;tlfil'J'l1t1~h'UiJftlfl~tl.:tij'U l11'UA'U ftl'J 111t1I1UU 

,j''Uih'Udiinq~ t)'j 'J lJ~UAm4 H1l1001'J 1l1CHlum 1U~ vumh.:t~'U,~.:t Ut1dJ.:t 1Uff1lJ1'J 0111 Ht1 

Q A 0' A A Q -. _I .:... 9J d .... .4 4 , 

1U t1V1~nlm l::l1lnVVTi1J1vnq91t)'j'J lJ'Iltl~ftl'J !l1t1lJ'J::lnlm !ft CJf.:tt101lw::11'1 vnqflt)'j 'J lJl~'U'Iltl.:t 

. " 
ftl'J 'l1t1l1uuiJ'Uih'Uii'fi~u 

I. fil'j 111ntIUu,j''Uib'Uiifm l11gv'UU1.Jt1.:tUUU~lJAt1Vftnt11 nq~t)'j'j lJ'IlfNftl'j,11t1 

uuu,j''Uib'Ui'U'lYvd'l1'Unq~nn lJ~n1'U 1~1,j'Uifl~q'fl ~~1l1fmq;;m '1 lJ'lYvdm.:t'th1,fftl'J 

il1n 1::t1iJty1111~V10Ufil'j 'l1t1lluu,j''Uih'Ufl'tl~'thl'turoll W::'IllHftl'J 111fhl'ij~tJri111i'm11u11'j 

2. fil'j hmlluu,j''Uil1'U111'Uftl'j 'l1t1~iiaollw:;lIn;m::1l1V ~.:t~10nq~nn lJdvhi 11' 

trA'j1ftl'j fIltJIl'lllJllJ'UilJ, trA'jlftl'J thtJIl'lfl11lJ~tl'U 1It1::trmlftl'JcilV1l'1lJ1t1llilJ~'U 'j1lJ'l1ii~ 
,r1V1lilJfI111J1~1 i'U f)1'j HfflJ'Iltl ~'11 t111 tllV'lnl?lI'IY1?1'1VO'U60?1'1tJ 

111 a;' iI ... .1.4. ....... 1':' 111.1 A .......
I
3. f)1'j !l1t1I1UUlJ'U 1'ULnfl'll'UllJVfl1m'llI'jtJ l'Ut1fltr~VHl fltJl'I1 !lJllJtlfllltl'llI'j V 1'Ut1~ 

'IlfNftl'j 111t1tr~nv 'IlV~1 l1{1ll:;111~tJ'Uffm'U:;f)1'j111{11l10ftl'j' l1{1UU1J'J 1U17 vu111111'Uftl'j 111 {I 

UUU,j''Uil1'UI~V.:t1l1nftl'j fftylffVlffatJ'j flln'llfHftl'j 111t1 ;~fhm'lll'j V1'U{lY1~ ..h i11''Ilv.:t'l1C\1~lJ 

l11~v'Unm'U::1l10f)1'j 111 {Ilium1U17 tJu 1 11In'Uftl'j , l1{1UUU,j''Uil1'UJ'U 1l:;~'Umiom 11 i l.:t'llfH .. .. 
iJtyl11~n111'1 W 1 U{I:; ~Vftfilm'lll'ju1 'U{lfl W 9i11111lhd"h "fhltl'llmii'Ut1Y1ioqA" (Critical 

Reynolds Number) 1~v,t1 'l1fhm'llI'j ul'U{lflioqAri111i' Uftl'J'l1{1 ''Unvtl~~l1'J::mw 2300 th'U 

tillCl'llI'J ul'Ut1f1inq91rill1i'Uf)1'J 111{lNl'U191 Qtl~~l1'J:~mw 500,000 (White, 2003) 

4. f)1'j '11 {luuuit'UiI1'Uiif)1'J ,11~v'Uu11t1.:tf)1'J11)J'U1'U i'UffllJij~A{ltlftntn ~~ 

a ftllW:: f)1'j lfl~V'U~'Iltl~fl11lJl1)J'U1'Ud In'Unq~m 'J lJ~rilfity1'U f)1'j 011 1J1V11f)1'J111 mT'U111 'U 

ftl'J 111t1uuuit'Uil1'U11'1v'u 1~0~1l1ntr1f)1'J 111 {lJ'Uiiutim'jI11~tJ'Uu11Mfl11lJl~ 1 i'UaOllW::fftl.:t 

mlt);tHtldHI~tJ1 f)1'J 111 flJ'Ull: 'ulnft f)1'J 111~tJ'Ull11 Mfil'jl1)J'U 1'U~'UUfl::fil'j 1l1flaollw::J'U11:: 

1Uln'Uf)1'j111flUUU'!'Uil1'U 
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S. fl1':i , mUnJ'U '!'U'lhulhnHrnl1fftll'ffi~~l'Utl[h~ ff~muw fl1':i , mm'U'U'!'U iJ 1'U 
" 

~\\Ilfftll'f fi~ ~1'U1~ tl ~ 'il1ftfl11lJl1UlI'\I tN'\ItN, 11 (1 111m)::: l'i 1fl1':i 111~u'U111l'ffi.:J~1'U ~1'U 'il(1,r~ , ~'il1ft 

fl1':i' 11(1 ',"WI'Ul'fft~~l'Ufl1t1''U'\ItN'\IO~'11(11~tl1lf'\l0~'M(1ff1lJU om~o'U~'~ t1~,f'UftU '11(1 

u'U'U,!'Uih'U~~A'O.:J fl1':i 'VCn~~l'UOtj,~ft01~ 0.:Jl~01l0.:Jo'U 'li1lffl11lJ'!mJ1'Uff(11t1~11 

6. fl1':i '11 (1lL'U'U'!'U'1h'Ultl'Ufl1':i '11(1~oQ1'U'Jf1.:Jff1':ildoftOI~0.:J 1'UftU'11(1U'U'U 

'!'Uii1'U~ 'il::: ij'U'U111'\1 0~fl1 ':i 11~'U1'U0 ~11 (11 tI'\I 'U 111 ~~'\I'U111'\10.:Jfl1':i M~'U1'U~I~ft~ t111,f'U 'il:: 111qj 
fl11'\1'U 111'U0~ llJmQtl ~~,f'Ul'fqAm ':i lJftH"l '\I0.:Jfl1':i'11 (111'U'U'!'UiJ1'U~.:JltI'U '11 fl1lJfflJfl1':i 

fl1'UfJlJ'\Io.:J'\Io.:J' l1tl ~~,~urifflJfl1':iO'll011'1I1mm::fflJfl1':i0'l1mi'llJllJ'UilJ 

<I~ <I... <I 
2.2 11t1I'lU'IA'ln.tl'lJtJ1 

'\Io.:J'm,~nftUhltlll'U'Umi1 (Steady flow) '\IW:::~nfm '11(1 l'UnO'il:::1nllU':i.:J!fftlll 

''Uil l'uT.2426 tlDff'U01'U mn'U(1111~l'ilfl1HI1I(1D.:J'rt'U11 ftl':i 'l1tl'\lD.:J'\ID~'l1tl 

U1j~!t1'U 2 U'U'U flO 1I'U'lJ':i l'Ull tI'U nn:::u'U'U'!'Uil1'U 111uH''VlInllno.:J~11':i::: flO'U~1t1i5'.:J'Un ~J1 

')Iu1l1lflnllUJlIfl11lJ~'Ufl~~ Utl:::ni5":U~fl"l 'Un~ffD~~l'U'U'U ~flm.:Ji5'.:JijMnOllun'111.:Jl'U 
... 1 "d .. I.q 'J} d "'"" Q,f d~ Q' ~ 

U'U1'UD'U 1l(11U'Ul~11lH~lUODfl lln1UDft'\lHM'U.:JUlIOtlflm'UDflO.:J I1n:::lJn'Ufl1'UfJlJ9IlID~ 1I.:J 

Uffll.:J l'Uml'f~ 2.1 Jl'il:::111 tlOtlfl'illfli5'.:JN1'U11 tlOllUn'1ff'lJ':i nnfl1rr 111u11l'lJfn1lJl~11'Ufl1':i 'l1tl... 

~1U~'U fl1'UfJ lJ ~111 ftl'll'l HI,j'l 11 tl01111n'1'il::: ijn01nfl"l ft tl 'ill fli5'.:Jffl~tJ11ntJUff 1 11111~ fflJO'UJ 1 ff~ 

1'lf''il:::ijJ111,rmil1m:::ln10'UJl 
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1l10fl11 'YIfifltH vnrhlrltlfl11 "Hl~ft11)JL~1~1 rl'OllW:ltfU'Utl~ff~tJl lOfJll:HUL; V1J 

!:'I jJ .&. ... ,.... A, .A.&. d , A '_IA "'. 
luUlffU9IHU~ l'I1)JtlU )J)Jfl11IfttltlU 111 U9l!)JtlI11)Jft11)J1l1'Utl~fl11 11tl'UU um){l'1 llU(l~ftl 

ttU)J10lltl::0l::1l1V'tJi111il'li9l'Utl~litl -W1l11Wl~1l10ffm1:~H'1 'Utl~ltfUfflrltlft11)J1~1'UtH 

'11a~0l1ltJ~UUUtJa~'A'1l10ml1~ 2.2 
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lit • 4 d !'It t , I ... !;II '" 
\l:: UJU;)Om ::\lll1U'fI::\l::lfI 'fIfl'Ufl hUnJ1'l1'Ul'UllJ'U'V'U'l lJUIII om:: \lll1 clm1J'U'fIO'l:lW::'lIfl'lm~ 

, 'H'fIUlJlJH1J~ lIlJ U,j~f11llJL~1U'~'l l~'Uff\l::Ulllom::,\)ll1 U11'fI'I-116 '4 iI1f1'l1fN'lI 6 'I ''H'fIlf1g6'U~ 

U::U'UO'U'lh1J'U~ ::lUlIlJ 6'U11J'Ufl1~''H 'fIUlJlJ,}'UU1'U ff1'U'lh~'lI6~fI1llJl~110\)ft (Critical 

velocity) J'U\l::~'U6~OlJ'VUfl'llfl'l'll6~ ''H'fI f.lW'H fJUU'fI::ifl'l:lW::'lI6'1,"6 til'H flJ11'iI11::fll'~'"H'~ 
"" A ., ... , 8;'.' , '"d
Iflfl'll'Un;'H1Hfl1~ 'H'fIUlJlJ'.il1Jl'.illlJ u'fI::m'.i 'H'fIUlJlJu'U1J1'Ulll1fl1l "Transition state" f161Yfnn 

~fl1'.i''H'fIijOl'.ilU~lI'UUUM 
'!'T " • , ...

l1l1l'U 'fIfI'VflJ1l11'll'H'l'llfl~0l'.i 'H nUlJ1J'.illJl'.i lIlJun::UlJlJ 

8;'.'1 J !'It ..\ ",. '" d d ~ Sf' , ...
u'U1J1'U'U llJ'UfUllJl\llflUHlnflllU'fI::f11llJ'H'UfI fl'fl11f16flfl1llJl'.i1;)1 UlJ1l'l16~ 'Hn\l::lJfl1l11 

.4 JI t QI ~ 4 4 , f d. ,d dAd t 

'H'UfI'Utlll U;)U'.i ~6'Ulflfl\llflfl1llJ'H'UfI\l::lJfIllJlflfl11UH6'U'l U;)flfl1llJl'.i1U'~'l lIH1'ij6l1\l::lJfIl 

1Jlfl fl11U~ 'I6'Ulflfl\l10fl1llJ 'H Ufl 1'.i lI1'U 'fI,,1 AU11'fI~f11llJti'11";'U1'lI6~U'.i 'I.dtlllu'fI::U'.i ~6'U lfl"'Dl0 
. 

'" '" d d f ~ tI QJ tI I ~ tI .. tI "I td ,fI1llJ'H'Ufi 1 "IFlLlllfl1l l'.illl'U'fIfI'Ul1l1Jtl'.i (Reynold number) fIl1'.illl'U'fIfI'U1JllJtl'.i\l:; IlJlJ'H'U1l1 

... d!'lt ,Y'" J'11~L'lIlI'UllJ'U 11'1JOll 'l'lfI'I'U 

4 Q.t ~ dl 

UHmtlll ! UH6'Ulflfl\llflfl1llJ'H'UfI 

" d Q.ftel

\llflflU'lI6T1 2 "tl~'U1\1l'U 

F=ma 

=pVa 

dV 2
=p-L = pVL

dy 
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pL2V2 pVL
=--=-- (2.1) 

j.J.VL j.J. 

IrlV P flVfl11:U'lilJ1U'1"h.J'IIV~'IIV~1'1ii."l 

j.J. flVfl1l:U'lii1flfflJ\!'.iW'll'V~'II'V~1 'lii."l 


V flVml:UI~1ilJOl'J1'1ii."l 


· .::I 1 1 :II' d ....::Idm;lJol'J1'lii."l1lJ'YI'VOi."llJ mllJln lJOn l1i."l'i)::llJlJfl1I'i1i."lU'II'V~ml:ULnUi."l:: L flV 

'IIlJlflL~lJFhlJfjlJuoi."ll.:unu1mi'V 

., :'..,s., 1 1 . pVD VD
fl·mlJ .. m'.ilJ01'.i 11i."l lJ'YIVfli."llJ R. =--=­

j.J. u 

,rlv u = j.J. fl'VthmllJ'lii1fl'i)i."lU'll'V~'IIv~111i."l 
p 

flm UllJi."lfi'UlJl1JV11i1lJfll~dlfltylJ10 1lJfl1'.i ~'i)::'.i::1rhfl1'.i1'lii."l'llV~'II'V ~1 'lii."l'i)::lillJ 

fl1'.i1'1ii."ll1lJmmil UlJ'Ii;vlllJlJ~lJ'iblJ 
, tI • 

n lffl1Jlnl'YIfli."l'V~lllJlJ~lU"l IffvUfffl~a~01'.i 111i."l';~ff'V~lllJlJAllJllTVll1 2.3 iflu1~ 

.1 "'.1 ". , & ", '" i '" .,. "'.,. ,lllJfl1W lJ'.i:: 0'VlJ~1U'YI'V \Ji1lJ1lJ'VlJ 'V~l'.i 1'Y1'.i llJ'IIlJlfllfflJHllJfjlJUOi."lH fltllJlllJlJ'VlJIA'V'.iAflV~ 

~1l1l~V1~fllfl1'.i g'tylffU'VI"~~llJ1lJrt..l'll'V~HJfl (hf) ~ln~~lJilJ'li1-1f111lJ1Il1 L 'II'V~nv nlff11Jl'.ifl 

t:hlJflln1'.itJ'tylfftl'VIa~-1llJ'lil'V~iltl011fl1'.itJ'tylfftlHJfl (Head loss) '~'i)lOlllJlJ'VnIA'Vf Ui."l::m 

fl11lJl~ 11'i1~1I'11'V~ 0111'lii."l i flll1flOA1ln11 1'1i"~1 'Ii "V'V0A'1UTI n tfm111;lJ1M'f11llJl~11lJ011 

1'1i"ijfllI1AO~HnlJl1" lU"l fll" l~'i):::1A'filO11~tylfftll8fl~IIA O,h~nlJl1 "ltlfhA'1U 

L ----1.."""1 

r 
1+---- Ul 

1 
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Irttlli1th~1~" lJ11~l.ItHl'n'YhJlJ Log scale lf111,..rfl1 h/V lrltJl!f)tJi~ IIflZfl1fn1lJI~1 

v 11JWlfltJtJtltJ 01l::;i~m1rJi~llfffl~'tJm'Yt~ 2.4 llzn1tJi11rttlfl1 V Utll.l $m:lmZ'\ltl~m1f1llZ 

11JtJrtftJfI'l ~ iifl1fnllJfllf11611,mhn1J 1 l1lJ11.1fn1lJilfnllJtjtylff1l18f16tJ1flfl1l1f1fl11lJHflllZmh 

d .d , J...I t ~ d ~".t

l'llfllltJll'1hH (Transition state) 'lI~fJl h/V 1l:;I'YtlJ'UtJtlllH'j1f11'j1 UCl:;fl1f11'j tjtylffl.ll8f1\l:::lJfl1 lJ 

utitJ tltJ Ufl:; 11$~1l1f1'\h-3f11'jl'll~lItJ''ll11~1 m 1rJllZIrltJl~tJflH6 flflr~ 1fll.Ill:::iifl11lJmflI611~ 
, .. 

'1::;1111-3 1.72 0-3 2.00 

mh-3' '1 0'1l1lJ tl'11'llflflfnl1J1~11tJfI1'j 'l1flCl-31l1f1~fltJ-3t1f1'Utl-3mlf1 1!~1lilfll~H" 

''llI:UUtJmlrJllZ'Yt1Jil1~ml'l1f11l1f)~fI C Cl-3''ll1l:::hh11Jf11Jl~tJ BC 1l,j1l::;I~tJ'11f11lJ CA i-3flll'f 

4 a.::to .4 .Q ~, d.d:' q' c;C 

'VI 2.4 ,fI B fltl,fI1 fltjfltj' -3I1Cl::;~fI A fltl~fl1f1qflftl ff1tJfnllJl'j1'V1~fI't1-3ff{m):::t'll.lfl11 fnllJl'j1 

1f1t)91tj-3 (Upper critical velocity) llfl:::fl111J1~11f)tj9l~1 (Lower critical velocity) 911mili1J 

h/V 

ilnyj ~g- log 

H-'~'~
, i 

v 

" .
i-3l1fi'flismrtJii~'fI A fI1'jflflM'Utl~18f1fnllJitJ 6tJlflfl1l1f1fnl1J1ffUfI'VlltJUCl:;U'll'j 

fl'tJflHn1Jfnl1J111m~1.I'\1tl-3fm 'l1Cl 'tJ,h-3dl~tJ,r1-3'Utl-3f11'j'l1ClIl1Jml1J~ UU l1$~'i)lf1~fI C '11 

U~1f11'j'ClflCl-3'UfNI~flfl11lJitJll:::Il11'jfl'tJnu V" Irttl n i:iflli~llfi 1.72 ii-3 2.0 'tJ,r1~dl1JtJfI1'j'l1fl 
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4 I ., ... I~ 

flf)'If'H Transition ~~2uYl 2.4 

... !'i ~ ..,~.. ~ " .. i '" 
~fI B flf)~~l'W nH'~'U11l'Uf)nflq91\l~ 1 'U~ilIqillYllfJ'Vf)~fll'Hflillm1 lHUl'U1J':ilUl'WU 

l'Ul1f) ~~fl''U't'lu~~dfif)11~1'U''~ ~~dnfil1:;'I1'h~ 12,000 ~~ 14,000 11A~ilIl1fJ1'U"~U11l'Uf)f 

Q Jd t " I J 1 (V "" J J " •1t1q91\l~'U 11m 11U'U'Uf)'U 'V'Uf)gt1Ufffll't'lfll1 11"flf)'U11'U1'U ltJn:JtJlfl'fml'V1Y1f) fl1111'V1'V1:; 

'Vf)~fbl1f) 1~'UA''U ~~J'Ul'UYlHtJUUfltlm u1'U"~U111Uf)f1flq91\l~i::f)Q1::wh~ 2, 700 ~'1 4,000 

~~ A fif)~flmn'U"~U1111Jf)f1flq91~1 1~'U~fI~nfl1111tT1flty111flfl'h'fI B 1"'n:;~:: 

~1 tI'O.I" , itS ~ I
11(J 'U"fI'U11l'Uf)1 (Rc) 1:;1111~ 2,000 fH 4,000 ~::1 'U"lf1'1 Transition 

~~J'U ffll1lUfll1 il1"l'Ul1f) 1'nm~mflfll1W1,)"h fll1 ilmJ'U~::l~'U~:a~'Ulluu 

'nUll(JUd'lfh R. ~lfl11 2,000 lm:au'Uuuutl'Uih'Ud'llh Re 111flfl'h 4,000 f)VHh~fll111;j, Re 

~'Uf)ytiUfffll't'lU1il1"f)11Y1HI1'V1flW",)'1(J 1'li'U fll1 '11"'::l1':iHU~'U'1UJ'U til Re ~fl1'U1Wl~u'~ 

tl1fl11111~ 1m~(JIm::1::(J::"'; 1~1::ldHU~'U11UJ'U~:;nfiltJ1::1JlW 1,000 l'U mWfll1'11"l'U 

'lif).:JYIl~LtlfI til Rc ~fll'U1W"lflfl1fl1111111Ln~(J1m::fl1111i\fl'Vf).:Jfll1 il1flJ'U nfi1tJ,::111W 500 

1~'UA''U 

2.3 i.nlfll'j'Ul11[J~-"1vlflir 

ff11fll1'U111Uf -ff 191flff l~lJff11m1 fll1lfl gf)'U~'Vf).:J'VtH'l1fl~ff11\11oJ tT111lU'Vf).:J i 11" 

_I ... 1 d ,,,. ~ "" ~ 

u1:;WYI'U1 9l1'U(J'U~:: ilI11 (ff11\11W Yn't'l1'U911't'l.:JA', 2541) 

au, au;) ap a [(au, au j 2 auk)] a ( auk)p -+u- =--+B+- u -'+---0- +- ~- (2.2)( at ) ax) ax; aXj ax; ax; 3!1 ax. ax; ax
k

I 

tJ fl91Ilft'1fllfl1111l1Uflff11111 fI'Illf)f) fl~l flf)'It -w'U (l~~U'~fjfl't'l fllfl111 flUfl tTll1 l'lJ'Vf).:J 

, .., "" _I'" '" l1fl 11Q'lJ911 (Y'. V =0) ff11fll1'VWfl'Uflfl~ul11flm'Yw.:J 


" DV

p-=-Y'p+B+j.N2V (2.3)

Dt 

~.:Jl~'U ff11fll1 ~nfl1111tTlflty1Jlfl~Ufl't'lflA'lff91f'Vf).:J i l1flA'f)~'hfl1111~'U1flfJil' tTll1lU 

, ·i"· 11":: 2.osflf)IlHlYIl1 " 1" B ff11111f1UYI'Ufl1(J " -pY'1f! fl1Hl 11ff11f)11 D Y'~lflllH 'U11\l1~ -
Dt 



10 

old d 	 " .4 tI.c:t 1 lIS. ~ d .(... 1
fll'J 'n lCJI OU 1'J lf1t:l'l m:; 'il10lfl'J t:l'll1lJ 1011mflt:l 'J IffOm:JU 'il'l 'il!:Vt111'J Wltl'l t:l'l fllJ 'J:; flt:lU'IIt:l'l fflJfll'J 

luti tlf!~l'1"l 1IU'11fflJflll (2.3) ultlIlUU~~10U~flliltlU'IItl'lUUUfl11lJiU~tlU 6Uldt:l~'illf1lYltllJ 

~bh~'IIff'U~t:lQA'lU~10jjtl 

d'llmOUlilOOUfflJflll Ul1101-ff 1t1lflfftlUfflJf11ltlt:ltllCltlf~'~tlU flll 1 l1C11liufl11lJ1Jf! 

fl11lJllil fl~HfitlmtllJ~l'~lJl,j'llJ11~01,j't:l'ltl1lthfl11lJl1 Uf! d'llflu'IItl.:J 1 11C11liqm11\l::{)ylultl 

"'. " "W <I au. "'. " "" ~ '" <I.1\l::lJfl1UtlOlJlfl tlltlUVtU ti'll{)'1 -' lJfl1U{)O fflJfll'j'l/l'1f\U \l::Cl~ llJfFUllUIYW~fflJflll tltlOlCltl'J 
~ ax 	 .. 

J 

t '" <I 1 <I .I~I <I" '" ... " IVtl l::~::UU fflJfll'JUll1fn off ilflff Clf!llJllJUfflJf11ltltlOlCltll f:I1fl11lJl1U'fllJfl1UtlO 

11~ tltlll'ri'u n'lltl'lfl11lJl~ 1Ifioutluiifl''t11'1~1li"Hifl'l~tJ1tlUfl11lJl~1ntil,rtlO flll t1l::lJlWlumw 
.. 

ml.:Jilufl11lJ,htitym'l flClfl'ltl flf'IItl.:J'IItl'l, l1 Cl Uflll fflJ,., ~l»flU i l1CllJ1 fllJlOIl 'lhlrJUfftl.:J 

tllUm'llfl Lhu~{)Q~'fltluih1f1Q~;'IIYI{)lJ'IItl.:Jfl11lJl1U'flUfl11lJt'i1tity (fflJf11lUlI10f-ff 1ilflff 

Atl 'I \l flU 1 lJl H') lICl!:,hu~tl~li 1'1111 flfb1'fl qtll::lJ1W'A'{)U1.:JUflA{).:JA10fflJ flll{)tlOlCld 

2.4 	flT191atl.:Jfll'l'11l;'lIi~fl·:1I0'll1~[Jfl'l.:Jal11'Ufl1'l'l1auuui1uihu 

flll ')lCltl'll:ji'li1ICl'llffll1!Uflll'11 Clll1lU'!Uihutl'UffllJlHlUU.:J1A'lrJU 2 t1l::IIlYl 

1 'flotl'J ::lfl'nIII fl'il::'ri1fllmn'fflJf11'l Navier-Stokes 1'flOftHI14tll11tilfl11lJl~ l~l'lC1llA "l 'illfltl'U 

Navier-Stokes 

1 AlJill 'IJu'rillM'ff1lJlltlfl1U1W l1ltilfl11lJl~1 1A'm Ui'lffllJllfl''nH l1lJ1t1il~ffllJlltll11fl11lJ 

I~U'IItl.:JI'JU1UCl'fl1A'mu~'I 6 i1 IICl::flCliiVttf~'A'tl'UUfl11lJ\lflAtl'ltitlU,j'H\!.:J ffll1!Uflll,)lCltl'l 
., 	 . 

1:ji'lfl11Cl'llIlUuili~llrim'J')1C1ij'lI:ji'li1ICl'll1'fllJflH (Direct Numerical Simulation, DNS) <ii'llflu 

flnun'fflJf1ll Navier-Stokes 1'floi,jl~lIuU,)lCltl.:Jfl11lJ'!uihu IICl:: Large-Eddy Simulation 

(LES) ~~lrJU fll'lUn'fflJf1l'l Navier-Stokes 1'flOl~IlUU~lCl{)'Ifl11lJ'!uihU'1i1lJiufflf1"fl11lJ 

'!uihu'IIU1'fll~fl "l ri1ufflflClfl11lJ'!uihu'IIU1'flll1qjJu'il::i.ffl11lJmaDlJ'Pl'lltl.:Jfl;'Plluflniu 

ri1utll::Ul'n~ 2 JU\l::'ri1flnlln'fflJf1ll RANS l-nmllf11ll1ltilfl11lJI111D~O 1l~ldtl~'illflfflJf11l 



II 

i'UOl'WA'fflJf)ll RANS ti~~11~'U~il::~~HieNll'lJmhfttNfI11lJit'Uib'U~h~'l l.u'llJ1';':lV I';'U 

1I'lJ'lJ~llHHfI11lJ1l''Uth'U k-E 111tJlI'lJmhfttJ~fl11lJ1l''Utb'U k-o) I~'U~'U f)llllA'fflJf)ll RANS 

" JI. t " 

U'UU.u'tJ~f1tJ~l'U'l'U Vfl'ti~l1lJflii i..r1'U fill ti1'U'lW 'U\l' ~lJ1mjjtJIiill'lJ0'lJ DNS 111tJ LES ,r~U'U flll 

• '-Ii v v." , .;'.'1 1v "' ....; d . • ,_1'1 'II&'U1fflJflll RANS u 'lfUOutul11f)ll l1ftU'lJUu'Uu'l'U"'~ l1Hftft'l'fllYllnm1I1ft::ff1lJ1l0'U1 U l'lf... 

OU01'1 'l1ft~Ufl1m,\!I'Hfi'Uft,lff~,'" lI~mjHh~~llJHftti'Vnr~'~il1nflll lIA'fflJfll':i RANS J'U 
" 

fltJ'U.u'HUU011f-mtivn!Y1 'iil1f1 DNS 11ft::: LES L'dtJ~il101l'lJU~lfttJ~fI11lJit'U'lh'U leNri1111U 

" fflJflll RANS umj~"Iuutll::ffYlimnlJ1f1'Yw 

OT'l ~lfttJ~I~~i'lm'\!1flll~l~,1'UI~'U1Y1f1ilfi ~ 'ilu01':i lItJlJ1U11UfI 'lllJ~n~tJ~'\!tJ~ 

HfttinnlJ1f1~qflri1111UO1':i "111 ftll'lJ'lJ1l''Uih'U IIft::fJ1110tJ 'i"hHfttinn~ ''''il1flflll ~l{1tJ~I~~ 

.. . . 
~l{1tJ~I~~i'lm'\! lflll~l~U'U f1t101':i 'ri101':iYlYlCHHtll::n1':i 11 ihU'U1tJ 'I tJ(h~1l~"nJ01':i ~l{1tJ~I~~ 

A'lI{1'\! lflu"l'IJU)j,rtJ~10fl~1 'I~ "I Uff1lJ1Hnh1t1ieNO'lJ011'l1ft~lnYl~'U1l1 ~i'U;1"tl1::~Tr'U 

111 tJ011 '11{1i'U'I1'U Y1H1tnnnlJ"Ii li1tJ~illflO11 '11{1I'1Hh,1'UI~'U011"1m,~ufl1m'\!mfi'U{1,l\l'~ 

J~if'U ff11l1'.l~"Iuff1lJ1l (l\h011~1{1tJ'Ili~A'lm'\!1"lI~1 ~1tl1eN~lfttJ~01' 'l1ft~)jti1m'Umn'Uft~ 

\l' 'I ,,,,,1'U 1 dtJ'Ill1flO1l ~l{1tJ'Ili'lA'lm'\!1flU'" ~il::9fmli10111i'lJi'lIl" fflflft~lgn~ qYl'\!tJ~f1'lllJ 

it'Uih'U'tlll'U il~fflflft~il1tY~qfll~tJ'ri1111'9fr-lftti'l'fn~UfI'lllJiJflfltJ'IlJ1n~qfl ;~ i'U O11~il::i'lJ 

fflf1ft~lgf1~t1fl i 111i,1'U ~11~'U~ll:~tJ'Ifhl1'UA iM', :U:111'11::1111'11'Ufl~1..r1'U011 ti1'U'lWlgn 

l'WfH'l'ftJ ~,:nf'Uti~'ri1iM'~1'U'l'U'fl~ ieNti1'U 'lW ri1111U011~1{1tJ~I~~i'lm'\!1AlIA1 ~J'Ujj~1'U'l'UlJ1n 

1flU~l'U 'l'U VflJ'1l1lJfl~ i..r1'U 011 ti1'U'lW,1'Uil:Ilt11N'UA1lJlhm'\!11 tfl'U{1,l~~d(Moin and Mahesh, 

1998) 

(2.4) 

IritJ N f1t1i1'U'l'UVflJ~l1lJfl~f1'lli..r1'U01'jti1'U'lW lin: ReT f1tJm,\!llvl'Un,l'\!tJ~f1'lllJ1l''U,h'U 

1flUti1'U 'lW lJ1 il1nfl'lllJl~ 'lit'Uih'Ulm:fI11lJtm~lrt'U tifl1:JW:; mn1:::'\!t1~i1\y111011 111 ftJ'U 

(Characteristic Length Scale of Flow) 
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n'111i'mnntl~1l1qj~1l'1iI'U'El-:Jfl11lJihnhu tt'U 'il:;I'l1~U'U' 'l1~llJl 'l1 i H'UtNUqJ111 th'U 

n'mtl~1~n~n'IiI'U'El-:Jfl11lJll'Uih'Ufi'Eln'mtl~ijun11n'mtl'U'El-:J Kolmogorov ~-:J}jfl1tlhn'U• 
V)\/4,,= - (2.5)( & 

A .. .4.a",4 QI

llJ'El 11 fl'Eln'mtl'Utl-:J Kolmogorov, V fltlfl11lJl1'UIiI'iltlflln'f1'i Utl:: e fltltlfl'Iln1'i 

~t:ylifu'Vttr-:J-:Jl'U'UO-:Jfl11lJll'U'lh'U (Turbulent Dissipation Rate) ffll1i'm:;U:;l11-:J'i:;wh-:J l'U,,~l.;' 

1'U n1'jfi1'U1Wl~tl 1»Ntltr'Vti~ '9>l''illnm'i,)ltltl-:JI;$-:Ji11tl'U 1~UflH}jfl11lJQnft'tl-:JlJ1n~tl" 'il:: 

Ufl n~h-:Jn'U' 'l1f11lJ'i:; lij(J'Unl;$-:Ji11tl'U~1; (Jni1'ElOl-:JI'li'U 'i :;lij(J'Unl;~i1m'U ~1.;'Ntl~1-:J 

ff'Ul~'El~U'U'U~'i ~nm~~}jmllJN~'Vttll~tr'Ui'Un''El-:J f11'i 1.;''i :;(J:;l1H'i ::1111~~"nhn'U 0.2611, 

'i ::lij(J'U nl;~i1m'U~1; Ntl~l~ff'lJl~tl~U'U'UfI'i ~ntll~~ljfl11lJN~'Vtm~tr'Ui'Uirfl1'i1;'i::(J::l11~ 

'i:;l1'h~~~I'l'hn'U 0.5511 Utl:;'i:;lij(J'Unl;~i1m'U~1;~iju1n'1'l1n'Vli'tl (Fourier Spectral) f11'il; 

t , , QI ~I '" I '" d , t • ...s cv • • 
'i:;(J::l1H'i:;111H~~1'Vlln'U 1.511 llJ'UfI'U 'ElUl-:J l'inflllJ lJ'Vt'U'Utlll'U::'Ul f;l111nJ'j::(J::111~'i:;111H 

1'U1iI~1.ri'UmHh'U1W1'Un1m-:JNnn1'Utl,}<]s,j'Uu 

Moin and Mahesh (1998) iY'i'ncil1H11n1'i ~ltltl~I;~i11tl'U1~(JflHfitl1f11tl~i'itl~1.ri'U 

mnh1,)U Utl:; ilii'liNm'i1tl(Juli'U~n~ffll1i''Un'lJn1'i Navier-Stokes '''~~111J1u'Uo~n1'j'lhtltl~I;~ 

i1m'U l~(JfI'i ~tt'U 'li"f'ri1l~tl\htl'El~nl'i 'l1tlffll1i''Un1'i 'l1tl1'U~1fl'ijl ~ u~Yill'noflm:l1ii~ 
'" ~ '" ~ "J • _'I 1 " "1 .,; .I . tln}jw::'Vll~nn'nn''Utl~n1'i 111tlll'U'UU'UlJ1'U 111'U1 'ilU~'U'U 

1m~ff~H'Utl ~fl11lJll'U il1'U tf~l1lJ~i~'il1nm'i'Vl~mN 1m::V~n'11J1'i Oth,r{)\!tl~ '~'il1nm'i ')ltltl~ 

1;~i1m'Ul~ufI'i ~ ''l1nVll'U1U1J'lJ')ltlO~f111lJll'Uil1'Uffll1i''Un'lJn1'i RANS '~n~1(J 

m'i'li1tltl~I;~i1m'U 11i1(JflH'~iJfllil1J11;liI'Uflf~u'i n1"l(J Orszag and Patterson (1972) 

1~u'riln1'i'li1tltl-:JUt:y111nl'~ il1tl~':;(Jn11 Homogeneous Isotropic Turbulence (HIT) ~~li1'Um'i 

il1tl~}jtrn}jw:: Homogeneous tf-:J 3 nfl'Vll~ 1Itl::'l;'lil'U1'Ul~tf~111J1iI1'Um'ifll'U1WI'l'hn'U 32 
3 

~~'l1'i:: n' ~fl1 'U nl'i'rilm'i 'li1tltl~I;~i1m'U l~(JfI'i ~flf~tt'Ufim~tllln'~~1»11:f'U11nn'1'l1 n'Vl i'tl 

(Spectral Method) ffllJ1Hllil i'l1H\lltl{)~m'i il1tlll'lJ'Ull'Uil1'U1'Un'11JilAi9>l' 'ElOHh ~f111J 

I~tl~~l1n'l1'i:: n''Vlifll'Vt'U O~lfl1{)~fl'El1JY411fl{)!1'U'Vlfl1'j'j}j~ 70 V~ iliii'l1 'i:: ff'Vl i fll'Vt In(J~'VHl~~iI~ 

ilin'llJl'iO1;n1'i\lltl{)~I;~i1m'Ul~(J~Hn'Uurul11m'i il1tl~iimr~i9>l' 
" 
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fll'l ,hn6~1;~i1lt1'U l~fJ91Hlhl1 i'mjty111fll'l 'l1n~)jmr~J'U '~11lJ'ril11i'Uflf~m nl~fJ 

Kim, Moin, and Moser (1987) ~irn1Yltln'VIi'n'rilfll'.i~hn6~fll'.i' l1n~i1 fJn'hnn 'l1niU'lf6~ 

~'UU1U~l1Q~ii~i'U1YllJiJ~ ~~iJOJl11m'.i 'l1nUl~uiJOJl11m'.i'l1Cl~lhrn't:lw:; Homogeneous 6Q 2 

nf1'V11~fl6iunf1m~fll1'l1n (Streamwise Direction) lln:;iunf1'V1H'U11~fll'.i'l1n (Spanwise 

Direction) 1"HJiu1Y6~nf1'V11~U~:;'''1~6'U ''U 'UfJ'tH'U 9'1 U'IJ'IJ1'Uc51 i:Y1U 'Unf1m~i~Ulnn'IJm'.i 'l1n 

(Normal Direction) J'Ul1im'nr~~~)jftO't:lW:;l~U Non-Homogeneous J'Um~ V~t1'.i:;ff:3rf'U6~m'.i 

~1C16 ~l;~i1lt1'U1~fJ911~ffll1i''IJiJt:y111U 'ri1 lvl6ffO't:l1fi~"O't:lW:;'VI Hrtffmf'U6~fl11lJ,jU1I1'U 

'IJ1nwimfHt!~ ~~i'Ufll'.ifllU1W'~~~lU1'UV~.J~l1lJ~llhn'IJ 192x129xl60 ''Unf1'V11~ x, y, z 

9l1lHili'IJ UCl:;fhm'Ul'.ifJ1'UCI~n;ln'IJ 3300 lrl6fl1'U1Wtl1lCl'Ul'.i61'Un~~l0fl11lJl~1~v~~~onHfi6 

Un:;fl11lJ\y~fl1~11~~'U6~yj6 1116fhlCl'U11 u1'UCI~1'fhn'IJ 180 lrl6fll'U1WfhlCl'U11u1'Un")'OlO 



I 

"" 111111 3 

o'Qlf! .A 1 ""''' (Kinetic Theory) UCI::fflJ01'5 1UClflCJfl.lUU (Boltzmann Equation) !lCI:::IU6'1~lflffl.101'5 UClflCJfl.lUU 

JUff11.11H16imunqiiflnl.101'5 '11C1iu'5::~u'll1 m ~'I111 i11'n1tlHNftfl1UClRCJflfuUff11.11'5tl 

i1C16'1nq;im'51.101'5 il1C1i~.J'Iiu'5:::iu'l.I1muCl::'U'5::~1JI11.Itl1m tm::n1m'lNftfl1uClRCJflfuu 

)j~f1I~UfI'5 'I~,fUfl6uiuO1'5I;jUU hhum l.Itl61.11111f16rhjciu~6ulJlmrfl 

vi'WI Ult~6n101'5 tl1'\..11WIIUU'\IU1U1~ri6U'lf1'1 ~lU 

"""'1 "" 1 ""''' WI" '" ""'"1'6 tlHNClfl UCl91CJfl.lUU (Lattice Boltzmann Method, LBM) IfI\}flnVllU11.11'il1fl'l'6 

.9 .I,y 0 

Lattice Gas Cellular Automata (LGCA) CJf'l Frisch, Hasslacher, and Pomeau (1986) ~'UllffUU'\IU 

1~6'ihClU'I01'5 i 11C1 iuffU'IiJii 1f1U)jI1U1flfllJl'il1flO1'5ltl~6U~ (Streaming) UCl::flw~runu 

(Collision) '\I6'16tPllfl (Particle) fl11.111 llflfll'5 '\I U'IflQtlll i'm,J1.I1C111C1:: flQ611 i'mf11.I11.1UfilJ 1IC1:: 1~ 

n111UfI i'lf~lh1H'Utl'l1 m 'INftflltJ'UIIUUl1fl111~tJlJ~)jllfllJW::fflJlJl91'5 (Hexagonal Lattice) 1f1tJ~ 

U~CI::1 UfI'\Itl'l 1m.:mftnJ'U)j611flltltlQl1flfi1 ~~1'511l::il {JflIIUU~1C1tl'ld11 "UUU~lCl6'1 FHP" 

~ . 
thl1'i'un LGCA U1l::ll101'5n111UflICJff)'Utl'lfi1mhuuu Boolean HliuACI::1ufI 

iluwh Occupation Numbers (n j , i I , ... ,6) l~tl~'il::u6fl'h til 11m191 ., tlllflltlll~CI::fi16~~1ufI 

J'U1116 j,j ~'I nj = 0 ,dtliti~611fllfl i tl~~1'UflJ'U 1m:: nj == I Id6)j611flltl i uQ~ IUflJU 
~ .. .. 

ff1l1'i'miufltl'U01'5 tllU1t11 i'Unu1l:::m.i'ltl6flIliu 2 thuh,qj ., i'lu 

Streaming Step: tlllflltlll~CI::fi1'il::1tl~6U~jUti'l1UfI,rHlflU'l 1f1tJ611flltlU~CI::fi1Ju 

'il::Itl~tlU~iUflllJYif"'YlN'U6'1tl11lJI11'U6'1tlllflltlll~CI::fi1 (Discrete Particle Velocities. e;. 

i = 1,....6) 

http:1.I11.1U
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Collision Step: lrl66ijmfJlfJ~6'U ~1Jl'l1'UnlHlz'.h1l1'lni'!fll'HtJ~u'UmJft~'Il'Ul,umz 

iifl'flH'Il6~fJ 11lJl~1 ~~~:: tpf6~lil'U j tJflllJflt)'IlfJ ~fll'l 'lI'U n'U IA llJll11mhftfJ ~ flU 'lI'U~1.n'Un 

LGCA "lfl~'UlAfJ'Ufll'l fil'U1wJ~fftH'Il6~n LGCA ffl1J1'ltl~"Z':UU'U,i1'UfflJfl1'l j<;)'1i~d 
(3.1) 

a .4 ..J~A''l' 0 

llJ6 OJ fl6 Collision Operator, M fl6I1m'fl''nlJ'Il'U l'UUlAft::'l611flllf11'U1'iU 11ft:: !1 

fl61C)fIA'IltH Occupation Numbers 

~ 0 . 

m'n'fl 3.1 IIffll~111111"lft6~ FHP LGCA 

LGCA u.,r6~flfJ fl11fl l'U1'iU 1'U l1~ft::1 ()1JJ'U ,,:; jliU'li'6f.ii'!'W ftli'!6'U,rl6~lJl~lfli1Ift'IJ 

l1"~~i'!'fIflUUlJmU (Round-off Error) 1~6~"lfl Occupation Numbers J'UUfj,li1'U 0 11~6 1 l'YhJ'U 

.~" ~ • I • .... J. 1
ll~lJ'Il6lffUl1H1Jl::fl1'lI'll'U (I) Ini'! Statistical Noise C)f~\lfl'Wl1 i'!U Orszag and Yakhot (J 986) 11ft:; 

j~fllll1ffi'!~1l1'111'UmjH'illl"'U<;)'1UHftfl1'lfil'U1'iUl~~i1m'IJ1i'!U Succi, Santangelo, and Benzi 

(J 988), (2) jl.iffllJl1f1ilft6~fl11 'l1ft~fi1m'lll'lrfI'Uft~\1~'<;)', (3) d'Humieres, Lallemand, and 

Frisch (1986) 'W111lu.,r6~hni'!1~rJ1nl1fl1'l1:UU'U1tJ'lUfl'llJfJ61J'W11illfJ{I~6~hCHHflll 'l1ft1\.1',1'11.1 

<II d".c:t A.Ci d.. " j~ . ""'" 
l1ft~"lfl'fl'll6lffU'Il6~11i LGCA InU1fll1 Statistical Noise \1flfJ'U'Wl1 ~ llJ'Ul'U11i LBM 

"" j" Co".1 4 "i " ".;: J. j'"~H i'! lJflflllfJ'U'IllH'W6Ufl 'IliJt1!111'1l6~'Il61t'W'U1VlU McNamara and Zanetti (1988) C)f~ Vl'fllfll'l 

.. 1-=* (t,I" .. 1 4 d l.d 0..1 d •
l1JftU'U~1U1Jl "1fl Occupation Numbers (n) C)f ~llI'UfI1'f1fflJJJIA'IJ'Ul11'Ufl1 Single-Particle 
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..It ~ ,.d 4 • ~ .' ,
Probability Distribution Function (~) "1f-:l1 lml'YI'IJtlnil-:lf1111l'Ul1)~1 U'tItH9'\llll1'Htl~mflWllC1~ 

i111rl'-:I'illnnl'.i'lfutiU'tItl-:ltl~fIlfl 19'1mllfhU1Il'illmi1mh~ii1uff1lfll'.i l'IJfi~"1f,jUlrri"lU 

ll'IJ'IJ,)lCltl-:lfll'.i 'lfU~h}'ti'IJ Collision Operator Juil-:li ~ll'IJ'IJ,)lCltl-:lfll'.i'lfU rl'nllW:;I~{l1n'IJn 

LGCA 1'.ili1t1nff1lfll'.i lm-:lHnnl'IJCl~"1fifUlr (Lattice Boltzmann Equation, LBE) u'IJ'lJU'h 

..It "" ~ ,st",,,r
Nonlinear LBE "1f-:lff11ll'.im'tltlUl Uff1lfll'.i fl~HU 

(3.2) 

J ~ I '\lJd Q,I.ctJld d,QI,'
l1Itl f m.ll"1f9'\'tItl-:lfll Distribution Function tllJH l'.ifl9'\11l Nonlinear LBE tI-:l1I'Utllfftl9'\H'YItI-:I 11 

ff11ll'.i mIl't11~-:llU luff11liJ~UCl:; ,,jff11ll'.i il,)lCltl-:lfll'.i 'l1Cl~ijflllCl'tll'.itilUCl~\T-:I'~ 

Higuera and Jimenez (1989) '~ti'uvmn~'iI:;Cl9'l')lU1U"'tllJCl~Qm~'IJiu Collision 

" ~.d, f 'i i st.. '" Operator 9'I1t1ff1l1l9'\J1U'YI11fll Distribution Function ( /; ) tl~ Uffm1~ flfilfltl-:lfl'IJ Local 

QI :: e!i "1.1' IllS ~ q; tI eo 
Equilibrium fl-:lUU'iI-:lIi'lff1lfll'.i lm-:lHClfll'IJClA'J1Iuu 111l11'IJ'U')lCltHfll'.i'lfmfll1'l'IJ Collision 

.. 
Operator 111,j~-:lii 

(3.3) 

lrltl /;<11 fltlfll Equilibrium Distribution Function IICl:; A" fltl Scattering Matrix ~-:lfh Scattering 

J "I" .ctt :",stI

Matrix Uff11ll'.iill1l 19'11Jlflfll Transition Matrix 19'1t1'Y1fll Transition Matrix UUff11ll'.iill1l 9'I1)lfl 

.. .. 
ii"h Quasi-Linear LBE CJi-:l'illflfll'.ill~lU1Ui1Ut1'.iiu Collision Operator )j'U'Ul9'lClflCl-:l~uhhf 

.. 
ff11ll'.imllnii 't11~-:llU iUfll'.i,)lfitl-:lnl'.i 'l1Cl iUff11liJ~'~ 

'illflnl'.i~fll Scattering Matrix UCl:;fll Transition Matrix ijfl1l1lff1l";uitiuiurl'flllW:; 

..3' tI 'IiV d 1 .d IllS q GI " a'" 0 QI 4 QI..c::w:ti ~"J t 

'tItl-:ln-:lfl'lfUl1U-:I'1Itll1U-:I 'iI-:I'YIl III Quasi-Linear LBE 1I'tItl1Jlfl9'l11111tlUfl'IJ11i LGCA 9'\H'YI 111 

ff11ll'.ifl~lCltl-:lnl'.i'11 (\~ijfllm'Ul'.iuluCli'ltj-:l'~ i-:lJu Higuera, Succi, and Benzi (1989) ~-:I'~ 

1t1~tlUnfll'.il1lfh Scattering Matrix il1lj 19'1t1irn~i1t1fl"h Spectral Decomposition UCl:;'illfl 

. .. . 
Scattering Matrix ll'lll1,jii~~ ..ill,.rn LBM ff11ll'.iil~1(\tl-:lfll'.i'l1Clllijfllm'Ul'.ilf1uCli'lff-:l'~ I'll.. 
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3.2 1I1J1Hh,HHfllj'IJ'U Single-Relaxation-Time 
. .,1, •~ .o!i 

1I1J1Ji1"V.:JflTi'lf'U Single-Relaxation-Time (SRT) 11 'If lU LBM flVII1J1J~UlV.:JflT:l'lfU 

~;V':hll1J1J;)l"V.:Jfll'j'lfU Lattice BGK ~.:JQflflfl~UlJ1I~V"flfl111lrj.:J{.nfliUflTnnth Scattering 

Matrix lfloijfl~1I1,rOffV.:Jmlllfivfl~1I"V.:J S. Chen, H. Chen, Martinez, and Matthaeus (1991) 1m:; . .. 
I 4'" SI 4) Q d' 4 ,

fl')lI"V.:J Qian, d'Humil!res, and Lallemand (1992) 11 LflU1lffUVIIU1fl~1111 "l'U6.:Jilflfllfl111l 

.. \q =:: A 'Go' t d" I d cI 
11Ufl"6.:J"V.:J I'H"iu Enhanced Collision LBE UU"UV~fl1Jfll Eigen Value 11 LlItUUfjUO"V.:J 

Scattering Matrix t~0.:Jmh.:JI~o1" ".:J,fui.:J'~l'ilfll'H11~ou411"tJ.:J Scattering Matrix 1..rtJ~1ull1 

"tJ.:J Diagonal Matrix ".:J~ Aij~ -rob jj trlv 0) fiVfh~nOfl11 Inverse Relaxation Time to Local 

Equilibrium t1a:atlUftlfl.:J~~ijft1tlhtiUlJfli1~H'IVflfll'jfllU1W inh1..r Scattering Matrix miitJ 

'~0.:JUfti11~01 ~.:JffllJ1·HJl;iOUffllfll'j lf1'j,mftfll1J",fOJrJuu1~".:J~ 

.4 4t .cS d' 'GI .4 ~ d .d .4.d(1 

IlIV't fW Relaxation Time 0Jr.:JlIfl11111fl1J 1/0) ua:: m fltJ~lU1Ul1fTl1Hfl1111tnl1m.pnfltflatJUl1 

. " 
iuttfi a::11m InnOfl LBE ~lllffllfll'.ill (3.4) il..j, Lattice BGK LBE 111Vffllfll'.i LBGK LBE 

.,;. d lit". A 1""9l11l'lfVU1J1J~1"V.:Jfll'j'lftl BGK 11 Bhatnagar, Gross, and Krook (1954) LflUltffUtJtVftJ 'lffl1J 

Collision Operator lUffllfll'j l1J",fOJrJuu ~-3ffllfll'j lf1'j.:Jflftfll1J",fOJrJuu~icNU1J1J;)l"V.:.Ifll'.i'lfU 

Lattice BGK ffl11i'1J Collision Operator ,t1U21.Jffllfll'j~iiolli.rlJ1fl~qflrll11i'1Jn LBM 

t~V.:.I~lfll1.Jffllfll'.i,futJ~iUt l1ffllfll'j ~'lfflW9li.:Jlil i..rfll'.i ,;ioul11,ufl'.i lIfltJ1Ivb tfltJ{l11'~~10 

,TU91VUfl11fl1U1W"6.:J Lattice BGK LBE ffllJ11fltt1i~'~1t1U 2 t'F1ui'Ht1iG"j 

'" .,.... '" A .. ~ '''., JI'HlItJUfl1J1fi LGCA fltJ Streaming Step 1Ia:: Collision Step 'lI~fflll11flt"OUI1JUffllfm ~~~U 

Collision Step: 1(X,I + ru) =f (x,/) -~[f (X,/) - f eq (x, I)] (3.5a) 

Streaming Step: f (x + ~iLlI,1 + ru) =1(x, t + ru) (3.5b) 

4-41 Q,I 

11IV f flVfl1 Distribution Function 11a.:J~lfl Collision Step 

Qian, d'Humieres, and Lallemand (1 992) '~l11fll1U,j~11'j::'fll1U1J1J;)lft6.:Jfl11m11 

"6.:JtJ'4mfl~1.rti1Jn LBM lfl01cNri'tyft'fl1,lru DnQm trlv n fiV\"ilU1UiJ~~~tJ~fl1'j i.nUfll1 

;)lftV~fl1'j '11ft Uft:: m fiV,)lU1UllfTl11.:J"V.:Jfl111l111~V'4 mfllfl~tJu~iuuiift:;1Ufl ;.:J 

U1J1J\"i1fttJ~fl1111111"v.:JV'4mfl~iio1l1.nUfll'.i,)UlV~fl1'j '11ftiu 2 iJ~ ~::1t1ulI1JmhatJ~fl1111111 
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~~ fmi1 D2Q9 riTUUlJlJ~U\{)~fl11JJ1~ 1'IJ6~6ttfllfl~ilUJJH'·h.Jfl1'j ~lC1fHfl1'j'11 fI l'U 3 ll91 'i):: 

11J'UUlJlJ~1f16~1'I11JJ1~1~~U011 D3Q15, D3Q19 11'j6 D3Q27 ~~UlJlJ~lC1fHfl11JJ1'h~mh1JJ1 

J~11JJ~dn2t1'Y1H'lJ6~lfl'j~flftfll1J'U~m~UJJ'i)~i'ffJ~~'U UfI::1'1'1JJ1'jn111fl1 
. 

Equilibrium 

Distribution Function 'A'i)10 

J;eq =PWI[I+~;i.;+~(;;.;)2 -~;';J (3.6)
2 2c4 2c2 c

lrl6 c = Ilx I ~t 1~ui1' tlml1fl1'jfll'U1W l'U LBM 'i)::ilUJJfh11'U~ l'lf Ilx = ~t = I, ; fl6 

mlJJ1~1crYni'IJ6~U~tl:: l'U~ufl::6~1'U~tI'lJ6~ Lattice Unit, p fl6fl11JJ11'U111U'UUtl::6~1'U~tI'lJ6~ 

Lattice Unit 1~tJri1'U111qjll~101'j nl11'U~filfl11JJ11'U1UU'Ul~JJl'Ul~6fll'U1W l'U LBM 'i)::nl11'U~ 

'11lifi1l'yilnlJ I 1~6fl11JJff::~10l'U01'jltl~tJ'U11U1tJ'tlJJ1'j::1111~ Lattice Unit nlJ Physical Unit 

I .as' .ci 4' t evA lGl 0 d .d 
ff1'U Wi fltlfll Weighting Factor 91~'i)::JJI'I111ilOill~0'U'IJ'U6t-!0lJlllJlJ'i)ltl6~1'I11JJln'IJtl~tllfml'l'YI 

H' 

.. 
Discrete Particle Velocities lm::fil Weighting Factor ijth~~u 

ei=c[OIO-IOI-I-II] (3.7)
00 10-II 1 -1 1 

4/9,j = ° 
W, = 1I9,i ~~,2,3,4 (3.8)

{ 
1/36, I - 5,6,7,8 

m'W~ 3.2 Uff~~ lfl'j~flftO'IJtl~lllJlJ~ltltl~fl11JJ1~1 D2Q9 LBM 

tYl11i'lJfl11JJ11'U111U'Ulm:: lJJ1JJ'UiJJ~6~1'U~tI'lJ6,:J Lattice Unit J'UfflJJllfll11'A''i)10 

OQtllfi' OY JJ1f1Utl:: OQ6lfi'OylJJ1JJ'UiJJ ~~d 
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;=0 

(3.9) 

fI11lJl~1IffU.:J (c.) l'UII1J'l.Hh~6.:J D2Q9 iifhrrhfl1J cl Jj 1I~:::'illfl Equation of State 

<:I 'I" ..,.J. ''I _1 loJ ,..., 11 
'\I6.:Jllfl1:l L1H~~lJfI~ 1':i11:l1lJ1HI111fl11lJ~W)j.:J{)~ L'Ulu'II6.:J Lattice Unit L~~.:J'U 

p = pc; (3.]0) 

, ... ...J. ''I .1 loJ,...,l1
IIfl:::I':i11:l1lJl':i()l1lfl1f111lJl1'U~'il~fllMI':iC)j".:J6~ l'Ulu'll6.:J Lattice Unit L~~.:J'U 

v = (T -~};L\t (3.1 1) 

He and Luo (1997) '~'film':iTi\1'iltf'i11:llJm':i lm.:Jrlilfll1Jfl~C)j",j'Utf~1,r1l'lJ'lJ91~6.:Jm'l 

'lI'U Lattice BGK IrlmtJn'llfltU~'116.:J1:llJm'l l1J~~C)j",j'Utf~1,r1l'lJ'lJ91fl6.:Jfl1'l'll'U BGK 1~61~lJ.. 
• ... t 

"'1 '" '" 'I • loJ.I'I "'1 loJ "'... ..." "'" ...fI11lJ1'111 L'illflU1fl1J LBM 1'Ufl1'l'Ul LBM LU 1'V.:Jl'U 1'Ufl1'l Ll1flVllJfJtlIl1fJlJl'IIllJ1lfltJ1'11fNU~::lytt) 

n\JJI'U1 LBM 'tJl,r.:J1'Uflm::'lJ1Jfllfl~hi1:lJlmlJ{)'<A' 

" . . 
ffmf1J LBM u'Util'llt)~i1UtJHh~'l 'il::Qflvhl11'6~1'Umhunii;t)'h Lattice Unit At) 

fl1':i'fil111'i1I1tJ':i'liiiijfl (Dimensionless Variable) l~mntJ1Jflm::tJ:::lh~':i::l1':h~l'Ufl (L\x), nfl1 

~1~lJ~'Ul'UII;i'tl::':i'fl1Jfl1':ifll'U1tl1 (L\t) Im::lJ1l\'\I'fl.:J'fl"4fl1f1 (L\m) ffll1f1J1i LBM ,r'Ull11:l1lJl'lfl 

111 L\x, L\t II~:: L\m i~'il1fl 

L''eOI 

L\x=­ (3.12)
N 

(3.13) 

L\m = p,eal L\x3 (3.14) 

Im::fhi1IltJ'l;i1.:J'l 1:l1lJ1':if.lYhl11'6~1'UltJ'II{)~ Lattice Unit '~i.:J~ 
L\x3 

p= preal_ (3.15) 
L\m 

2 2 
p = preal L\x L\t (3.16)

L\xL\m 

http:L\x=�(3.12
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- -reol!J.t 
U=U (3.17) 

(3.18) 

ln~ L fl~tl11lJlIl1'\JtJ~ 1~llJlJ~Ti'ill'HU1, N fltl~llJ1lJ1m .:j~~fl (Lattice) ~1.f1lJfll'lfillJ1W 

t'hmi1mh~ni1l1mh:h "real" lillJi1uth~tJd'lJ~11~nii;ftllJl1li'flfll'lVmYHfmf 

. . .. 
fll'ltlll1lJ~l~tJlJi'\J;j'lltJ1Jt'hl1'rU LBM 1lJlIUU~TfltJ~fll'l'tilJ SRT Lattice BGK lflJ'iI~ 

nll1lJ~uhlJfh Distribution Function ( f; ) 111i'~'iI1fl Collision Step 111i'~'iI1mrlJ~~RllJ1W 'mhlJ 

• 1Il.lt ... 1",A, .,;'" ." '" '\JtJ.:j Streaming Step 9l~ ,11 'II~mmltJfl 'ti1~~lJ '\J'\J~UI'\Jft'YIlJtlltl11lJ\lflft~~\1'~lIfl::!l1lJl~fnJflU 

" , ,. t t 

lflJl'l lffllJl'l t1l1lfh f; ;jtJ~fl1Jl'illfl~lf~"I~'illfll11i'flm'l ;j':h IijtJ~'4fllflltl ~tJlJ;jlJlo.:j~lf.:j ~'4flltl 

JlJ'iI~ ff::v1tJlJ flli'U"l 'l1U.:j Fluid Node ~1l1mllJl~1~ii'\J1Jl~IVhnlJu~nfifl''YIH91HnlJ''''11Jf)U 

fifl''YIH'\J~.:jtl111l1~1~~'4fllfllfl~~lJ~lJlU~~lf.:j ilJ LBM I'llllllfl Boundary Condition uuurl-h 

Bounce-Back Boundary Condition i~Uff~~1lJfll,"~ 3.3 

(3.19) 

, , d d d .ct,,,,.c:t, V1I.ct SI 
~lIl.:j ':ifl~llJ Bounce-Back Boundary Condition lJ'IImffll91H'YIfl11lJ\lfl91~~'YI ~lJfllfl111J\lfl91~~ 

tl~lI~ First-Order Accuracy i~JlJ~~'~'rilfll':inll1lJ'fIli~lJ''\J'\J~UI'\J91911lJn'\JfH Yu, Mei, and 

.It • ...I, .: '1"'" "oJ !'IIShyy (2003) 'II~fll'lfl1l1lJ'fIl~tJlJ '\J'\JtlUI'\J~IIUUlJ\}~m l1lJflltl11lJ\lfl91~.:j1Jlfl'\JlJllJlJ Second­

.. 41"4 1"Q.I ad .:::t 01' I

Order Accuracy l1tlflfl1'l'\J~n1ilJ'iI::ff1J~~ 111JfllJ.:j~~'l::111H Fluid Node IItl:: Solid Node 'fill 

• ... ... • ... ...I I II I .,'l::lI:::'l:::111H Fluid Node IItl:::~WllJfll1VllflU 8Llx 11ItJ 8 = xf - Xw I xf - xb ' 0 ~ 8 ~ 1 iH 

, , " " ,
Uff'fl~'lJ~'l1;j 3.6 'lJ;jihhl1lJ~1,r 8 =0.5 ,rlJ~tllJfll'lnll1lJ'fIl~tllJi'\J'\JtlUI'\J~ ffllJl'lt1'ril'~ 
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. , .:::I" I Q,I

11lfll f 'YIl'\llUH'U-3 
I ... 

.7: (.~w,t + L1t) = .7: (.il ,t + L1t) +8[.7: (.ib,t + lit) - .7: (.i[,1 + lit)] (3.20) 

;~fh .7: (.ib, t + li/) 11l'~'inml1':n_h:::lJ1rufh'U'f)fl'lb'l (Extrapolation) lllflJ'UH Bounce-Back 

• II 

Boundary Condition 1'Ufll'nn f; li'f)ijfllllflHll'-3~-3il 

(3.21) 

Q,I • 0 Q.I.J. J 
l1Mlllfl Streaming Step 'YIlflll11l f; 'YI FlUid Node tN'U 

1:(1)

•
Bound.1ry Node Fluid Node 

m'W~ 3.3 Uff~'l Bounce-Back Boundary Condition 

Boundary 

Fluid Node 

Wall 

Solid Node 

IT w b 



111111 4 '" 


·nt!1\ludifl'lilft1nhmHfll':ii l1ft'llij~'IlfHhHI i~un ifll ~ffrl~F4nn'Uij~hJCl"'1fumJ 
fill1t!" l,.;''UfHil1ft 'l1ftIt!Yiij filt!~~fifl'll1H2tJf1H~m~U1l'iht!1t! tTt! lfttJ,umlJ 

MA TLAB 1t!ft1':i 'ihfttl~2tJlI1J1Jml'11ft l";tlUfffl~ml' l1ftUlJlJHUilUlJllft::UlJ1J1twu1t!~fimU 
it!ft'fi'uWlJ6{ (Re) ~l~'l tit! F4ftmlf1f1ftij~Uff~~~~d 

. . 
• , .. , d~ d 'V J 0 , 

4.1 NOOl'HnOO-l0l1 'YIOYlOlI1l'hlHlVl1UlllJ01fllfl1l1,OOO 

y 

y 

100 200 300 400 500 
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y 

100 200 aoo 400 500 

x 


y 

100 200 aoo 400 500 

x 


y 

100 200 300 400 500 

x 


ilTn~ 4.51tJlI'IJ'lJm'j'11"~fh Re = 120 
. 
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y 
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d AI 1 d.
flll'fYi 4.6llJU1J1Jnl'.i 'HfI'I'Ifll Re = 150 


y 

y 
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y 

I I 

tOO 200 


d .1

fIlVfYl 4.12 1uU'U'U nl'l lHI'YIfll R. 

100 200 


y 

tOO 200 


I I I 

300 400 !l00 


x 


1 d. 
= 1000 


300 400 500 

)( 

300 400 500 


" 
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y 

100 ::'00 300 400 !l00 

x 


d .1 , d I 


.flTVil1 4.l51lJl11J1Jfll'S l1~l1fll R. =4000 


y 

100 200 300 400 !lOO 
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100 ::'00 300 400 500 
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y 

100 zoo 300 400 !i00 

x 


fl1'}1~ 4.18 2tJU'lJ'lJn1'l ''Hi'I~fh Re = 7000 


y 

JOO zoo 300 400 !i00 


y 

100 zoo 300 
 400 500 
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y 

100 200 300 400 500 

fl1W~ 4.21 1U1I1JU O1'j , 't1n~ril R. = 10000 

Q • .::il ~ .. 4 'y'41
'illflNClO1nl~C1{J~'iI:;I't1'U11Vlfl1 R. ~l1fl1'j mn'il::'jlU!'j t1U (Lamina flow) UCI::tlllVUJfll 

i ".l " ~I .;. ., "'. d """ R. 't1~~'\I'Ufll'j l't1n'il::lu'UlIUUu'Uu1'U (Turbulence flow) l'UfH'illflfll R.lj{Jfl{l~fJlIUflJU91fl11lJ 

If(jfl'\l{J~'\I{J~hln {JU1~i 'j n~l1lJu~ihl'ilJlru~'1J'l ~iiNntli{JluUUUfll'j'lfnlW f111lJl~1 ifflllru:: 

1ff''Um~01'j''t1n ~~n~'\I11~ liJ'U~'U lf1t101nilntH01'ji't1nllnl't1'1JfI'11:H'f1~~ 



..i
'Unn 5 

S.l tJ1Um\fll,i~tl 

fIl'j:61iH)~fm "UI'U~~'U6~''116~1(Jn1m~HUfl'U6~ l1.J6A'lflimi 1~'Un~";\I1I'U1~'U 
l~mh66~fln1'I16'U~~'U~~1'I161'Uli'j'j lJ'!I1911~mh'U1mY'lh 1f1gfll7W1'l1,h~liflf16i111'lJ'lJ'lhi~ 

" d d I" , " ,,, _1' QI q " Q !'I " ..
lf1''U fIl7 fffl1l1\l~fI~'U'UHU1f1U6:: '!I1161'Ul'U U~~1(JlJ\l~'lJ'U1'Yf01f1l7 ~1'Ufl6lJl't11~~7 1~l't9ll'Ul 

i "d J.1 ,.l'cf. J """1 "'" 1 <I '" <I"" • i'"'I1lJfl11lJfI'llJ170lJ1f1'U'U u7::lJ16H6 'I11':i1'U'U 1'; flHH6f1'U6~ 'lJ6~'lflJ'U'U\l~~fI'U1111 '!I60H 

U'ni'l1610 

fIl7 :6166 ~fIl7 i 'I16'Utl~'Utl~''I16~fhl':i 01'U6~ll'lJl'lJtl{ (Re> fh~'1 Y)~H6 fIl7 'Yf~6tl~J'U 
'n'lJl1, tlU'lJ'lJfIl'l i 'I1f1 'il::liJ'U i~J~ll'lJm 1'lJi1 O'lJ1I6::ll'lJ'lJ']'Ulh'U fI~l1fttl fl1 R. ijHClAtl,UU'lJ'lJ 

, .. VD.4... cf. , ... "" " ,
fIl7 'I1C11'Utl~'illfl Re = - IlJtl V fltl fl11lJln"tl~'Utl~ '116, D fltl IfI''UH1'Ut!lJt.lfl6HYl6 liCIt u 

u 
... ' ... <I i,J,. , ,,,. iV .,; .. :.: A 
fI~ fllfl11lJ'I1'U~'ilCl'U'Utl~'Utl~ 'I1C1 'lf~fIl7'il1C1tl~fIl7 'I1C1 ~fIl'l1'U~ '11 V U6:: D fI~YI ~~'U'UllJ~ R • 
.d. " d , ,v .c:S.".a t,,,. .,.1 Q.o''''
lJfI1'U60 U 'il::lJfI1lJ1f1 1I6::m Re 1I1f1 U 'il::lJfI1'UDO 'I1'l6f1C1l1 ~11 R. lIu7HflH'UfI'lJfI1f111lJ 

'I1il~'ilCl,.r ff1'UltlU'lJ'lJfIl'j i'l1C1J~fI'~~U'lJ'lJfI'tl~fltftl~t1'lJfll Re 'Utl~'U~~' 'I1C1 R. ~l 'il::fh111'OT' 

i 'I1fuiJ'UII'lJm 1'lJi10'lJ 1'n71::'U~~ i'l1C1ijfl11lJ'I1il~1I1f1 1m:: R fI' ~fIl' ''I1C1i:l~'UII'lJ'lJ']'Uih'Ue • 

S.2 .flflltJ'j.lf)U'U::: 

n 1m ~HUfI'Utl~1'lJClA'lfli'U,.r~i.f1'Uflnii(J~ rll'l1'U~111'lifl'U''U'U6'lJI''~fin' 'I16f1~~ 
Hll'~ntl~'Utl ~ ''I1C1 i '11 Clr.h'Uln'UIl'lJ'lJn'lJi1 (J'lJfI11lJl~ 1'U6~'Utl~' 'I16fl ~~ ~~li6'U''UY)~fI~11nH6,j6 

,tlU'lJ'lJfIl7 ''116 1'11'U1~01t1'lJfl1 R. fin tli''lJltlgomi6'U''U'Utl'lJI'U~1..;''I161f1'11 Cll(J1I1f1~'U 'il:;fh111' 

dI "t .: I " , , JI,&:S ~ Ji "QI

fIl7fffllllfl'lJ\!7WlJlfl11'U Il6n;l 'I1f1l7\l1C1tl~fIl" 'I1C1 fl6!f1fNt1'lJfl11lJllJ'U'ill ~ 'lf~t.I~~6~ 

'rilfll'j RfllIl~~itl 
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%%%%%%%o/~Io%%%%%%%%%%%%%%%%%%o/~Io%%%%%%%%%%%%%%%%%% 

% eylinder.m: Channel flow past a cylinderieal obstacle, using a LB method 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Lattice Boltzmann sample, written in C 

% Copyright (C) 2006 Jonas Lau 

% Address: Rue General Dufour 24, 1211 Geneva 4, Switzerland 

% E-mail: Jonas.Latt@cuLunige.ch 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This program is free software; you can redistribute it and/or 

% modify it under the terms of the GNU General Public License 

% as published by the Free Software Foundation; either version 2 

% of the License, or (at your option) any later version. 

% This program is distributed in the hope that it will be useful, 

% but WITHOUT ANY WARRANTY; without even the implied warranty of 

% MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the 

% GNU General Public License for more details. 

% You should have received a copy ofth.e GNU General Public 

% License along with this program; if not, write to the Free 

% Software Foundation, Inc., 51 Franklin Street, Fifth Floor, 

% Boston, MA 02110-1301, USA. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear all 

% GENERAL FLOW CONSTANTS 

Ix = 250; 

ly = 81; %number ofgrid 

obst_x = IxJ5+1; % position of the cylinder; (exact 

obsty = ly/2+J; % y-symmetry is avoided) 

obst r ly/5; % radius of the cylinder (9.2) 

mailto:Jonas.Latt@cuLunige.ch
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d = 12; %the width ofsquare obstacle 

uMax = 0.02; % maximum velocity ofPoiseuille inflow 

Re 7000; % Reynolds number 

%nu = uMax * 2. *obstJ 1Re; % kinematic viscosity for cylinder 

nu =uMax *d 1Re; % kinematic viscosity for square 

omega = I. / O*nu+1./2.); % relaxation parameter 

maxT = 200000; % total number of iterations 

tPlot = 50; % cycles 

% D2Q9 LATTICE CONSTANTS 

t = [4/9,1/9,1/9,1/9,1/9,1/36,1/36,1/36,1/36]; 

cx = [0, I, 0, -I, 0, 1, -I, -1, 1]; 

cy = [ 0, 0, 1, 0, -1, I, 1, -I, -1]; 

opp = [ 1, 4, 5, 2, 3, 8, 9, 6, 7]; 

col = [2:(Iy-1 )]; 

[y,x] = meshgrid( 1 :Iy, 1 :Ix); 

%- For cylinder ----­

'%obst = (x-obst_x)."2 + (y-obsty)."2 <= obstJ."2; 

0/0----------------------­

%---- For Random ------­

%obst = rand(Jx,ly»0.99; %extremely porous random domain 


0/0----------------------­

%---- For Square Chanels -----­


uuu = SquareChanels(lx,ly); 


obst= uuu; 


0/0----------------------------­

obst( :,[ 1 ,ly]) = I; 

bbRegion = find(obst); 

% INITIAL CONDITION: (rho=O, u=O) --> fln(j) = to) 

fln = reshape( t' * ones(1 ,lx*ly), 9, lx, Iy); 

% MAIN LOOP (TIME CYCLES) 

http:rand(Jx,ly�0.99
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eyclex 0; 

for cycle I :maxT 

% MACROSCOPIC VARIABLES 

rho = sum(fIn); 

ux = reshape ( ... 

(ex'" reshape(fln,9,lx"'ly», 1,lx,ly) .lrho; 


uy = reshape ( ... 


(ey '" reshape(fln,9,lx"'ly», 1,lx,ly) .lrho; 

% MACROSCOPIC (DIRICHLET) BOUNDARY CONDITIONS 

% Inlet: Poiseuille profile 

L = ly-2; y = eoH.S; 


uX(:,I,eoI) = 4 '" uMax / (PL) '" (y."'L-y."'y); 


uy(:,l ,col) = 0; 


rho(:, l,col) = I J (I-ux(:, I ,col)) .'" ( ... 


sum(fln([1,3,S],1,col)) + ... 


2*sum(fln([4,7,S],1,eoJ) ); 


% Outlet: Zero gradient on rho/ux 


rho(:,lx,eol) = rho(:,lx-l ,col); 


uy(:,lx,col) = 0; 


ux(:,lx,col) = uX(:,lx-l ,co\); 


% COLLISION STEP 


for i=1:9 


eu = 3"'(ex(i)*ux+cy(i)*uy); 


fEq(i,:,:) = rho.* to) .* ... 


( 1 + eu + 112*(cu.*eu) .. . 


- 3/2*(ux."2+uy:'2) ); 


tout(i,:,:) = fln(i,:,:) - ... 


omega .* (fln(i,:,:)-fEq(i,:,:»; 


end 


% MICROSCOPIC BOUNDARY CONDITIONS 
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for i=I:9 

% Left boundary 

fOut(i, I ,col) = fEq(i, I ,col) + ... 

18*t(i)*cx(i)*cy(i)* ( fIne 8, I ,col) - ... 

fIne 7, I ,col)-fEq( 8, I ,col}+fEq(7, I ,col) ); 

% Right boundary 

fOut(i,lx,coJ) = fEq(i,lx,col) + ... 

18*t(i)*cx(i)*cy(i)* ( fIn(6,lx,coJ) - ... 

fIn(9 ,lx,co\}-fEq( 6,lx,col}+fEq( 9,lx,col) ); 

% Bounce back region 

fOut(i,bbRegion) = fIn(opp(i),bbRegion); 

end 

% STREAMING STEP 

for i=I:9 

fln(i,:,:) 

circshift(fOut( i,:,:), [O,cx(i),cy(i)]); 

end 

%--- Define name for SAVE ---­

str = num2str(cycle); 

name I =strcat('uxx _' ,str); 

name2 strcat('uyy _',str); 

name3 = strcat('ur_',str); 

name4 strcat('rho _',str); 

% VISUALIZAnON 

%if(cycle> 2000) 

if (mod( cycle,tPlot)==O) 

u = reshape(sqrnux."2+uy."2),lx,ly); 

uxx =reshape(ux,lx,ly); 

uyy = reshape(uy,lx,ly); 

rhos = reshape(rho,lx,ly); 
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u(bbRegion) nan; 

% %---- SAVE in mat-file format ---­

% save(name I ,'uxx'); 

% save(name2,'uyy'); 

% save(name3,'u'); 

% save(name4,'rhos'); 

%--- Comparision Plot ---- ­


%subplot(211) 


%imagesc(u',[O O.03]);colorbar; 


imagesc( u');%co lorbar; 


%subp)ot(212) 


%contour( u');colorbar; 


titIe( cycle); 


axis equal off; drawn ow 


end 

(Yoend 

cycJex = cyc1ex+ 1 

end 
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