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Abstract

The motion of the suspended particles is a typical issue of the solid-fluid two-phase
flow,and it appears in many nature and industrial process,for example,the deposit of
sediment in river and the increasingly serious sandstorms in nature, the treatment of solid
impurities in the wastewater, the motion of coal particles in fluidize bed and the dust
removal system of flue gas etc. in industry, so it’s important to study the way how the
particles move in fluid and the role of interaction between the particle and fluid. With the
rapid development of computer technology, the numerical simulation methods has become
an important means in studying the motion of the suspended particles, while the traditional
computational fluid dynamics methods have the defects of computationally intensive and
the complex boundary treatment;however, the commonly used PIV(particle image
velocimetry) and PDA(particle dynamics analyzer) in experimental methods are
significantly limited because they cannot give the force between particles. As a new
technology of computational fluid dynamics, the Lattice Boltzmann Method(LBM) has
become an important tool to study the solid-fluid two-phase flow because of the small
computation and the simple boundary treatment.

The solid and fluid two-phase boundary coupling is critical when studying the
motion of the suspended particles using LBM, and the different treatment lead to the
different accuracy and computation. Firstly, we use three different boundary treatment(the
non-equilibrium extrapolation method of the curved edge, the Ladd’s method, the immersed
boundary method) to simulate the process of the sedimentation of one circular particle, the
sedimentation of one elliptical particle and the sedimentation of two circular particles. We
compared the advantages and disadvantages of the three method and the result shows that
the Ladd’s method gives the more accurate result and has less computation. Secondly, based
on the study of sedimentation of isothermal particle, we carefully researched the motion of
one circular particle, the motion of one elliptical particle, the motion of one neutrally
buoyant particle, the motion of two particles with same temperature, and the motion of two
particles with different temperature with thermal convection. The simulation results of one

circular particle verified the accuracy of the calculation method; the simulation results of
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one elliptical particle shows that the settlement trajectory of the elliptical particle are

different when Grashof number changes; the simulation results of the neutrally buoyant
particle shows that the final balanced position is different if we set the particle in the
different position of the pipe when Gr number is small while the final balanced position if
same when Gr is big, and we computed the limit distance from the pipe wall the particle
can approach; and the simulation results of two particles shows that the dynamics of the
two particles with the same temperature is closely related to the Re number and the Gr
number, while the process of two particles with different temperature are distinct from that
two particles with same temperature, the cold particle will eventually descend the hot
particle, and the drafting and kissing phenomenon occurs as Re is large, while the cold

particle falls away from the hot one as Re is small.

Keywords: the motion of suspended particles, solid-fluid two-phase flow, Lattice
Boltzmann Method, thermal convection
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Navier-Stokes 77 BT Rl A HOR MRS RKH M Z AL FIRARRIR S, BT FLER R/,
EW . Ak E AR, KAE N-S J7FER R B IX S 5 A il 5t 2 BRI R A
AR MBS TR, MRS AT TR BB R . X TR A aN, AT DL GIOU A0
BRSO TR, A R GAE O B W RUBE AR KR B A B B e, IR A AR
FIIENE TR T IOE sh I Ge it P 85 R R R FE BB 2 F1E, LGA Bt T X
Fp AR TIA A . £ LGA H, SR K & B HICR 73], X 28k 135 B TR a% 1 |,
7 UNFER T BT REREAIT RS . Wt R Ul JCRASHCYRERL T, %SO
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fo= 2+ (2.3)
S P A A R BGR R T R DS B U2 A AR AR T
Q)= (f; - 1) (2.4)
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SPHTASIATRRE kAT MZAE T S IR R N-S 52, BT LBGK BRI 8Aa R,  H Al




# BB E K =E iﬂii#ﬁtﬁi

RS2 (f) LBE AR, Horb By Qian 25 AR H 1) DnQb BEAL AT AR MRS, n & 2 e 3,
b &R HUE LR, £ DnQb BiRL, “PTAS IAT R BT S8 Ko
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1/9,i=5,6,7,8
c
S 2.
c, 7 (2.8)
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«/_c(cos[ _2)7[} [(I Zl)ﬁD,i:5,6,7,8

XF T DnQb AL, AP S A bR BCER LA T R R

D =p,>c % =pu (2.10)
NT A Hr LBGK HE AR B (1) 2 W 8 /7 72, 7T AR F 5 3 #4222 Chapman-Enskog J& 77
ERPA 2 REEHT 7. HRII AP T RBEt, = et Flt, = &%t LR RIREE x, =ex, I

LMW IS S ONRILTRS - I 5 PR U

0, =&,y +6%0,,0, =&d,,, T, = +efl+e2f7+. (2.11)

Oa? Vi

XHEK e ZEFZH, 5 Knudsen BHMFEESR, o, =V, a0 7H. LBGK ALK 72
-
f.(X+CAL t+At)— f. (1) :—%[fi(x,t)— fe(x) | (2.12)
X R i EAT Taylor REFFHH0& 25 o(A%) T, 13%
D, f, + ?sz :——(f —£%) (2.13)

#4211 AN B2, HFEE B R EE 3
g f0=f% (2.14)
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sip,fo=—tg (2.15)
T
2 0 1 1 1 2
& :8t1fi +(1—Z)D0i fi :—; fi (216)
HH T4 285 AT o 0OFT 2 W5 R L TR P SRl
> f=0>¢f =0k>0 (2.17)

Xt 2,15 FORFAM PR, 4GS AR R, AT G RUE BRI

0, p+V,-(pu)=0 (2.18)
0, (PU) 4V, (L) =0, 219)

fih p=cp, FSUIERSIEMAN Euler 712, St 2.16 Rk ZHIA— W BEAE ATt FE 1)

FITFE
6t1p =0 (220)
3, (pu)+V, -7 =0 (2.21)
o
7= (l_i)zcici i (2.22)
2t 5
—%Zciacw fl=c’ [amuﬂ + 0 s, +o(Ma3)] (2.23)

AP B Ma=u/c,, X1 Ma<<IHMRS#HERs), 7 LLZARGZI, Kt

7hy = V] O,y + U, | (2.24)
Horbv N3 R4
v=c? (r—%)At (2.25)
RIS R BT, BIAT43 5] LBGK ()27 72
%"w-(pu) =0 (2.26)
%+V~(puu)=—Vp+V-[pv(Vu)+(Vu)T] (2.27)

R FAR A NA KR, W ER G R EAr e AT N-S 58, fEHES Ldid g, &
MR T i sh % Ma 7843/, BV LBGK HEAL ) iR 45 AN PRI S A Kt 2, Jdid K 4k
(ERE BRI e, — MRS LBGK 7 A s br BT —BrkEFE

LBM {148 75 368 Jo Al RIS 7 AN I R A IR SR A T+, 7T DA FH 67 5 e R P SR S
— MR, LBM [FRE T 5K 2 R AR TR 450, SRR R

1) XAk 2 TR, B2 L u(x,0), o(x,0), f(X,0),(=L2,..b)
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2) FEtIZIPATRER LA, R

f/(x,) = f,(x,1) +Q(x,t),(i=12,..,b)
3) fEt+At W ZIPATERELRE, R

f.(X+CcAt,t+At) = f'(x,1),(i=12,..,b)
4) Gt E A

p(x,t+At):Zfi(x,t+At)

PU(X,t+At) =D ¢, f (X, t+At)

5) HE 2-4 BREIILFIEFLILRFAT

2.2 VB B AL AL B 4% F Boltzmann J5i%

EHETTES, DR FARA AR HER, X T LBM 2 tnth, @5 b rA R sL
LT B s v RS R . BUE AR E AT L R R . 6 TR B I R, R T RORL IR T
R MDA R, BN — IR AR g A B S, PR REBOA R 2%, WAL S A PR A
AU 2 VIR 1) ) O B o i A S AL T vk A g L RS RS L SRR R
DA il AE-P s A A X, TN B o) 2 S Ladd $& H A 3 T PRARRRURL 77 V2 A
Guo FE N H I Hh i = E~ s A METT

.
2.2.1 JEPIAEL AR 2 K
&l 2.2.1 fros, (E Ladd B977 5 AR RO 0 2R THE SO P AR B3 73, AT DU A 5t
A AL T4 R (8], 6 s R R Ze e 2 i s 5, AN A8 AR AE VR X 28 7 (s Bl i 25 55
TR, AN E AR BN 32 25 AR, ARSI R, AR AA S
PR¥FE RS R A E T E . %A, TR A A0 1) A8 AR R i 20 K s s s
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BUR, RORLA R/ NATEARH] LBM A% TRk IR . nlE] 2.2.2 o, R = x, 48, BURL A A1
W ¢, 77 1) R S AH SR A% mL2 0 x BT X, = g —cAt, FERFZIt IREREZ J5, T AR 40 A1 R ES o)

TR (X ) AR (X, 1), R0 At/ 2 RS, PIANRAORL T8 30 218 SO R AT i

’ dx/2 I/'Uh
L l: 1  J

2.2.2 KR

£/ (%, t+AL/2) = f_i'(xs,t)+2wlp% (2.28)

S

£ (X L+ AL/ 2) = £/ (X, 1) + 200, p 2ot (2.29)

AT A 25, RAKLTE 33X RS

(X, t+At) = f'(x,,t+At/2) (2.30)
(X, t+AY) = (X, t+AL/2) (2.31)

SRIGHE N —BHED, AR5t nT DUE R 3N . RN -5 WOk b f2 v, wT Dhdiid 30
AR SRS UKL RO T 3 A 7356, 0kE 32 2K IR I 0 A 3R AT LA
F =%szi[fi(xf AHAD)+ (X)) - £ (x t+AY) — (X, D], (2.32)

T =%Zzwzi[f_i(xf AHAYD + £ (X, 1) = F (Xt A — T (X, D]x (%, - X, ) x¢, (2.33)
SRAFRORL T SE AR A E I A0 R 5, 3 SR DA 19 2 SRR ) ek 52 R0 3k B2

(2.34)

du

M P

dt

o ML 5RO R B R AR R, U R, 5 B R AR, G Ik

ISV ANOR, F BRI K TR L, WG (s I T, 25 R e N T4 B
WG K5 T L.
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2.2.3 PSS IME R 2 A
PATHIE, FEACBEP EAL Ty, FATAT PR A AR AL, Guo &5 A48 %07kt
AT DA B T 2 A R, sl 2.2.3 B, EZTIE . AT AT x ATER ZI R
T, WATESGHAE f(X,t), 10 f(x,t) AT LA s mi 7y, BI-P A 253 0 A0 -~ P i 2580 7
L (x, 1) = 20 (x,,t)+ 7 (x,,1) (2.35)
XS PRER 3 73 JT AL B, P AR 0 73 385 — > KDL~ 4 245 20 A1 bR R AL

ne o _ G - Us (Ci 'us) _ u52
f—i (Xs1t)~ f—i(Xs’t)_p(Xf’t)|:1+ Csz + 2C: 2C§:| (236)
Hrpu @il A
S ={usl,q20.75 (2.37)
qu,, +(1-q)u,,,q<0.75
uy =[u, +@-Du(x,,t)]/q (2.38)
:[2uw +(q—1)u(xf',t)}/ 1+q) (2.39)
T A~ A 2 3 o0 ) ] =
f(x,1),9>0.75
£ (x .t _{ s (2.40)
af *(x,,t)+(1-q) f*(x,,1),9<0.75
TERH f(x,t) J5, FRATH AT LLAE x A SAT il 4820
. (x,t)= fﬁi(xs,t)—l fre(x,,t)= £ (x,,1) +T—_1 f(x,,t) (2.41)

13 x, AR F5 ) 70 A R B E (X, 1) 5 AT DMERT A RS ST IER 2 1, Ak S Rk
PR AR P g D03 s 2 B S i s BT, R Sl A 8 R AR T B B Tl e 2
TR T s EZ 72, WodiiRi 5 s &2k, sl sy e B AT R0 32 21 5 3 & 0 K/
SRR B, K BT BE RS s i) 3l B A SR T A9 0RE 52 2R (R Y 09 -
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F :_i_’t‘%c{fi’(xs,m fi'(xf,t)} (2.42)

SRR 2.34 S EBURL H)3E 5] .
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3 FHRFMT BIBURLITRE

TR A T BRI, V2 22 B AR [ £ J3E HEAT S B 7198394040420 3 I e R B
AOH IS, B R LE B T B 2 B W R O 2R DT RS, WA BURLZE AN [F] FLA2 1) T
AT T N, WB 3.0 FioR, RUBTRLAE — 2 B 85 9 25 R 2R AT DKT B4,
A AL A LBM Hp LA AS [8] 7T [ 99 AH 32 7 AL #7775, Bl Cook ] immersed boundary
Jiiki. Guo BIFETHEAS SMEIEAT Ladd (1477 5T BURSOREATSURDRE IR P AT 540, LRI T

b R B, IR LRI IRRI IR . AESEIR AT N, BURLETZER 1M d_ =F+G,

F oA UKL IIVE T 77, G RO 1 5 32 M, 5 RO /N T AR R, G T
[ 1] F %%ﬁ*‘i%}#ﬁ$?ﬁﬂ$f‘5}§, U ey N T NP v R R S D A D

%Jrv( u) _ofn 22U - V- (puu) =—Vp+V- [pV(VU)+(VU)}

61 6 6 6 6

51 5 5 5 5

2 1 4

) If ]

i i

3 | | 3

2 2 2

1 11 1

RS 0+ 1 — 1 — 04—

3.1 CUERE A HE R . 2. BHEE (DKT)IL%R

3.1 BANFBRAE TR KB E PR

B SEHRA T, A [ A RO TG R 1) 8 T8 AR B 04 R DR AR a0 3.1.1 s,
HIURI ZI R RO RCE T B O 2
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A

|

G

Xi o

A

3.0.1 BB ORAE B 94 B R 78 TE BRI R b 7
HARZEAME R, FEALIX W x H =1.2cmx 6¢m ; Joki B 4% D = 0.24cm ; AR E N p, =1.0g/cm?;
FAGBES [A] 7 =0.8;5 ¥ T E N Ax=0.01cm ; HURi#] 4547 & (0.6cm,3.0cm) ,  FAd FH 2l WA 7 AR
{ERURL AR 2 R FE T %A BB . B O Rl 5, Blu=0; NOWF RS KEIATR,

ov

05 -02 -0 AN ILENE. X T WA, Nie % AH1ER) LB-DFIFD J7iki i

FE£ (¥ 50K ( p, = 0.95,0.98,0.99,1.01,1.02,1.05 )T K #EAT i A0, oA T4 il = ol o ] 96 A 0 5

PV R L et | s
JTERATHEFC
15 - 15
o ik [40] o SRk [40d
Gua. pr=D.95 Cook.p,=0.95
r Guo.p=0.98 Coak.p=0.98
Guo.p=0.99 ook =099
ask ' Cook.p=1.01
% Guo.p=1.01 " Cook =102
- . Guo.p,=1.02 ﬁ Cook.g=105
?,ﬂ Guo.p=1.05 fg
pce =
= =
> 05¢ o I = o o
_1 L
15 1 L L g ‘ . ‘
0 0.2 04 0& 0a o 0.z 04 06 B
t B /) t B i
(@) (b)
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14

o i [40d
Ladd.p,=0.95

Ladd.p,=0.98
Ladd. n.=0.%9
Ladd.p=1.01
Ladd.g=1.02
Ladd.g=1.05

1k

=
in
T

v SR SRR

L]
o]
G

1 1
0z 0& (IR}

(©)
V&l 3.1.2 BURLYL P E 5 SCRRAE ST L. (@)Guo FJr s (b)Cook f177is (c)Ladd fy ik

3.1.2 £t ¥ =M AL HRIT VAR BTG B BURL TR AR, W] LU H = RiO5VARI S5 R
S PSR AR SCRRSS AT 5 BRI o RIORL 3 /N T A L IR R Eh LT as i B de 2, ik
BUCLE] 5 1 L Ja A E 1) 382, R 5 K T A I U DAAR S 7 S e i 8l . T REE
LB, LT 2 A BT K, ORI 52 19 B 73 5 B 0 R/ AR 52 3l gt £
B TR IR ELA VR E P AR BE EZE A RIS, B DT R FE AR 4 AR ] NPl el LU
Ladd [ 75955 STk O 25 2R 15 5 HI BE 4, Guo A1 Cook FITJTVETE p, = 0.95 B L A B A &
FAY UL RAE S FEE 2 T 2% LL SR PR R FE R K o
3.2 A RORLAE B A e b X U P

AT HE BT E R ATAT I, 35T RFA TS 8 G JRRURSL £ 38 DA s Y PRI e o LR
LW A, Bk EAAMBEE SN D=0.25cm, p=125g/cm®, 3 &K 5% EMNEE AN
W =2cm fil H =6em, LA B RSl T3 &2 58 pe =1.0g/em®, 1=0.1g/(cm-s), ¥

K5 A St BT [A]) A Ax = 0.01cm, 7 =1.1.
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r
d,’

BEIm

K 3.2.1 THEBIRL S B BEHE 0 I B BORTRL
i 3.2.1 Frow, WURLAEIS B0 2B P BRI, 252 SIRET AL O 7, AR
Wan 55 A\ $ H AR 1F A8, R0k i 52 BE 1 R/ F 9

0,d' >2R +¢

R = i/(Xi - Xil)(ZRi _di,)’di’ < 2Ri (3'1)
&

w

i(xi ~ X )R +&-d),2R <d, <2R +¢&

w

Horpr, X OUBURLARAR, X AL T BE T AN 28 R0RE 3 R AE R K A AR, ] =

&, =€, =5.0e—-8. WM FIPIFFEH IHEEE LN

Rep=ppD— We Vs (3.2)
yr

U RV 53 5 R RS0RE 7 S 18 5 ) R
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.

o Xt Ll * 3 Lol
Guo 1 0 Gug
— Caok Cook

Ladd

b
in

()

Ladd

25 b
ﬁ o)
2 i
g 2
2g g
= =
b -4+
1
05 AF

=

o 01 02 03 04 05 06 07 08 09 o o1 02 03 04 05 06 07 08 09
t B

@) (b)

B T
Gua
Cook
Ladd

01 05 03 04 05 0B 07 05 04
1 B 8]

©
P 3.2.2 =704 R SORREE R (@R B BB B L (b) BRI LR ()BT
TR EL.

] 3.2.2 43 4 ) T DL SR o L Ry i 5 B AR A o U A A AL ATV B
BRI, FTLAE HE, SRy i 4SS 0 5 SOk i 45 S A e . 7ERS %t = 0.8 75
FUREE B B TS, ZEA (D) (C) T LA H 00k ph 6 1 S S ARk, 332302 JEE FINT iy
TS BETH HAE P TR BE 2R/, Bk B k. Horf Ladd #7776 5004 b 58 04 & S ik
fI%5 5, Guo Al Cook HITIES UM, SRR ATTE N ST RIS IR0 o
3.3 UL

T S R PR UL B8 AIE 7 R ) TR P, 5 SRR A BT U 7K
SR 7T R ot T4 H B BORL (O JCR TE INAE 2, LR TN R o AR LR rR, P IOR
e e A R PV PR 7, B IBURE 5 B T ) R A DL, A TSR P T A 280 o F L 4 £
TER 7, DARIEZE R0 o 195 S0k A 2 26 X A T
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0,d;; >R +R;+¢&

F .= i'(xi—xj)(Ri+Rj—diyj),d--<Ri+RJ- (3.3)

ij —
gp

1
—(Xi=X))(R +R, +&-d )2 R+R;<d <R +R;+¢
p

Forpr X A X 2 AR PORORL I B0 AL by, R AN R ARRPRTRL K 4%, d; | s PIRURL R0 )

BEES, e, =g, =1.0e—7. ZREI RS BIHEITEEAKE 3 2em Fl 8cm; ik
W p, =1.0g/cm®; 7E t = OB ZK5 kLA (1.0cm, 7.2cm) AT (1.0cm, 6.8cm) {7 BRI, HIUAHT %1

1T 75 RS J7 [R5k 4 S B Particle 1 1 Particle 2 % 7~. WBUkifE &= ERH T | Figsh, &
R, PR AR B EET, KAE. B, BIARD DKT Bl4t,

Ep Y CIr
2 . . ; . ; ———Guop2 8 ; .
- Gun pl + 3Ek Lol
1al \@gé ===Cook.pZ 7; ——=Guop M
fif \\\ Cook.p1 sl Guopl
1B} QT(\ ~ =~ Ladd 52 ———Cook.p2
i1 it P
I3 / By T Ll ol . Cook.pl
b
Hoyal ] T -——Ladd 2
¥ i :
v % il 4 Ladd.p1
w12y /4 By
E PAE @ & [ic
H - 2 “ \‘*
8 N ¥
nar 1Lk N \* i
S TS
DE D 1 1 1 Il Il vl\ %*—*%
0 1 2 3 4 g B 7 g
t B i8]
(@) (b)
: : : : ‘ v
== =Guo.p2
7L Guo.pt
= —=Cook p2
5L Cook.pl ]
= ==Ladd.p2
ol L —laddpl |
=P
g jlf::f"
23 zZ=- 7
g
2, |
1_
16 16 18 2

(©
K 3.3.1 =M iR A R 5 SCIREE R AR L o () PUBIDRLZK Tz Bl I 18] 324 s (b) P RIDAE B8 L D77 ) o7 7 BB I
(8] (A4 s (C) PHARLRE (T B L IZE o
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£ P B HE XK F Mt F MR X

£ LBM B, FA8 FH 201801 4% 1+, #A5HIN (8] 7 = 0.65 , 45 Hi (I [A] 24K At =5.0e—4s .
K 3.3.1 g T =Rl AR I PR AL AR . GNARAR DL B T BRI (A8 Ak . AL () v
ALAE Y, PIBR NG5 IR SR UR . Particle 1[5 (]38 K &G L Particle 2, X
se AN Particle 2 [ Figahiy, HEHSHRIANE, ERXIEA —MUEX, Particle 1 7E1t
PEF T 2 DUBCR (038 B 18] N 3B 5, MM Particle 1 76 % B 5 1A BB HEE, X2 s i “ it
O SRIETRTRL A A S e Rl @RI UG, PRTRLE AL LS, Particle 2 &)
EANIZS), H3 ST E RN 52 BB IR A SR .08, 1 Particle 1 7R Bl /5 A4
A2, ARG BT B RORLIN 5 T R E S E S, FES S EI(0)T LB H, MR Particle 2
CAbT Particle 1 R 77, SEbr B2 T “BIR” W2, /5 Particle 2 55T Particle 1 & A3
RS . B —MKEES, Particle 2 EVUTFEE Particle 1 N7 5, XHUH A B # F X
RAE DKT W2, XFEse =4 F MR DKT 3R, EFERER, Ladd M55 BA T
Bée 3ok i v 5 Sk 45 SR WA BB, T Guo 5 Cook 5 VETE E M EIRCHFF &, HE TRz
AR S R R A 2, X R AR A BT ARG B B A AN

3.4 WhIERORLAE K B B R TT R

3.4.1 A G FUAE A A T P R ) s A
55 B P RORLAN (R (A8 5 AR 153 OB 0 AN AT 58 X BRI DAL AV 53 R £ 2 PR SRR 19
PR LE R RORL SN 282 LR RURLITTRE T, B M EERIE NG PSR, Frzin
TRB 1 S ook Xt TGRS0, #2230 BOR BRER AL 7 167 & LK BT 32 4
BHTIBIR N, TR ARG [ RBURE FA) T ok R 22 2 SR B 52, i HL 5 R M R s i Ol i 3.4.1

P, KM BT 2% AR BEAT B0 . AR B0 RS R B v =0.01em® /s, A K JE
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a=0.1cm,b=0.05cm, HFEKEH 260 Mg, BIETER L/a=4, fiiEr=0.6, HIEE

ZIMA R S KPR A E N a =714

o Conk 15

ke i PRIE R
ra

—Guop=1t

—Gu.p=1.3

1 —Guo.p=14
s Conkg =1t
05 o Gookg=11
e Conkg 1

©
3.4.2 = byt [ % B LU (PAM [ ORI T % o ()R IR FIORL PR 0020 s () AR (B 500 AR 2 1R AR A s ()RR I3 ks 1)
DUBEE AR

B 3.4.2 R TR B p = 21113150 (055 5. MIE 342 FH, BEEH

Ps
RLETTRE, =FEO0 T~ BURL AR S i B BT b2k, AR R BRI O Ekias), X RO ERIIG
I ZIAH IR K 5K 20T 45 2R, RVAIRFFXATETIRGS, Elesh Bk, # R
/NI AR RSORRE 5 2R 18 3, T 24 % P58 BUSOR N, JBURERE £ rh L2 A Ay D] R IR e B PR DT B
1y H R, IRIE . (o) n]F H, BEERURLTTRE,  HACH 5 7T 2R 1 A
U 21 45 FEIZHTAR /N, AR HEUNG, KRS ACT LM R R /A, T
LRI, 3K A K DAL e MR EAE 2 5 BN 3580, R R BB o P EL g K ag K. I (c)
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AU, UKL ARSI SR E PR RE, I LMok E 754 FE HL IR SR, B
R ORI TS K /BB BORLE M FE A IR I 8 TN B L OB
K AT T LU, I BRI T T N FROCE LI BTRL, B
AP O UTRERO I 22 AT 250, BT KA S5 7AOF 42 1 96 fh M RO 7E T b R A8
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4 RSHFEKM T B BEBALEER

Eg, AT AN UL OB R (P REREAT RN, BRAIE 1 =R S AR BT VRNS
WL P ARRE S RO RGP, b Ladd (0977 AR BE 5 A1 W 5 V2R AL R S RORE Y i) AL R B
TR S SRR I E5 SRAH) &, T HL Ladd BJ7VEERR A B SEIL R B R L, THELE AR,
AR ) KA ROT i o EAE, BATTRE BN HR IR RIORL AT B gt 4T 1 L4, AHLE T
R UKL, AR I RORL AT R M N 0%, MR F

AT, WATRAE LRIER b, 3 DR TR RS T RBURLE it A . AR 1
Boltzmann J5iAH, BCH HIBIK 22 52 X000 A e B, IS A0 A bR K 3 T A0 P 37 R L
Hr. Guo $RH 1 SZG XS AR CL I F RS B S MR EE Y, BRATITE LI b 220
TITIRGPERFET, 15 B A3 37 AR 5 (s AL 5 RE 70 3]

f.(X+eAtt+At) = fi(x,t)——[fi(x,t)— f9(x,1)]+ FAt (4.1
2]
0, (X-+8,AL -+ AT) = g, (x,0) = —[g, (%)) g (%, 1] (4.2)
7

Forf o 7, 2300 el R P PRI RA BT[] RACAPR JIT, Bl T IR FE 0 s FE A e, iR
JE BT A O3 A R BN

97 (x,t) = a)T|:1+ (e, - u)+ (e u)z—15 2} (4.3)
T REZA& IR, R AT RIS
F =30, 9227 (4.4)

c

BRI REL, AT WRRIR 2 . Wah AR, a8 FEATR 70l dn R it 5

p:Zfi’pu:ZCifi’T:Zgi (4-5)
i3 Chapman-Enskog 22 REERE I 70 4lr, AT LIS RIASEI R By 0 B2 16 2 0 im 2 77 FE AN e &7
i
%+V-pu=0 (4.6)

a(pu)

" +V-(puu) =-Vp+IV- [qu+(Vu)] BT -T,)g 4.7)
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%+V (uT)=aVT (4.8)

o ARG R T, RIEHIAEIRE  AE ISR AN, BORLAT 2 A E R 7T M W F+G,
F N AART R ITE ] 71, G & RURL I B8 ) 5 ) 228, 5T v i s (RIVRIURE %5 2 5 90
W EARSE), WG=0 ; SEFRFAM T ARKR, AR 5 01 T 52 20957
FAt.

FEARTE AR A, S T3 ] PR ) 9085 2 P b R 1 A, AT TSR SCRRYV s 1
P B g (X t+AY) =—g, (X, , )+ 2@T,, , T, o [EEE R KR 5 s 110 9 AE L 5 (0 35
A WEA Ladd #9777
4.1 75 1 PR f O R B R =2 ) B AR R

aT/8y=0
u=v=(

L=2.5D

L
T: TCUld w 1‘:711,‘0,(‘
u=v=()

u=y=0
T=Teo
Y
X

B 4.0.1 75 1 A A P B A P A SRR s 2
N T IR AT F B 7 iR R IR T, FRATTSE R — AR 1L R 0l 0 B SR XTI 1]
W 411 fix, FIERAEMERS T ER%ELLD/IL=04, [REA 4O 2EAN
(0.5L,0.6L) , [EAF NHGHT, AR NALS, LR, bT RS LA

TEMLEZE, R R = A2 H SRR, A i) A A 2 300 3 BARE 2L Pr A3 A1 2L Ra, Pr
R E LT ZMR A TR R RIS E, AR 5 AL #ad FE i R2
1M Ra & 7E H AR LA IR B E N SE, & LR

Ra = IPATL (4.9)

vo

0T/0y=0
u=v=0
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Pr=" (4.10)

(a) (b)

©)
K 4.1.2 P9 E O AL 05 1 B AR IAE R . (@) IE N IEEIR 2R (D) TN B (c)vREr b
5% ZE /R B Nu 5 3CHREE SRR EE .

Kl 4.1.2(a). (b)7ralgsth 17 U7 I8 N SR AR A T A5 B, w] LRI P R 0 5
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