MW HZE AN ] 58 35 45 5 2 Applied Mathematics and Mechanics
2014 4% 2 J1 15 H AR Vol.35,No.2,Feb.15,2014

X EHS:1000-0887(2014)02-0121-09 © R FHBCERN F12% 425 45, ISSN 1000-0887

Boltzmann-Rykov # & f B REFR i1+ &

RRM, BEES, ZHTE, BT

(1. EZ S P S R L e s KB s, )i 4R 621000
2. EZFRERA I #58E, J6at 100191)

FEE: MR =R R R BRARBURS =X, BB R 7 7% S 3l VA 52 1 Boltzmann-Rykov 45
By AR BRI AR 1y A 0 8 2 () B A 0 4 B R B A s s I b Sy s ) PR 35 T
W 32 1 s A A R A RO 2 Aoz 8 2 ) %o g 9 ) D R R A7 MR K A, e 1) R ] = B
Runge-Kutta 75 EHEDE , 75 R A7 35 — AR R I b0 3T B R G2 A BRAR B A8 R 2 7 %0 i
BB =R R RN RAIE T 431 pRARAY T PRI L A R 5 A BR 255 U A
AR5 S N5 S 3 IX Al 8 8 It A I LAY Riemann K5 B A 35 W) & 450 1, VR DA 2 T8 BRAR AR L Y
Boltzmann-Rykov #7477 F2 BB K M1 A5 2 R 40 19,

% @ W Rykov BUEDFR;  SNE HIMABUSE

hESES. 0356; V211.25 XEAARERD: A
doi: 10.3879/7.issn.1000-0887.2014.02.002
7] =

T AR Bh 0722 B 9 32 BT B 0 1 R 21 J ik A L S TR G R Y
Monte-Carlo J5 1447011z 215 i 18 iRl | R FH BRI B4 iz 3l 5 A0 B AE FH AR B9 i
TR AR SR A, 7ER W VBT rp AR 2 TR Tz f o Y, AR & B Bird
%2 S TS I BB Monte-Carlo 7535 (B DSMC J5i) .

XA IEARZILS . 1) DSMC J5 ik 1 Py A AA B (i 45 & Bt 1 53 12 30 5 flf 4
PRGBS AN RE A5 SOV RS | L 525 B A5 22 Py B E FASRY 6 6% A5 Ay {8 b 52 B
St AL R IR 2) ORI AT A (] A ARG A PR I B A AR AR A
HOPRSE T BRI 3) H TR B AR T T4 A R BRI L 7, A5 TR AN 23 VR 3R 7E 52
BR A PRECHE T T 0 1Y pRECAL B (AR T 05 553 32 Sh i1 AL ) DSMC Jy 7RI B A )
2F - S BT S ) B R E s 4) AR F3ET Boltzmann JrRE AR B e
PRV, 1 R SE B HCE H ST Monte-Carlo 7745 BT HRAR M Z/ME £.

SR, AR DSMC J7 L 7EM AR S )2 5 v HAT AR R 2 i, B ) —Se Bt R

« UWFREHE: 2013-07-01; &iTHHA: 2013-12-09
E&WE.: EEHRRSES(91016027) ; FHEKH & IEMBFIT LRI (973 1K) (2014CB744100)
VEE®: RBRAR(1985—), 5, DU JI[ 2B A B -1- (Tel: +86-816-2465261; E-mail: wujunlin130@
aliyun.com) ;
2R NE(1968—) 55, U1 JE I 5% 0, 1l 1A S0l GEIRAE . E-mail . zhli0097
@ x263.net) .
121



122 ESECES R M 2 T EL R

il TERAERIH : 1) DSMC J7 52 B [R5 (/N T P-4 R I 1)) FTRORS R 23 (Ax < A)
(1 BRI, A HAIG K 50 85 DR 1K (90 km = B LAR ) FRIREE L 5 2) DSMC ik
WG TR | RO T A5 B4 0 T A5 R R R i S R (I A RN A B TR
RSO SS)  XSHT EAR A E N A, R BT Boltzmann 5 B 3K M BORA E 18
Rz AL o N

Boltzmann 75 F& B % 1 1At DA 103 234 SR A& I SUR TR B R &, B2 R Fis 3l

WA FEAR D B BAG DSMC J5 75 MR RERS 5t Boltzmann Jy 2% R I — 2 FE 4 IR U B RRAIE

ﬁﬁﬂﬁ — 2Pk i1 T Boltzmann J7 A5 i ilf 48 00 H A SR LM = 4 2 d UM RRAE , X 45 L HEK
fift Boltzmann J7 R 47 4 T Mt A 4 TR XE, 7 AR — 28222 (0 Filbet 25, Bobylev %57 | Kolobov
£ (8] , Cheremisin 259 ) TE B3R f# Boltzmann 5 #2585 ) X Boltzmann J5 #2 ( generalized Boltz-
mann equation ) J5 T IR 1 BCRE G (H il TR R 2 4, iy ELTHSAUINAR R, S BOHE LA

TR SRR AR 2 32 N — 0 AT R0 52 T B2 SRk T A 1 i 4 AR TR A5 80 7 e i (2%
iﬁ%)#“‘””ﬁﬁﬁ“ [F) SR FH 89 032 3 A 32 37 8 4 1) 197 Y NND A5 B 22 43 2, Xt Bolltz-
mann-Shakhov #5577 B2 - R A E AR TAEBUS B2, 78 T AR SR v A5 3] T 84 A9 v FH .{H. Sha-
khov BRI IR BEMRIE 43417 pREL Y 5 M A7 PR 22 40 2t R BE T PR AR T4 e A v vl
BRI B 53 AT PRAEL AR L Z T A FRARER 7 v 1) A ~F- 347 JEL AR BB 68 A 208 L T R A 2 L SRS 743
A7 PRER, DRAUEA AL 2 v 43 A R R TE 2 L A A BRAA AR S X i 3 R B AR T 2 i
AT SR A | PR LG BB DRAIE 0t 37 1 o i | 3 R 1~ 1L

AR SCHE T A BRAAFR Ty ik (%) A s JE AR R o5 B A et 37 (19 25 Ak Boltzmann-Rykov 574
D AT EUE BT, B = B BE 09 A7 BRAR R A4 4% XA Runge-Kutta I [R] #E 3 7 ¥, %)
FREAEIUR O I REOR AR E WIS W I S ), 5 R 22 20 s R L
X Riemann F§HAMEVEXT HL , B00E T 8B 45 S 09 1E 6 7.

1 il O R

RINACHEBE YT O ST R TIRRSEIER 0 BT (v, = J7 1) X4
Rykov HUE S BE3IE 58 17 22 M Xk BE A3 REXS 5345 B B0 B0, 15 0 X T 20 L 43 75 1
B G R A Ry

dg, dg, ' !
5 +§a'a=7jr(g1 _gl) +Vl(gl _gl)’
dg 9g, .
o TE s )t m ), (1)
t d
083 9g; .
o, T (T—V..(gz -gy) tr(gs—g),
8nT, 1 8nT, 1
1, B 1) .
sf mukn, £’ sf wuKn, Z
C
gM(T)_ e (3)
'1TT T
¢, = U, (4)

5=ng{1+8amﬂ“%f%—3]}, (5)



Boltzmann-Rykov 1 8 f7 BRAA RS k18 123

_ 8 ¢, c.(c 1
T =Te (T)| 1 + - |, 6
2$) gM( )|: 15‘”0 P T(T 2}:' ( )
T r qxcx
g =T g+t 4“’1(1 _5)'gM(T> PT |’ (7)
8 ¢, ¢ (& 3
=g (TH| 1+~ 22| |, 8
g = gul 1){ 5P, T‘(Tt 2” (8)
8 q. c.(c 1
V=T (T)| 1+ — e o ?
&2 &u( l)|: 15 P, Tl[T[ 2J:| (9)
=T +4(1-5 T 10
3 ':gl ( )gm< )PT:| ( )

Hh 2 ikt g, =g, (t,x,8,) .8, =g, (t,%,&,) .8y =g(t,x,£,) ,t HETH] x SR H %5 [A] A
B £, R 77 160 O I BB RE v, FAEPERERR R v i B 00 | T, 2
JE T, 53R Kn, ki SUARRHIE Knudsen ( 504577 ) B0, RAE AT 0 7 i 2 BE ORGPE &R
B, FEEFAPERE LR Z U N IE 2 .

w, = (T)o(B)/¢(BT,), B=T,/T,, (11)
(1) =0.767 + 0.233: ®exp[ - 1.17(t - 1) ], (12)
Z(T,T,) =

3 go(BT) 9BT, T, T T\?

= 0.461 + 0.558 1| —| + 0.035 8| —| |. (13)

4 (BT)WBT +8 T, T,

ZH w, o, WA T PITFER) 11ZIK,TLL{?E31‘;‘§@7?7F%¢1%¥U 1 B S 3R 5 S R VR )
P A 2.6 — 4R R Bl R

T. —915K w, =0.5, w, =0.286, 1/6 = 1.55. (14)
P £ 531 B &gégﬁi?MWm%ﬁmkﬁ“Tﬁ
n= i, 00 = [Egide,, S, 0l = [(E, + e (15)
. C3 C,
nTr=Jé4wl,qx=f[2 ¢+ e j(w 2! = e, (16)
5 3 . .
?TZ?Tt+Tl,,Pt=nTt,P=nT,qx=q +4q.. (17)

TIRE(L) ~ (17) S F B P R G 02 ] B O B A R O U e 2 ] &, HOfE
HIREAT RS A 5 HICTE B2 A A i, 25 5 249 1580 A o 800 3k 245 1] ) 322 SR R A
RS Iﬂﬁﬁﬂﬁﬁfﬁ?ﬁ@xﬂ%ﬁ”ﬁﬁ(l) FAL R 7025 B RIGH L AR AR s AR AR A ST 1
HATARZAME PRI AR 57 U O o 75 R4

Jd J
G g—G_VGwG—(V +1)G, (18)
8t ox

;H\:EPG_[gI{r(x7l) ’ngr(xyt) 7g3 (x t):l r_[g: gr2 g; }T Gl_[g[] [ g(r]T70-ﬂg%ﬁ

I 5 0P 5.2 30 5 A L2 ) LA OB M 3,
2 BUECRAR T %

21 FBEBUEREREXNEE
Xt TR (18) 2R FH- B H P A0 A FRAAC R i Mg i 2 1) 0 SO e, — 4 s ) 8 A 40 2 [ At



124 ESECES R M 2 T EL R

{a,|x, =xy +i*Ax,i=0,1,2,- N}, Ax NP ISA 2,1, = (v, +5,,,)/2,%,_,,, = (x, +
6 ) /2,80 =50, — Xy,

XTJ(<18)f1i§ S )3 [x—l/z, +|/2] LR AT

12 0G Xi41/2 41/
[ | §X—dx=f "w.G +v.G - (v, +v,)G)dx. (19)
xi-12 Of won 0% Xio1/2
é\
_ 1 rriv12
G =— Gd
' A5'CJ:CL>1/2 ;

PRI AT PRBAEZS (TS R [, 020000 ] AR AR - R, DU~ B T 3 A e B ) 7

BG, F X, -F X;_ 1 rriv
" ( ]/2) ( i 1/2) - Z(Vl_Gr + V[G' _ (Dr + V‘)G)dx, (20)
ot Ax Ax/ .

I:F‘ F(xt+]/2> - § G(xu-l/z) %{f{ﬁﬁﬁ £IJ ) Rﬁg}zﬁ FL+]/2 ]E'fl_k/‘%{: Fi+1/2 %JEH Steger-War—
ming Yt 18 5% it 73 B R AT 5 (O A Ak R i ) | 38 )
. - . §+\§\GL £ - €|

—_— + - —_
Fi+1/2 _Fi+l/2 + F£+l/2 - 2 i+1/2 + 2

R SR A T 1 3k sk — et
GG oL, G, (22)
Hop A REMRC RIT .
SR 2] L SR e SR A T ELAT = RS 5 . (5 R I 2 P A e i
A 1 T S 2. K 2 A S (0 B BT

Gil/Z' (21)

+

GZ(x) =G + 6Alx2|:2(x —x,)(x = x,_4,) +

(x X 1/2)<x - '+1/2>]<G;’+1 _G?) -

6Ax 2[2(95 —x) (8 = x5,) + (8 —x,) (8 —2,,,) [ (G] - GL)), (23)

Horp  RERBIEN TR

2G! , ,
min l’f ’ (G;lzl - G?) > O,
Gll

il G?
0; = (24)

-2(G,. -G)) _ ]
min| l,——— |, (Gi"ﬂ _G?) <0,
G, -G;

Hrp G, :max{G"}
B Ph EAHARAT BN BT A bR G (x) TR LT R .
1) ~FEMESFAE X T B A 123 A 0 e

“]/26 '(x)dx = Ax G!;

2) BAAIE T « € (2, v ] T
<G!(x) <G,.

i}



Boltzmann-Rykov 1 8 f7 BRAA RS k18 125

Ht=(21) 1 G, 1 G, WX AE 5.

GiL+1/2 = G;(xiﬂ/z) , G?H/z = éz<xi+1/2) . (25)
3 (20) B4 SRl IR A O AR AR Y AT AR

1 rxi<12 -

7J' (v.G' +v G - (v, +v)G)dv =v G +v, G, - (v, +v, ,)G)(x,). (26)

Ax? vy

BORE, E B RO R A FRAER S N

n Nn
Fi+l/2 - Fi—l/z

9G: RHS(G"
T D RHS(GH) = Ax

+v.,G +v, G - (v, +v,)G\(x).  (27)
2.2 Runge-Kutta Ft 81 #E# 7%

LB B A FRARFUS e 8] _E2R A TVD # =B Runge-Kutta 7 EE e

G! =G’ + Ai-RHS(G!), (28)
Gf=%(_;?+%[6} + Ar-RHS(G)) ], (29)
~n+l 1 L 2 2 2
G :?Gi' +?[Gi + At-RHS(G;) ] . (30)
ZEE RS AR 1k 25
At-[max(l/ri+l/li) +max(§xjj < L. (31)
’ ’ Ax

3 BUEITR AR B

R T A BRARFS A 25 B 5L ST 52 W Y Boltzmann-Rykov #7875 BB 155 v
A3 N7 P, i — Al 5 S A A RN T Bl [ R

T, AR N I Bh R AT DU IR 7R (0, 1) BT XN, « = 0.5 Zb i —
BB AT — 0 b . A IR RS AR — R (E S5 40 TR ¢ = 0 B 2 PR AR 28 4%
W24 TR S AT B 2 B IR A,

| 0.0<x<05 | 0.5 < x < 1.0 |

XoF T Sod [, 5B )RR 200N AT N B 22 0

0.0 <x<0.50f,p=10.0,T=1.667,U=0.0,

0.5 <x < 1LOK,p =10, T=1.333,U = 0.0.

B KO BT 2 B AE ¢ = 0.191 2.

Knudsen $% Kn = A/L FALSARGE SRR HEFEE ,Kn = 0.1 XF R T L I 80, 1l Kn =
0. 001 s AT IA Sk 3t sl Ak 32 252 3k DX B8 A Ui sl o A AR 1 lad B, 5k 22 WA SOt 34 mT L ] 2
FHEMEIT R EE B 1 AT Kno= 0.1 Il Kn = 0.001 BHEUE AU FE 5% 2 U S 2
Hip 5822 ¢ residual -error” A AHAE P18 B AR AL A HMEL B 1 PR 22 Bl 2 I R 4R SR AR e
T2 1% MU/ 33X 10 B B AN BB TR0 R R R 1L T 2 TR IR T ¢ = 0.191 2 2« = 0.5 17
AL A RS A B AR AR O, BB TR B 3 A pRESE AR P A0 A A — 8 S BV [ N e
LR BRI R T 0, BN A T 5341 BRAH, PR I 4313 RS Y LE A PR AR B AR IE.

B3 450 T Kn = 0.1 FlKn = 0.01 B BATR 54 PR 20 i FEars 01458 ¢ = 0.191 2
i 2] — 2 S0 A8 PN 1) TG o 4 2 B AT, T TR 4 R R K = 0.001 B3 S2 3 X % 8 4 A i 26,




126 ER 3 N N

[

e

YWMF BT

HA FRARAR 5 7 BIR 22 23 5 ¥ 449 SR R [ F o i) 25-F 25 T A R 73 (>4 K = 0.1 16 3G 2
s R SRS TR 2 Ar = 2.0 x 1077534 Kn = 0.001 B}, Az = 0.8 x 107 ;43 ] RO 4% 1 25
Ax = 5.0 x 107) JAT LA, Bl SCORAR AR 2 (9 BRI, Bt 28 P 2 B8 A i 4 ok it i 1
HELE X Y Riemann FLEA# | ULRH R ShBEE Knudsen B0/ IMASEL H B 22 1031 S0 SRR - i
e JEL B R/ | % B2 it 2 bR AR AL N ZL TR i) A BR 2 A X5 A R AR RS iy T+ 03 45
HEAR—F 7E Kn = 0.001 BYEZEH X5 Riemann BESRAE T H#0T , UdBH — & 0O BB R fifad 7
YIIER 5P T —4E Boltzmann-Rykov 581 J7 2 Fr i iR i 9y PR &, H S B F2 2 E w19, 1 4
) JRy B OK I RE A8 78 B A FRAA B Uiy 1158 45 2R 465 Riemann JRI A, BiWIR I =i &
P75 12 5 v I AR AR 8 A FRAABRAR 20T — 4 5] 0 114 3153005 B s o T oG B2 i A BR 2243
NND A 233X 22 S W 12 M6 2N R B2 v 7 1 199 (o B2 s 0T 478 i 8 D8 55 TR T R A 5 A

AR, RS T W EAS B S RIR S (A0 &L 3 BT ) AT BRAR AR S5 A7 IR 22 s X i T3 4

56—,
8x10°r Kn=0.001
'\\ —— —Kn=0.1
\
—4 \\
o 6107
s \
IR
2 . \
S 4x10 \
E S
8
2x10°F
0

0.05 0.10 0.15

B 1 Kn = 0.1F1Kn = 0.001 WAHFR

PRBVEE T AR 22 e Sl 2%

Fig.1 Convergences curves of residual errors by finite

volume scheme when Kn = 0.1 and Kn = 0.001

2r— finite volume method N
- - - finite difference method ™=
ol=—" exact result in continuous flow

0 02 04 06 08
X

(a) Kn = 0.1

1.0

=
=)
1

N

wn
T

N

=
T

o=
n
T

distribution function values f
Wi

o

0

Kn=0.1
—===Kn=0.001

-10 = 0 5 10

B2 t=0191 2% x = 0.5 M ELH
43 PR I R 1) AR A

Fig.2 Variation of distribution function with velocity

0

values at x = 0.5 whent = 0.191 2

[ — finite volume method gl
- - - finite difference method N

——— exact result in continuous flow

0

02 04 06 08 1.0
X

(b) Kn = 0.01

3 Kn = 0.1 fl Kn = 0.01 B BRAKFR S A IR 22 704 A% BIBOEAE N 2% B 7 A1
Fig.3 Density distribution in the shock-tube by finite volume scheme and finite

difference scheme when Kn = 0.1 and Kn = 0.01



Boltzmann-Rykov 1 8 f7 BRAA RS k18 127

10 ——6_\)—>
x\ "‘ai\\\ \
8F \
\
\
\
6L \\,
& \
S \
4l | N—
\
\
\
N
2F——- finite volume method
-------- finite difference method
: —— exact result in continuous flow
0 0.2 0.4 0.6 0.8 1.0
x

4 Kn = 0.001 WA FRARFRSG A BR2E 704% 305 BB P9 B BL 70 A1 LA

Fig.4 Density distribution in the shock-tube by finite volume scheme and finite difference scheme when Kn = 0.001

201 - 1.2¢ F—
—— finite volume method | —— —finite volume method |
finite difference methodif | | - finite difference method )
—-—-— exact result in 1.0} —exact result in continuous ﬂmﬁ// .
1.8F continuous flow ’ ‘
0.8F
16 I £
™ 2
N 'g 0.6}
1.4} o
> 0.4F
1.2F S /| 0.2}
10g 02 04 06 08 10 % 1.0
x
5  Kn = 0.001 B & PR 431 B 6 Kn = 0.001 B B4 N HEE 431
Fig.5 Temperature distribution in the shock-tube Fig.6  Velocity distribution in the shock-tube
when Kn = 0.001 when Kn = 0.001
0 translational 20 translational 20 translational '
1.9F  temperature 1.9F  temperature 1.9F  temperature ;
1.8F 1.8F 1.8F |
1.7F 1.7F 1.7k /
8 ‘ 8 8
t1.6- bl.é 51'6'- [
R15F Q1.5 Q15F ‘
1.4} 1.4 14} J
1.3F 13 . ] 1.3F ol )
| - - rotational [ - -rotational \ | | - -rotational
i? temperature Kn=0.1 113 temperature Kn=0.01 i? temperature JKn=0.001
"0 02 04 06 08 1.0 "0 02 04 . 0.6 0.8 1.0 ’ 02 04 . 0.6 0.8 1.0
X

B 7 AR SRR Kn BOSGE RS RT3 e shild e 43 A
Fig.7 Translational and rotational temperature distributions in the shock-tube

by finite volume scheme with different Knudsen numbers
K5 18 6 Frariliiid T Kn = 0.001 B SR X — RN N IR s 0t A0 3% 7 A
2k, 5 Riemann BRISHEH LEULARBL 1A BRRARRS S B E AR P, RIS AR SCR ) =
WA SRS 2 RS B O T A7 BR 225 NND #6520 B 7 51 ASTR] Knudsen $055 44T 45 BR
PRBS SH S B BB NS - shiRE T, RS EE T, 150 A - S i A sl B 11



128 ESECES R M 2 T EL R

I AR E AR B T SRS AR, L 7 FR R Kn = 0.1 I ARG R 3l b1 shild B -5 5% 3
it B A 2 22 S R, AR B R /e sl AR P Ak, TTRE % Kinudsen BRI , AR I 3l
FET T EESET , B e i A S AP A R N BORB 58 | it Sl T - IR A IR, 7E 7 et
PR DU SR Bl v 2% R8I Sl AR~ R0 B R AR S L A, P P B 8 7R A v
UL DX e st B2 AR s i i TP S L, 1 A 1A AR TR R,

4 4% 1w

Sl FRARFU B BUETTH Boltzmann-Rykov #5785 A2 | I FH 8 08 BE AL b vk %o o i 25
() AT AR A3 B AR, 0 AL B2 [H] R ] =Bk B oAb A% =X 0 A BRAR R O vk | i R T EE A LAUJS 1
HUG T AR 1] E % Runge-Kutta I )47 7% BUE 3R R 8 B0M S 8 U sh A 1. it
B GIELLNIX. Riemann BRISHR AIA PR 2270 NND A% BB IR 45 RS LU W) & 300, U B 7E
i I ) S Y A B G — B v A IR R R 1 T B A R E R AR T
WO ) AR A SRR, LI = A FRAA AR 7 A BE W /& T B NND 22406 =X, JFORAIE 143
A7 PRER I T S PR E A

£ % ik ( References) :

[1] Bird G A. Approach to translational equilibrium in a rigid sphere gas[ J|. Phys Fluids, 1963,
6. 1518-1519.

[2] Filbet F, Russo G. High order numerical methods for the space non-homogeneous Boltzmann
equation[ J]. Journal of Computational Physics, 2003, 186(2) . 457-480.

[3] AR5, RIRT. PP S ARSI AR SR R P BUERU [ J]. SR 2
2, 1996, 14(2) ; 230-233. (LI Zhi-hui, WU Zhen-yu. Monte-Carlo numerical simulation of rar-
efied aerodynamic characters for Apollo spacecraft[ J]. Acta Aerodynamica Sinica, 1996, 14
(2): 230-233.(in Chinese) )

[4] Mieussens L. Discrete velocity model and implicit scheme for the BGK equation of rarefied gas
dynamics[ J]. Mathematical Models and Methods in Applied Sciences, 2000, 10(8) . 1121-
1150.

[5] Bird G A. Molecular Gas Dynamics[ M ]. Oxford: Clarendon Press, 1976.

[6] k. DSMC Jiik 5t m kR J]. 12k, 1996, 26(1): 1-13. (SHEN Qing.
DSMC method and the calculation of rarefied gas flow[J |. Advances in Mechanics, 1996, 26
(1) : 1-13.(in Chinese) )

[7] Bobylev A V, Cergignani C. Exact eternal solutions of the Boltzmann equation[ J|. Journal of
Statistical Physics, 2002, 106(5/6) : 1019-1038.

[8] Kolobov V I, Bayyuk S A. Construction of a unified continuum/kinetic solver for aerodynamic
problems|[ J]. Journal of Spacecraft and Rockets, 2005, 42(4) . 598-606.

[9] Cheremisin F G, Agarwal R K. Computation of hypersonic shock structure in diatomic gases
with rotational and vibrational relaxation using the generalized Boltzmann equation[ C]//46th
AIAA Aerospace Sciences Meeting and Exhibit, 2008. doi: 10.2514/6.2008-1269.

[10] LI Zhi-hui, ZHANG Han-xin. Study on gas kinetic unified algorithm for flows from rarefied
transition to continuum| J]. Journal of Computational Physics, 2004, 193(2) . 708-738.

[11] LI Zhi-hui, ZHANG Han-xin. Numerical investigation from rarefied flow to continuum by sol-

ving the Boltzmann model equation[ J]. International Journal for Numerical Methods in Flu-



Boltzmann-Rykov 1 8 f7 BRAA RS k18 129

[15]

[16]

ids, 2003, 42(4) . 361-382.

ZHENG Ying-song, Struchtrup H. Ellipsoidal statistical Bhatnagar-Gross-Krook model with ve-
locity-dependent collision frequency| J |. Physics of Fluids, 2005, 17(12): 103-127.

ZRAE, RIS, MR RELR NS RZ IS G —BUE R R [ J]. &SRl 1R,
2000, 18(3) : 255-263.( LI Zhi-hui, ZHANG Han-xin. Study on gas kinetic algorithm for flows
from rarefied transition to continuum[J]. Acta Aerodynamica Sinica, 2000, 18(3) : 255-263.
(in Chinese) )

Rykov V A. Model Kkinetic equation of a gas with rotational degrees of freedom| J|. Fluid Dy-
namics, 1975, 10(6) : 959-966.

Rykov V A, Titarev V A, Shakhov E M. Shockwave structure in a diatomic gas based on a ki-
netic model[ J|. Fluid Dynamics, 2008, 43(2) . 316-326.

RWE, R A ——25 3y B IR [ M. dest. ERE D i, 2003.
(ZHANG Han-xin, SHEN Meng-yu. Computational Fluid Dynamics: Principles of Differenti-
al Methods and Applications| M ]. Beijing: National Defence Industry Press, 2003. (in Chi-

nese) )

Calculation of Boltzmann-Rykov Model
Equation by Finite Volume Method
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Abstract: A three order precision finite volume scheme was formulated to numerically solve
the Boltzmann-Rykov model equation in which rotational energy was considered. This model e-
quation was discretized into a series of equations at each discrete velocity point, and then a
high order half-discretization finite volume scheme was used to compute these equations. Three
order Runge-Kutta method was introduced for time marching, and central value in each cell was
taken to approximate the average collision term. This finite volume scheme was of three order
precision in convection term, while positive definiteness of the distribution functions and flux
conservation were ensured. Results were compared with those of finite difference method and
Riemann exact solution in continuum regime. The good coincidence shows validity of the sol-

ving process for the model equation by finite volume method.
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