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Abstract

A systematic asymptotic analysis of the Boltzmann equation shows that the overall be-
havior of a gas can be described by fluid-dynamic-type equations with the appropriate
slip/jump boundary condition when the Knudsen number is small [the generalized slip-
flow theory (Sone, Molecular Gas Dynamics, 2007)]. Near the boundary, a non-fluid-
dynamic correction (the Knudsen-layer correction) to the overall solution is required.
Although the generalized slip-flow theory has been established up to the second order
of the Knudsen number expansion, the data of those corrections have been completed
only for the BGK model. Completing the corresponding data for the Boltzmann equation
has been demanded. In the present work, partial results of completing the data for a
hard-sphere gas under the diffuse reflection condition are reported.
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BR[7) THLROBZZLIIFAETHD. LML, FFRTIAIAY < HFRAOEI 2F
BLEHFELRBEELRAVWS. 2OBRIRLVY <= FEROBROKREOKE (10, 11] TH
HESRbDTHSD. MEXRY R 5EREHIT, B5BERDRICEET > ERMESH
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G= (09 - c0¢+ g)E (a =2,3,5) %, FIE(5) TRHLTIE®=yE—- Y, C[f] =
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BR) LOLTE. ZoLE, DIHTABMBREROL YIRS
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MLEhES ! 1qg@6m&%ﬁ0@]QMHM)%+@}M@Tétbo%®($%¥)
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CORTRIZ, BOPLRBEECF 2+RCHBrTEILO>TED. ZnkE,
CIF) (D, u,¢) IEBD u,( T LT C[F)un = CIF](nW, u?), (W) DX 5rH) 2 KA

Y EHETBLE, K (10) Too & d TRENPILMAIAKCHIT S, Z0LE, KoM 2 KMMIZ ClyE] KL TITY.
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CEVRBRICEETES. LEdoT, (1) KEVEED u, C 12/ 3 (n®, u,¢) A
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ClF)uir) BBBITIE, M [5] TRUD TRES W KERELAVS. ZOFETHE,
B F % F ORI T — 2 h @B E AV GERT 20T, F 2+0@T 37028
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2T, R (19) POBEKDOIKE LT, CORBETICENS £ BROMIL (= |€)), M(=
Enif€) & ( p DROYVICAWE. C o & C ORMEK L 5. K (19b) @ X0, 1](£M)
X, FARERn=0IZB VT M =0 TRERICRY 5% (THZBR) ZLxRRTE
Thb. R (19a) BLR(202) BT, i=1=00D,&E Fjm & Fji_1m £138%25 2250
EE&T. BE RIsSO0HL0ERY, BE ORFIIZI=00LEAETHD. £,
Jumﬁ¥%®ﬁﬁﬁ%A4>0kﬁ¢5ﬁ%ﬁkﬁmb ISORHLCH 1201272
5. ﬁ@%ybq;mm&ﬂ@#@ﬁﬁf X (11) 2L REHEDORNZH 52 L DHEHE
LTRITS. FiL, Cfy ,, PHEIHESE b CEETNDHERELERD RS 2 DITHERR
wkZ#%&%?#é#,__Tu%®¥MQGﬂ&£%)ué%?é

ZIT, RO2REFEBELTEL. (1) HOEE(C,€) — k(¢ &) IRTEOBMLHL R X

B ((,8) —» (¢, —€) KR LTRETHS. £LT, KFETIIp OBFEAE u=0
Ba LCHFRCEE LT\ D720, I CX, WX LT Cop = Oy 72 5 BOERAS
RV 2. ZHiCkY, NEREEROT— 5@#4f&¥ﬁuf%5.m)%bﬁm§%
EXRAVIHEEIIE, HAROLTOFIRTRERFLET LD, BHEBEOT —F DA XH
(Np X Ne)? BEICRD. AFETIIZREHL, (N, x Ne)/(Ny x Ne) DR EFF—F 0
A XHP/NEL TT e,

U EHEICHNET 20l ERFILC[LE] BRI C2E] b+aMRTEILERDS.
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SHEE 6oF, 03 E, ¢5E, Y4 FE DIREV% Fig. 14 IR T. ZhbikhdeE, ETODH
AT, BRE (n=0) TIXES u¢ =0 TR-> TRERSHS. ZOEMRL, HFEENE
RE L HTICRBEMICHIET 5. [E (R) O ul OEE, BRZEENLS (E3EMTA
BT 2) SFEECHIGT S 2 L 2RRTEL.] [EFEK (n > 0) TIIRERITHEL, &
EAEDE (1, () TROFBIZEDL LR, 72721, pl BWAEWEIRTIE, n=0,u(=0IZ
ALTWEREREOME SRS X I, BBAAMICE{LL TS [Fig. 14 T(a) = 0.0
— (b) n=0.015]. Z® u ~ 0 TORFTEIRERIE, DMEVEREE (W(~0) 25T
BRPOEBANLERL-TELESFIE, EREACETIETRERIRICRVEMZHE,
MO F L ERTAFEEREL 2D DL LBRTE S, BRHOOBEMISBRT DT
NTHMZARDLMPIARY, p PEBLITROEE TOBRDOENERLARNS 0 ~LEBR
LTWL . 2B, 0F, ¢3E, ¢sE TIREFDEBERB L AR ZBEBROMGHBHFET LA
U E ODEIZIZEALOBERTETHY, HRANERD.

(¢) p=0.58 (d)n=3.0

Fig. 1: Solution ¢, F and its contour plots. (a) n = 0.0, (b) n =0.015, (c) n = 0.58, and (d) n =3.0. In
the contour plots, the curves are drawn with the intervals 0.1 in (a) and (b), 0.05 in (c), and 0.01 in (d).
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2 . 1 2r —0.02 1

¢3E
0.05

0

-0.05 1
0
(12 T1
/42)11/2( 0 -9 /"’C

(¢c) n=10.58

Fig. 2: Solution ¢3E and its contour plots. (a) 7=0.0, (b) n=0.015, (c) n=0.58, and (d) n=3.0. In the
contour plots the curves are drawn with the intervals 0.03 in (a) and (b), 0.01 in (c), and 0.001 in (d).

Knudsen EB9¥ % Fig. 5 B LWt Table 1 IZ/R7. Kb BRBURER» L OB
WART B2 o THEPHIZ 0 IGESE, FHHBITRORBEECFERNTOLERETHS
(Table 1 225553 L 8Y, 00 L 6 11b 2z IR Tid72\y). Table1 XY, Knudsen
D 0% Esix, n oMl L ol it L# 3 ~ 35, MObOTIEIK LS ~2Th
D, EXTHLEHBHRITROIERETHIZLB3005.

FBRSN T O BGK EFA0HEICE S =0, 00 =60 =0 23z t2xmbh
TW3 [{EL 4E IXETIAV. R (8a), (8b) #BM]. L L, RIKRYTFIREDHEE,
D00, ) ixEmTiIzV. Dk iz, —BIZIE, BCGK EFADBEICERRF ¥
TL— g VIZXVHEERL TWEIRED & ' Knudsen EHAIENRERNS.

ERBIIER =0 Tnlng OFEEEZFROZ LBIXILH BGK EF ML 2T TRE
h(13], BIZRHERS FREOBAIZHRRIRINTWS [11). 22T, AHETRD
Knudsen BREKIZHL, 74 v T4 7#i# a+ bnlnn + cn OFE a,b,c DIEZ B/ 2 T
Eick vk, xETIE D, 80 nEKOEE Table 2 (TR Y. BRILEMICAVIK
MOBRIZKE CEBELTELT, %2, nlnn ORE b DEIAZRT 3 HIRE $ TINAK
LT3, 0k 5 ICAHBETIE, Knudsen BOWELZ EOBERURETEDTELX
BT ERMTETVS.



Fig. 3: Solution ¢sE and its contour plots. (a) n=0.0, (b) n=0.015, (¢) n=0.58, and (d) n=3.0. In the
contour plots the curves are drawn with the intervals 0.02 in (a) and (b), 0.01 in (c), and 0.001 in (d).

8 EHORE

nAPEVEEITIE, LORBRTHAR L D ICAFIX p¢ O/PSVERTRBRICEILT .
(7, 11,¢) = (0,0,0) ITEDOBRETH Y, LDFANH ZDRITES T & - THRRIER
BR3. ZOXIRMOEERLEH LB, BRRIETHFMIZOWTAZ ADEN
R FELRABETALENDD. EBE, K [14) Lt ABREOKRFRERAVTENET
& E BHET 2L, INER IR LAFEEORALEORTFRBRRL (n LABELL
IFENEVBNEN W BEDB LI RPFEEORTFREBDRD-T), ¢3E B+
mpcE ot 7, O o0 oBEREHECORKRT —F b B2 o7 (il
DEAMEE TH T Knudsen B 0K RIEIZZ OF —F 2> bITFHABN2WY) .

TR FRIIROLDER V. BFAD X, n=0DAY TIX73x107, n=d=
44.46 DAY TiX 0.69 DIBTHE—FICEB L. KM 0 <7 < diz 251 BOKFA 7O
BETSD. COBTRESL LR ZOMICKROBEFREAE LKL : SLITHATREERN
3/2 fEITHER L7 F % S2, S1ICHATHEIEE d = 53.04 LJAT 74Tk S3.

SFEERTRITRO LD E AW, BREYRBETBERTFOLR (1@, (W) 1x, pizd
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Fig. 4: Solution ¥4 F and its contour plots. {(a) n = 0.0, (b) n = 0.015, (c) n = 0.58, and (d) n = 3.0. In
the contour plots the curves are drawn with the intervals 0.1 in (a) and (b), 0.05 in (c), and 0.005 in (d).

Fig. 5: Knudsen-layer functions for the hard-sphere gas under the diffuse reflection condition.



Table 1: Knudsen-layer functions for the hard-sphere gas under the diffuse reflection condition.

n__ -0y ey 0P -6 -aP -6 Y
0.00000 0.07965 0.07610 0.31803 0.04368 0.65823 0.31749 0.62894
0.02348 0.07508 0.07019 0.28692 0.04108 0.60555 0.29707 0.58003
0.05165 0.07153 0.06590 0.26406 0.03872 0.56413 0.28044 0.54166
0.09881 0.06693 0.06064 0.23601 0.03547 0.51105 0.25858 0.49254
0.15009 0.06290 0.05623 0.21276 0.03253 0.46540 0.23928 0.45030
0.19315 0.05999 0.05316 0.19673 0.03038 0.43311 0.22536 0.42042
0.30336 0.05380 0.04689 0.16463 0.02578 0.36657 0.19589 0.35876
0.40911 0.04897 0.04220 0.14146 0.02224 0.31708 0.17323 0.31279
0.58327 0.04252 0.03618 0.11301 0.01763 0.25470 0.14363 0.25459
0.79673 0.03628 0.03059 0.08822 0.01340 0.19900 0.11603 0.20221
0.98271 0.03187 0.02674 0.07228 0.01059 0.16263 0.09728 0.16769
1.19037 0.02776 0.02323 0.05863 0.00814 0.13118 0.08051 0.13752
1.41884 0.02400 0.02007 0.04715 0.00606 0.10458 0.06582 0.11167
1.58214 0.02170 0.01814 0.04061 0.00488 0.08938 0.05719 0.09672
1.84260 0.01856 0.01554 0.03230 0.00340 0.07008 0.04592 0.07747
2.02594 0.01667 0.01399 0.02764 0.00259 0.05931 0.03945 0.06657
2.51495 0.01263 0.01067 0.01860 0.00109 0.03855  0.02654 0.04506
3.04221 0.00947 0.00807 0.01245 0.00019 0.02469 0.01748 0.03014
3.48717 0.00748 0.00642 0.00901 -0.00022 0.01716 0.01236 0.02171
4.06758 0.00554 0.00481 0.00603 -0.00049 0.01082 0.00790 0.01433
4.91724 0.00362 0.00319 0.00345 -0.00059 0.00565 0.00412 0.00795
6.06059 0.00207 0.00186 0.00172 -0.00050 0.00245 0.00171 0.00370
8.07087 0.00081 0.00074 0.00056 -0.00028 0.00063 0.00034 0.00101

10.06348 0.00032 0.00030 0.00020 -0.00013 0.00018 0.00005 0.00029
13.81166  0.00006 0.00006 0.00003 -0.00003 0.00002 -0.00001 0.00003
15.00856 0.00004 0.00003 0.00002 -0.00002 0.00001 -0.00001 0.00002
20.05147 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
25.14669 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

L, p=00RAYTIZ12x 1074, pu==+1 DAY TIX0.025 DB TH—KRIZ, CIZxL,
C=0DAYVTIX16x10™, (=Z=500FY TIX0.12 DIETH HKICEBLREZ. ZZ
T, p—C¢ FEIZiE 36237 B A (u), (0 BEET S, —FH T, DHBEEEZERETIEKRTF
DR (MO M) i, MiZRL, M=00DRY Tix24x1071°, M = +1 ®FY TiX0.025
OB TH—HRIZ, £z, E=0DAY TIX51x10710, ¢=Z=500FY Tix0.12D
BECH—RICEBLZ. 22T, M| <1.0x 10742 1938, |[M| > 1.0 x 107* (= 256 f&
DAMY BEEL, 0<E<1.0x 107412218, € > 1.0 x 107412 140 DA £ 234
FET 3. M- TR, (u9,¢P) 0 250 72289 B A (MY, ™) NEETE. D
BFREML XS ZOMICKROBTFREZAB L - M1IZEKRT M| <1.0x 1074 ®
MO O EE%E 4/3 TR LIEFHR M2, M1LICH~RT (® ¢ oSz 4/3 fEicH
RLKFHR M3, MLICH~NT |y > 1.0 x 1074 @ @ BX VM| > 1.0 x 1074 > MY
DEEEH 4/3 IR LT R M4, MLIzk~_T p@, MO ¢®) ¢m % X FA
DIEL ETHE LBFFR M5, MLIZHART (R ¢Mm piEm% Z = 5.8 LT -BF%
M6, M1IZH~RT pl) MO o 88 %# 3/4 4%, (P, 0 O S¥ERH 2/3 BITHD L7k
FHREM7. 22T, M5 Tit p@, MO, ¢B) ¢ 1345+ 2 EHOFRAEADREAY T, FhFh
1.8x107% 3.1 x 107!, 1.8 x 1075, 9.3 x 1072 DI CHRLERE L.
BB ORERITLTHTR (SLM1) THLRELDTHS.
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Table 2: Coefficients of the fitting curves for the Knudsen-layer functions ng) and 6&0) near the boundary
determined by the method of least squares using the data in the interval in the second column.

Interval of 5 a b c
[0, 4.64(—6)*] -0.3180275 -0.40544  -0.2540
o | [0, 6.02(—5)] -0.3180275  -0.40515  -0.2506
[0, 5.49(—4)] -0.3180275  -0.40351  -0.2361
[0,4.70(=3)] -0.3180263  -0.39604  -0.1857
[0,4.64(—6)] -0.04368332 -0.015334  0.05834
e | [0, 6.02(—5)) -0.04368332 -0.015363  0.05802
[0, 5.49(—4)]  -0.04368333 -0.015515  0.05667
0, 4.70(—3)] -0.04368343 -0.016154  0.05234

*Read as 4.64 x 107°.

(0) .(0)

Table 3: A comparison of ¢;’, ¢35/, ¢

using the symmetry relation are also shown.

Lattice system c§°) cgo) c?) bgl)
(S1,M1) -0.4992519 0.0087359 0.4595723 -0.9039300
(S1,M2) -0.4992519 0.0087359 0.4595723 -0.9039300
(S1,M3) -0.4992695 0.0087344 0.4595690 -0.9039293
(S1,M4) -0.4992535 0.0087370 0.4595721 -0.9039303
(S1,M5) -0.4992519 0.0087359 0.4595723 -0.9039300
(S1,M6) -0.4992532  0.0087358 0.4595722 -0.9039301
(S1,M7) -0.4991404 0.0087413 0.4595929 -0.9039335
(S2,M1) -0.4992531 0.0087359 0.4595723 -0.9039288
(S3,M1) -0.4992519 0.0087359 0.4595723 -0.9039300

Symmetry relation -0.4992 0.0087 0.4596 -0.9039

éo), bil) among the different lattice systems. The data obtained by

CRBIU n-ZROBERITHLE Y O UMIT, K F(d,, )/ Fua F( ) Z)/ Fuax PHEIC X
DHUMTD. ZZT, F=|0E||6E||¢sE|, [ViE| THY, Fpu FETOBRFREDF
DERAETHS. TR (SI,M1) DA, 2 50IIEFAERS8I X 1071, 14 x 1072 UTF
Thol. EEAMBEIHAFEEFT B ZRTHATHEL TV 5.

LR TRYVBEOEEXNFERICLIEREEDE T Table 31TRT. £7, FER
MEZEER O THELONZ LY - T KREOMEIX, FRBEFRICE VMO EN L BEIC
ROONTEE I —HLTWS., ZHIIAHEOHENS L S ZMEMITRIEL TWS.
Table 3 FDRARIBFROBEROUBRIIBTFRICLIBEOHEREEZS. (-ERMORT
ARERCRLEBL, ol TRLEETHS [(S1,M1), (S1,M3), (S1L,M7) Dk
Bri@ganzn. M3, MLIZERERAMT D 2%, 32 BOAKOKFRTHD]. HE
FIRERIZHOWVWTIX, C = ECE-VzxL C[(1,u(,¢?)E] = (1, u,¢?)vE, C = ECSE™!
2L C[E] = vE BV . BFF ML OBE, Thb0ERXizzn£h 9.1 x 1078,
1.7x 1078, 6.6 x 1078, 8.9 x 10~ DRREDHHANTHRY L> Tz, —FT, (1,u(,¢*VE
DOEBEAEIZTFNEHN 0.13, 0.064, 0.062 Thotz. ZhiIHEMSOHBEEEOBRTHS.

RIRE (4), (5) CRRFENEETS. R (4a) O E(C), uCE(Q) B \Wix (¢ -
5/2)E(¢) #, R (5a) OMBIIZ (1 — p?)PE() &R LU TLE( THSL, SbiZn TS T



Table 4: A comparison of the coefficients of the fitting curve for the Knudsen-layer function ng) near
the boundary among the different lattice systems. The coefficients are determined by the method of least

squares using the data in the interval 0 < n < 4.64 x 10~6.

Lattice system a b c
(S1,M1) -0.3180275 -0.4054408 -0.253979
(S1,M2) -0.3180275 -0.4054408 -0.253979
(S1,M3) -0.3180279 -0.4054409 -0.253979
(S1,M4) -0.3180281 -0.4054408 -0.253979
(S1,M5) -0.3180275 -0.4054408 -0.253979
(S1,M6) -0.3180276 -0.4054408 -0.253979
(S1,M7) -0.3180234 -0.4054397 -0.253981
(S2,M1) -0.3180273 -0.4054338 -0.253900
(S3,M1) -0.3180275 -0.4054408 -0.253979

HEROERBF/LND :

(4Ca) = / TV (2)dz, (12 s = — (W),
n

(=G = [ H )i (212)
(o) = 5 [ @z, (¢, = ().
(¢ = e = = [ H{ ) (210)

((uC, 12, uC®) )+ = — (g, 12, u¢®)bs) - (21c)
(Bl = p?)Copa) 4 = —(p(1 — p?)Pebs) - (21d)

zziz, HP () = (1/2)(C3(¢=5/2)1—p2)vs), (B=1,2), (F(O)+ = (f(O)x[0, 1](En)).
BFH (S1,M1) 0HB4, (21a) PORIFZENFI 3.2 x 1078, 81 x 1077, 6.8 x 1077 O
EZDBBEATRY Lo T\, ZZTELORKEIZZFNEN 048, 0.11, 1.3 TH-oTz
(21b) FORFENEN 4.3 x 1077, 7.8 x 1078, 1.3 x 107° OBEDEHEN TR Y SL>T
Wi, ZZTEIORKEIZFENEN 0.11, 0.055, 0.076 TH-o7. (2lc) PORITENE
N6.4x1077, 6.3 x 1077, 4.7 x 107 DEREOCHHEHAN TR Y Lo TV e, TITELDOK
KMEIZZHEh 0.085, 0.071, 0.29 Th-o7=. R (21d) 12 3.6 x 1076 DEEOHENTHY
ToTWe, 2 TEADEKREIX0.14 Thotlz., ZHIRFAHBRIZIVBONDEIET—A Y
F (&<1Z Knudsen ERA%) OREORRIZRD.

BE5HFRTO Q0 0T 4 vF 4V T EBROEK a,b,c (THORKBEELZBR) K
B0<n<464x10 DF—FZ 1o/ 2REC I VRO, ZOHKERE Table 4127
P, BFROEVCEIBEZIINEL, BEMICE L DREK b 2 81HiD Table 2 THIERE
DOREEEZHEL TSI LWNRBRINTWVS.

L F
A% JSPS #8F% 23360083, 13J01011 MBIk EZiF 72 b DT .
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