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   riuineri[ally  t)y t,hu firiit{L(iifi'ereTlc(' n]ethud.  wh(  re the  c,oLlis]oii  bTbL(krals  ar(' tuinputecl  bi th(' nu[ne]'icaT  
kt,Tnel

   inuLhod  tiist ihtroduced by Sonc, Ol]xvada and  ,,X{)ki for -Tie-compoibent  gascs [Sone et. al.,  }'h)s. Fluids A, X'{,1.

   1 ,S63 (t989)]. This  is Lhe first reporl  in whiclL  thE' inet,hod  is ext,ended  nnd  tLpplied  te  Lhe  case  of  
mixtureH.

   
'I'hc.

 aiiulysis  is carried  c)ut  for' se".ral  cornbln:i,tious  e[' t,he coJrLponi'nt  gases aud  the beiiaviur of
 
the

 
inixture

 
is

   clarified
 at  the  Tevel ef  the vetocity  dis(ributieTL I'uTu'E,ioTis. ,DL$ a r'esult,  tlrbe {'"eHU'iuiTl,  d)f the  {iifl'usiu"-slip  and  the

   ass-cint('d  Knlldsuu-ln,yer t'un('1,i-iis nve  obtaiTivd

1. Introduction

  .Xs ih weil  knowib, if' t,herv is n c/(nicentrat,ien  gradi{mt  of

a  ('oiuporitmt  gas iii a  binary rriixt,ur{/,  the diffusion t,akes

pl;w(,. It is n  reiative  flow of  ene  of  t,h{' c'oinponeTit,
 s,ascs

t,o i,he ot,her  ;nid  dees not, lle('essari]y  indu('e a flow ()f the

tot･al
 mixture.  Oi] tha  ot,her  hnnd, if t,he gr:idient, is estal}-

listic'd along  d  beundary  wall  irL a  mixture  oE'  slighLly  rarelied

g}iscs, a  flow ot' tiie total  mixture  is induced  alung  t,he wnl}.

'['his
 pheiLomcmon  is called  thc  diffusieit slip  (c'reep) aibd  

the

Lndut't,d  flow is called  the  dilt'uHien-slil} {Low.

  
'i'lb{'

 diffltsioii-stip probl{']n is reduc('d  to a  hatf.sptu'c,

b(}uTlll:w.v-va,hw preblein ef  the  linearized Belt,zn)nini egun,-

tioT]. Sii]('e the' si,udy  by KrtnnerH  and  KisteitLakeri). iL has

ai Lra{'ted niuch  int('resL of  rc,s{'avchers  iiL thE' {ield (}f  kinetic'

th(,er.v2/.  The  thefn'etical stmdic's  so  far, how{'s{r, liave beell

limitc'd t,o those  ba,sed on  model  equatieus.  which  arc' ncjt

as  sHc't'essful  as  t}ta BC;K  iiiodel  for one-c't)inponent  gas(/s, or

1,hus'  based  {)n  rough  approxiTuatieTis  sut/h  }Ls the  varintional

,]nd Ehe  rnoilleTit inethods,

   l" the
 
rnea!itiini',

 we  ha,ve t'ec'ently. showTi3i  thn,t th{, di{'-

fusimi slip  is one  ef  tl]e sollr('es  ef  t,hfi .qhost c/tJ'v('t'i'5) in t]w

 ibLlxtm'(',  Ttbis itiE'n,ns  that  lt c'tui  ('ausc,  th{, i'ailure ol' t,h{,

dassi('al fluid dyllaini{'s for th(' d('sc'ril)±i"ti ef  Llie i[LiKtHrc'

('v{'TL  in the  ('ei]t,inuiun  liiiAt 
'l'1iis

 fn('r gives a  new  liupor-

 tan{'(' to  t,he ]]Tohlein and  st,iinulat,es. us  t･e study  it, in det iil.

 ITi l･h(' preseiit st"dy,  in erdvr  te  "iidersta"d  the })ehaviE}r

 of  -w  tnixt,urv  ('tnnprehei]siv{'ly,  w(i  carT'.v eut  :iii o{<urat(i

 r-ui[,ri('al  tuialihis  of  t,he  li"c':ar17e(l Boltztnauit equatiori  fer

 ii billary tnixiur{,  of  hard-sph{'re  rriolecular  gases. The nn-

 m('vw;Ll  meLhod  ih thc' ce]ril)inatioii  of  t,h{' fuLite-difl'{'rf'iwe

 :u)d  th(' nurneric'al  kernel itietheds,  th(, lati[,r ut' whic'h  was

 iuw-duced  ill Ref', 6) for oiies-cornponent  :ases. :t, is the

 "thc'r  aspect  of  tli(, present work  to sh{]w  the extelltioii  
of'

 t,lbig iisc't,hod te  Lhe  ('n,se  ef  Trdxtur(/s,

 2. Probleni

   C'"msid{,r a seitii-irtfinite  f'xpa]Lse  (Xl >  C)) c)fa  biTLar.v lnix-

 i,urE' of' gasc's, gn,s A and  gas B, over  a  plan(, "'al] (X] . C)),

 wlu'r('  X, is thc' r('('taiigulnx  coei'dinal,e  sLst,e.ni. 
'L'he

 wn,IL  is

 :ti t{/st, nnd  is k(,pt ;Lt a  uiiit'urui  :,einperuturc,  Z). Far l'rotn

 tiw  ",ill.  (,b(' mixt,ur{,  is a]he  at, the  t,{'iripor;]t,urv 1'o aTid  has

 n  Hmtbvni  iruAec/iihu'  ]niinl)er  de"sit,y tto, but  lhf'ri' is it uiLi-

 N?ts[ i,',iL ill'JJ 
',ii

 .!>  

't
 i-i'.".-: 2ooo ,,F?  l'ei. ,'max sc ee (2OO{}-7)

                                                    3

1

form gradie.nt, of  t,he conceritr'at,i<m  XA  [or .X/ -,- 1 -- .X''b]

of  T,h(' ('ompone"t  g, iLs A  (or gas B) iii the, Ku  direc'ticm. NVi,

wilHi]vestigat,{,  t,he steady  belL"vier of  the  mixture  undE'i  t,h[,

foHmving thre[' assumpt,ioiis.  O} Th{/ behn,vi{,r of  thc, mix-

ture is described bv the  Bolt7inuiin ecluat,io]L  for hard-Hphi'r('

inolecule$.  (ii) TILe gas inole('ules  are  diffusively refl{c  tc d e"

the  boundary  wa,ll. (Lii) The  magnit,ude  of  the  conceritrn,t･if,t]

gradieTit, of  ea('h  ('c}rnponent,  gas is so  s]nali  t,hat  t,he e{]-a-

t,ions uiLd  t,he b{nmdary  conditions  can  b{' liiiearized }u'ou"d

a rc {'er'ence st,ate. The  reftircmce  statf'  is 1,h(' absolnts'  e{luilih-

rh]Tri st,at,e  at  rest  {-arnc ±arizE,(I 1).y teinpt,rat"re  n/, mel(u'-

ular  nuinber  de.iisity. tto of  th(' inixt,ure,  and  t'eii('c'utrat,iui]s

Xfr and  XDB(= 1 - .Y(") of  t,h{, iiidividuul ('umpcm{mt  gas,'s.

  IN'{ ILere suinuiarize  inain  JitittLtion/ 
･rrt 
'i
 t"r ･trtiS) :u]d  fl 

t

£,c:.  
dX')l

 
fii

 
ilst

 :;1'cf, 
tk.LcSSt

 llili:l,iilt't'iliXe;seti, aC;ift ;' :iiC;!1(ivi 
iJSiT{1[

 i!n)S., ;i, 
L,,i`'i

ih t,he mean  free paLh  of  t,}"' ]r]ol{  ( u!es  c}f' gaH A  tit t･h{' cg"i-

lihriurll state  at  rest, with  the  ]i)"lecular  nutnb('r  deiLsit.y tt-/

1'll,r=i･cllir[i'Tl}li{･"-,<Z't,,i,,IS(YkliL'7j]:i･llilVi･･'E!'(V:`.tt,`)l:i,il))`';']tPS'tt,
iti thi' nn]le('ul"il v{'1(jc'it,y.  N･l'ith "  =  A,B, t'n'' 

=
 m'',htt'i

d'' . ,l''ftl4.  c =  Ki, E'' .' Ct}t"fT)31! expf-r}i''(V).  aTLd

vt"(2kZ)fm'i)  
3''/

 El''(.Yfi +  o") is t,he velo('it,y diHt,rihuti{,ii

fllitc'Liun ef  t,he i[Lel(,cules  of'  gns  tt.

3. -'ormulation

   
'I]he  foilowitLg function gbi:.y (a =  A, B) is t,he sohLi,i(m  d)t'

 t,he iinearized Bolt,zrrianii ( quat,ioll ivhich  exprc'sses  t,hc, st,at,d'

 of  t･he cornpcmerit  gas a  fai' frouT t,h(' hnu]idnr,y wi]11/

  c,,)[l 
,
 --<((S,,.t - o'.n)x･s -cL,[Pi 

'V"(O
 
-
 1/)''Si''(O]Xl"

        +2'rh''b(iL,.\;i)<OX'1/O.c-2).･, .. (" =
 il,tS).  (1)

 ".herf'  ti.iA =i' 5Jiit ==  1 and  b' .iH  =  6B.t -- O, b is uii  iLnd('-

 tc'rrniiLed const,a,nt,  u"d  the set,  of  t,lie fuucti"iis I)C'D" is 1,lb(,

 solutioT]  el'  th[' fotl()willg siinutta"eous  iJit,egral (,quat,ioHs7
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subsidiarv  condition:p=Z.  
.7hPX,PIIO;4D{ti)fiEfidc=o

 (2b)
TABLE  1. The  coeMcient  b of  the  diffusion slip  for dBfdA  =,  l.

m  lm
-t=1"2 4 5 10

The  definitie" of  the operator  L'Sa is given in Eq. (6) below,
The  cb:.y is called  the fiuid-dynamic part of  the solution  of

the  problerri,

  If we  put  the  function di" (a =:  A,B)  in the  forrn dif' ==

di:.y +  (OXAIOx2).,=eo¢
a,

 we  can  reduce  the problem to

the  fo11owing one-dirnensional  boundary-value problem  for

Oa/

oO.1O.3O.5O.7091oooooooO.1002  O,1141 O.1124  O,0987

O.I098  O.1309
e.1330  O.1769
O.1637  O,2513

O.2059 O,3864

O.2666  O.6804
O.3078  O.9881

O.l299 O,115,1
O.1793 O.1659
O.2633 O.26]8
O.4276 O,4870

O.8365 1.3108

l,3424 3.1722

"Oo
¢

.'I
 
wu-
 2

       s3tA,B

wltere

(d 2'fl

 +  dAfi

q)" =  m 2ti"bC,X

- 2(Tina)i/

Q"  -O,

)2Lfia(x,a, epfi , x,P dj"),

           (cli =  A, B), (3)

t,tr +  <, [DCA}"(<) -  DCB)o(c)]x,a

L)f
 ao"E"d<id<2d<3,

 JCI<O

Ls･t(f, ,) -  ,h  f[f(<
            xlV･

        
.tla

 C' :=C+  l,lihx (v･e)e･

      v-  c. -c,

 (Ci>O, Xi=O),

(x] -  
･:)C),

 :)-fCC.)+g(C')-gC<)]

elE"(C.)d9(e)d<+td<*2dC,3,
          .sdv

  Ct 
--
 C* - ii-.,i (V ' e)e7

 .pt ct  2rh "' r'n  "S
P  

=:

 ina+TInO'

(4)(5)

(6)

IIere e  is a  unit  vector,  C. is the  variabEe  of  int,egration

('erresponding  ta C, and  dS)(e) is the solid  angle  eleinent  in

the  direction  of  e. The  integration in Eq.  (6) is cai'ricd  out

f'or the  whole  space  of  C. and  for all directions of  e, The

{t).\'4fax2).,=.,,rp" is called  the Knudsen-layer part of  the

solut  lon of  the pr'oblem. ""hen the boundary-valiie problem

(3) (5) is solved,  the  undeterinined  constant  b in Eq. (4) is
simiiltaneously  determined with  the solutioll  ¢

".

  The  :/2-c/orriponent  of  t,he flow velocity  <2klb!7nA)if2 tt, of

the  t,otal rnixture  cau  be writ･ten  as

tl･., =  Up･t) t  Uk･ 
,

l'f
 p 

=
 1 <2,i tL.llBTfL

irk 
i1

 c2 
stARfii

"ipi7.,E'idCidC2d<,af(
 2  ,AnaX6'),

              tv=A,B

'i(OX"10g;2).,=..O'"EPd<idC2dCs  (7)

f( E  Th"x,a),

 u=A,B

where  (2k7}]lmA)i!2UFi) represents  the fluid-dynarnic part
-f  the flou' velocity  iri th(' x2-direction  aTid  <2le7bfTrtA)it2UK
rbe  Knudsen-layer  part. Thc' second  equation  ii} Eq. (7) is
reduced  to

(.rFD== b(axAOX2)=1=N' (8)

This relation,  if applied  at  xT  =  O, is no  other  than  the  slip

('ondit,ioii  on  the  boundary  waLl.  XVe  c/all  the  coiistant,  b the

coeficient,  of  the  diffusion slip.

4. Numerical  Computation  and  Result

  The  iiuiiierical  method  adopted  here is the combiiiation  of

the  finite-difference ancl  the nuinerical  kernel inethods.  For

the  latt,er, we  first transforin  the  expression  (6) of  itS" into

'

 The  data are  analytically  obtained.

Fidi-･8Q-xny-.}ts
o

-O.04

-O.08

-OA2

-O.16o

1

FIGURE  1., Profiles ef  IJK

coiLcentrat[on  XeA of  gas A

dBfdA ., 1.

2 3
   Xl

 for varieus

 in the  case

4 5

values  of  the Teforence

of  mBfmA  =  2 and

that  in terms  of  integral kernels and  then muke  the database
ef  the kernels numeTicall.v  before the coniput,at,ioii  of  the

preblern  i':self, The  database is also  available  for anatyses  of

othcr  prohleins. Iri the {;oinputatioii,  we  alse  inake  iise. of  a

symmetric  property  ofthe  problem. The  details of  the  above

process wi11  be presented  at  the meeting.  Since fhA  =  (iA  =  1

und  X,A +  X,?  :=  1, the boundary-value preblem  (3)-(5) is

characterized  by the  three  parameters/ 
･r'nB

 (or ･rnBfmA),
d'B (or dBfdA), and  Xon. We  carried  out  numerical  coinpu-

tations for var'ious  values  of  t/hese parameters.

  The  coefficient  b uf  thc･  diffusion slip  for dR!flA =  1 is

tabulated  in Table 1. Alt,hough b is iion-zero  for Niii =  O

and  XeA ==  1, the difi'usion-slip itself does uot  t,ake pla{/e f'or

t,h{:se cases  becau$e no  con(/entration  gradient is possib}e,
The  profiles of  uiie  of  t,he Knudsen-layer fuiictions L･Fff for

rnHlmA  ,=  2 and  dBldA  =  1 are  shown  iii Figure 1. The

prefiles appear,  at  a  g}aiice, inonotonic,  but actually  they

are  not;  :hat  is, as  xi  increases from zero  to  infinity,, the

UA- increas{'s fi/om a  negat,ive  to a  sinall  positive vulue  and

t,hcm approaches  zero  for each  case  in the figure. The  other

Knudsell-layer functions as  well  as  the velocit,y. distrihution

fllnction ,)"  of  the  Knudsen-layer part  will  be showi]  at  the

Ineet,lng,
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