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The r igorous  kinetic theory is used to relate  the thermal  diffusion to the viscosi ty .  

The concentrat ion dependence of the viscosi ty  for the gas mixture is of pract ica l  and theoret ical  in- 
te res t ;  this is due part ly to the need to monitor  and control  v iscos i t ies  in technical p roces ses ,  and also be-  
cause one needs to have available general  molecular-kinet ic  trends for the viscosi ty  in relat ion to compon- 
ent concentrat ion and tempera ture  

An e r r o r  of 2-3% in measurement  of the viscosi ty  does little to dis tor t  the concentrat ion dependence 
of the v iscos i ty  for mixtures ,  and such experimental  resul ts  can be used to deduce the general  t rends in 
the concentrat ion dependence (Table 1). 

Thermal  diffusion has a marked influence on the mechanism of heat t ransfer  in gas mixture [18], so 
it is of in teres t  to examine the relat ionship for momentum t ransfer  in gas mixtures.  It has been shown 
[15] that thermal  diffusion a r i ses  in an apparatus used for viscosi ty  determination,  and this can dis tor t  the 
resu l t s ,  so a cor rec t ion  has to be made for thermal  diffusion in o rder  to obtain accurate viscosi t ies .  

The experimental  evidence on viscosi ty  as a function of concentrat ion for gas mixtures shows that the 
maximum in the relat ionship a r i ses  when helium or hydrogen is mixed with heavier  molecules  [23] (Tables 
2 and 3). On the other hand, the v iscos i t ies  of mixtures  of He--Xe, He--Ar ,  and He--Kr have maxima as 
functions of concentrat ion (the mass  ra t ios  of the components are small),  while the concentrat ion dependence 
of the viscosi ty  for Ne--Xe has only an inflection. 

An attempt has been made [17] to explain the maximum for CH4--NH 3 in t e rms  of the variable sign of 
the thermal-dif fusion constant a T as a function of concentration.  Here we consider  an analytical re la t ion-  
ship between the v iscos i ty  and the thermal  diffusion. 

We use a relat ionship of [19] for the viscosi ty  of a gas mixture:  

I _ ' X ~ + r n  , (I) 
1 +Z~ 

TABLE 1. Deviations of Observed Concentrat ions for 
Maximum Viscosi ty  Dependence f rom Theoret ica l  Ones 

Mixtur~ 

He -- Ar 
He -- Kr 
He -- Xe 
H~ -- CH4 
H~ -- HC1 
CH 4- NH~ 

T, ~ 

293--373 
293 

293--550 
293--523 
294--523 

288 

~1]]ax. exp 

~71~lax. exp 

0,99 
0,98 
0,99 
1,00 
1,00 
0,96 

Xmax. exp 

0,8I 
0,96 
0,95 
1,26 
t ,31 
1,16 
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T A B L E  2.  M i x t u r e s  w i t h  M a x i m u m  V i s c o s i t y  

I ~ql/~]2' ~I [ T=293.._300OK Reference Mixture  ~/M~ T, ~ T=293 ~ I Xlmax~ 

H s - -  Xe 
H2 - -  SOs 
He - -  Xe 
H s - -  CO s 
H s - -  CsH s 
H s - -  N~O 
H s - -  C~H 6 
He - -  Kr 
t-I s - -  HCI 
H~ - -  C.2H o 
H 2 - -  NO 
H~ - -  CsH 4 
H. - -  CsH s 
He - -  Ar 
H 2 - -  NH a 
H~ - -  CH 4 
NH a - -  C~H 4 
HCI - -  C()~ 
CH 4 - -  NHa 

0,0152 
0,0314 
0,0348 
0,0455 
0,0455 
0 ,046  
0,0476 
0,0477 
0,055 
0,0668 
0,067 
0,0715 
0,076 
0,1 
0,118 
0,128 
0,605 
0,83 
0,94 

293--550 
290--472 
293--550 
288--550 
300--550 
300--550 
313--373 
273--300 
294--523 
293--623 
284 
285 
293--373 
293--373 
285--523 
293--523 
285--523 
291 
288 

0,39 
0,703 
0,86 
0,6 
1,1 
0,6 
1,05 
0,788 
0,63 
0,96 
0,465 
0,87 
0,84 
0,88 
0,88 

0,805 
0,93 
0,97 
i ,092 

o o 
1,61 

o o 

0 0 
00 0,014 

0 0 
00 1 ,~8 

00 0'007 

0 
o o ~ 
00 1 ~)46 

0 
,46 00 
0 1,46 

0,26 
0,75 
0,75 
0,3 
0,83 
0,15 
0,78 
0,64 
0,4 
0,7 
0,05 
0,6 
0,65 
0,55 
0,55 
0,3 
0,5 
0,32 
0,8 

[81 
[71 

[1,811] 

[4, 16] 
[4] 
[201 

[12, 13] 

[3[?]20] 
[211 
[I] 
[201 

[12, 13] 
[6, 11 

[3, 201 
[6, 11 

[21 
[17] 

T A B L E  3.  M i x t u r e s  w i t h  M a x i m u m  V i s c o s i t y  

~,/ 'h Reference Mixture MIIM 2 T, ~ 6~ 62 at T=293 OK 

0,0455 
0,0624 
0,0713 
0,0713 

0,1 
0,364 
0,364 
0,530 
0,533 
0,585 

- - 0 , 6 0 9  
0,66 
0,682 

0,69 
0,7 
0,8 
0,85 

0,875 
0,875 
0,88 

I 
1 
1 
1 
1 
1 

300--550 
300--550 
286--292 
284--293 
290 
293--523 
298 
288 
293--523 
288 
293--523 
29O 
293--523 
289 
298 
290 
29O 
300--500 
300--500 
293--373 
300--500 
300--500 
300--550 
300--550 
300--550 
330--550 

0 
0 
0 
0 
0 
0 
0 1,o46 

1 , 4 6  
1 , 4 6  

0 
0 
0 
0 
0 
0 

0,112 
0 
0 

0,112 
0,112 

o 

0,14 

O,o14 

0 
0,112 

0 
0 
0 
0 
0 
0 
0 
0 
0 

1,61 
0 

1 , 4 8  
1 , 4 8  

0 
0 
0 
0 
0 
0 

0,14 
0 
0 

0,602 
0,435 
0,495 
0,498 
0,279 
1,36 
0,743 
1,538 
1,19 
0,6 

0,568 
1,24 
1,14 
1,18 
0,455 
1,24 
1,43 
0,865 
0,87 
0,5 

1,75 
0,98 
1,84 
1,005 
1,75 
1,83 

H s - -  NsO 
H~ - -  O s 
H~--N 5 
Hs 
H~ - -  Ne 
CH 4 - -  C3H s 
CH 4 --. CO s 
NH a - -  O s 
CH 4 - -  Call 6 
NHa - -  air 
NH a - -  N s 
air - -  C02 
C~H 6 - -  Call s 
CO~ - -  SO~ 
C2I~ 4 - -  Ar 
air - -  HCI 
air - -  H~S 
CO - -  S(~s 
N~ - -  Os 
C,H 4 -- O~ 
CO - -  C2H 4 
CO - -  Na 
CO 2 - -  CsHs 
CO s - -  N.,O 
N z - -  C~Iq~ 
N~O - -  CaH s 

[41 
[91 

[21, 10] 
[21, 10] 

[101 
[3] 
[111 
[51 
[31 
[21 
[51 
[2] 
[3] 
[21 
[11] 
[2] 
[21 
[9] 
[9] 
[91 
[9] 
[91 
[41 
[4] 
[91 
[41 

w h e r e  
X~ 2XiX ~ X~ 

X~ = + - - +  - - ,  
~11 ~112 T12 

3 , [x~  M, 2xlx s (M 1 + M,) s n~= + x~ 
Yn = - 5 -  AI2 ' "@ . . . .  L ~]1 ~ ~hz 4M1Ms ~h~l., ~h 

3 " [ = M 1  [ ( M x + M 2 ) ~ ( ~ h s  1]12 ) 
Zn = ~ -  At= I x, --~-2 + 2xix~ 4M1Ms ~ + 

M1 ' 

2 M 2 )  
"-- lJ  + x 2 - ~ l  I '  

5 M1M. ~ pD1.. 
, ls = - 5 -  MI + 

a n d  D12 i s  t h e  m u t u a l  d i f f u s i o n  c o e f f i c i e n t .  

E q u a t i o n  (1) m a y  b e  p u t  i n  t h e  f o r m  ~ = f ( p D 1 2 / T )  a s  f o l l o w s  [22 ] :  

(PD_~~ 2 aT ~ '--. pDa2 (b + A~2c)T -+- A~2d = O, 
T T ]  

(2) 
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where 

0 = 

(X~Xs) s 
a - -  - -  (]] - -  ~]1 - -  ~]2)' 

b -- 2XlX2RT [~1 (x~]2 + x~q~) - -  ~l~q21, 
(M 1 + M~)~1~]2 

2 2 6x~x.~RT [~1 (x~M~TIo_ -b x2M2~) --  (x~M~ - -  xsM2) 2 ~ls] 
5 (M, -b M~) MtM~'q?] s 

d 3 (2x~x~RT) 2 
5M~M~ 

Then 

( ~ ) 2  TKt + PD~2~- /(1--nO) 

~] = - (  - ~  ) 2 TK - PD*---A-S l (f -b a*) __f 
(3) 

where 

m 1 

3 A* 
= 12~ 

5 

2x, x2R T x~ xg 
l :  M , +  M2-, / = - ~ - I  +--,rl~ 

x~ + Ms x~ O= Ms ( M~ )' 
M---~ " ~1--( ' M 1 X l--~2 -}- x s. ' 

~) (2XlX~RT)2 K - (x'xo')s t = r h + ~ls, 
M~Ms ' rh~l~ ' 

We consider a mixture of polyatomie gases.  The internal  degrees  of freedom will be identified with 
chemical  react ions.  We write the expression for the heat flux in a coordinate sys tem moving with the mean 
velocity of a molecule: 

njD'~ (V~ - -  Vi)" (4) 
q = --~vT + ~ -  ~ m~Di--- ~ 

The diffusion velocity of a molecule of the i- th component is [19] given by 

n s ' ~  m~Dijd ~ D~ Oln T 
Vi = Zi9 ~ nim~ Or ' (5) 

i 

where the vector  dj is as follows in the absence of external  forces and gradients 

0 nj (6) 
d i =  -~r " n 

We use (5) and (6) to put the second te rm in (4) in the form 

k-Tn Z njD~ (V~_Vj )_  n k T Z  D~ [ d n~ 
, ,  , n,m---7, d r - ;  

7' ] ~ \ njmj n,m i Or ' (7) 

and then (7) enables us to put (4) in the form 

q = --(L + LDT ) 0___T_T (8) 
Or ' 

where 
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~,D ~ = nkT 

or  for  a b inary  mixture  

pDr~ ( dx~ . _t: k , )  . 
XD~ = % ~ T dT 

(9) 

(10) 

Then 
pDr~ ~,D ~ 

where 
TD, xltn 1 + x~m~ 

pOt, xxx~mim.~ 

Then (3) and (10) enable us to write 

~D T X~, TKt + l (1 -- aO) 
a~(T dxldT -t-k,) r  dX,dT -+-kT) 

~= ~: ~., ( ) ~  

or ,  t r ans f e r r i ng  in (Ii) to symbols in t e r m s  of known quanti t ies,  we get 

~ =  ~1 +~12+ dT 3_~A;21( M1 ~]/2 
~,~ xlx~ (MI + M~) I -- x I 

- dT + 3 A* M1 

12~11~12a T dxl + k I 
+x~qi 1 + - 5 - A , 2  + 2 *-1 -2 

5ZD r M1MzA12 R [ 

Then (12) shows that the v iscos i ty  of a gas mixture  is de termined by the the rmal  diffusion constant a T,  
the the rmal  diffusion ra t io  k T ,  and the thermal  conductivity due to the rmal  diffusion XDT. 

We consider  the case  of a mixture  for  which M 1 << M2; for convenience we put (1) in the following 
fo rm [17]: 

'I] = '~IX1 -]- ~2X2 + (81X1 -~ ~2X2) X1X2 , 

1 ~ 1 pz,x ~ 
~V P,,x~ + - 7  P'::~ + ~ " 

(11) 

(12) 

(13) 

where 

3 �9 % 
3 A* Mi P~s---- 1 + ~ A i s  4MiMflh~s P i ~ = l - l - - - ~  - i~ Ms, 

R ~ = ( I  ~ l : ) p ~ , ~ 2 [ 1  - ~h + 3 A:. ( ~l,s 1 ) ] ,  

i=/=i; i = 1 ,  2; i = l ,  2. 

To examine the v iscos i ty  as a function of composit ion we have to de termine  the signs of the de r iva -  
t ives  (d~?/dx0xt~ 0 and (d~/dxi)xl ~ l; it is readi ly  shown that 

~:o-  2 aA;~ t - ~ :  ~ '~' (14) 
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( d~x~l ) _ 3 A* M2 .,r]12< 0 (15) 
~x~' 10 ~m M1 

or 

( dq ~ I [ 1 _ _ 4  5 
( ~I,zR (M, + M2) Area T T dxl z_ kT 

dT ' . 

5 3 MIM~kD~ ] 

• - -  MI 5 M1M~ )~D �9 
M 2 - 3 - "  A;2(MI + M~) a" ( T" dXL- + k~) 

where  

)2 R ~ M2MI~,2D �9 - -  4~1~a% T dxl + kT 
1 dT  (16) 

dT 

3 A* ~Z = - -  12, 
5 

We as sume  that dx l /dT = 0 for  a mix tu re  of monatomic  gases ;  it is c l ea r  that a max imum will ex is t  in the 
concentra t ion  dependence of the v i scos i ty  if  

Ml~fl~ > 4 ~ 2 a  T dxl + k, 
dT 

or 
~ 1/2 
) o 

Then this m a x i m u m  is substant ia l ly  dependent on the t he rma l  diffusion separa t ion  and 

~'D T ( M~M 2 1 '/2 
~1o. < ( dxl ) . (17) 

2% T dT + kT R \ a y 

The Chapman- -Enskog  theory p red ic t s  that there  will be such a m a x i m u m  for  gases  with approxi -  
mate ly  equal  mo lecu la r  m a s s e s  and equal  v i scos i t i e s  for  the pure  component ,  including a m a x i m u m  for  
H2--N20; expe r imen t  does  not conf i rm this for  the l a t t e r  mix tu re ,  nor  does it p redic t  the min imum viscos i ty  
for  an N20--CO 2 mix tu re ,  or  a m a x i m u m  for  HCI--CO 2 and NH3--C2H 4. 

The theore t ica l  r e s u l t s  deviate f rom exper imen t  because  it is not always justif ied to use the Chapman 
- -Fnskog  theory for mix tu re s  of polyatomic gases .  The formula  for  the v i scos i ty  of a mixture  of polyatomic 
gases  takes  the same fo rm as that for  a mix ture  of monatomic  gases ,  but the values  of A~2 differ  for these 
ca se s  [14]. 
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