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A method is proposed for the caiculation of the thermal conductivity 
of binary mixtures of polar gases and of mixtures containing a polar 
component. It is demonstrated that the thermal conductivity of the 
mixtures of the polar gases is an almost linear function of the compo- 
sition. 

In calculat ing the the rmal  conductivi t ies  of po la r -  
gas mix tu re s ,  we have to bea r  in mind the effect r e -  
sui t ing f rom the resonance  exchange of rota t ional  
energy and f rom the energy exchange between the 
var ious degrees  of f reedom (inelast ic  molecu la r  col l i -  
sions).  

The absence of exper imenta l  data on the the rmal  
conductivi t ies  of po la r -gas  mix tu res  makes  it difficult 
to tes t  exis t ing theore t ica l  concepts.  

We have found that the the rmal  conductivi ty of 
polar gases  is affected by the resonance  exchange of 
rotat ional  energy,  the la t te r  associa ted with the equal-  
izat ion of molecu la r  ro t a t iona l - ene rgy  levels .  

In the case of resonance  exchange with a quantum 
of rotat ional  energy,  the l a t e ra l  c ross  sect ion for the 
exchange of in t r in s i c  energy becomes  ex t remely  la rge ,  
because  of the p resence  of dipole forces .  The la te ra l  
c ross  sect ion for the exchange of in t r ins ic  energy is 
associa ted  with the coefficient of diffusion and is a 
function both of the dipole moment  and of the molec-  
u la r  moment  of iner t ia .  

In calculat ing the the rmal  conductivity of a mix ture  
of polar  gases ,  we mus t  know the co r rec t ion  factor  
for  the resonance  energy exchange in o rder  to ca l -  
culate the diffusion coefficient.  

Mason and Monchick [6] assume that for a polar  
gas the diffusion coefficient is equal to 

D i~in = D . / (1 -~- 6), (1) 

where 6 is the cor rec t ion  factor  for the resonance  
energy exchange. 

For  the case of l inear  dipoles 

( 3  ~h ) 2 m '/2 
6 = a 16 %~kT (Cvi n/R) 13/2  " (2) 

Here a = 0.44 is a d imens ion les s  quantity; (r D is the 
cha rac t e r i s t i c  d iamete r  defined f rom the re la t ion-  
ship 

% = cr (~"" )* ) ' / ~ .  

For  dipoles of v i r tua l ly  spher ica l  gyroscopes char -  
ac ter ized  by three moments  of iner t ia ,  the co r r ec t ion  
factor  6 is equal to 

a • 

16 16 aD kT 

t? ,-:w:w,. ~/2 5 1B )_7/2 
• (3) 

Here I B = I C. 
In the case of the molecules  of symme t r i c a l  gyro-  

scopes I A = I B = I C we can use re la t ionships  (2) or 
(3), which differ by 5~/16. 

Whe nI  A ~ I  B ~ I C, 

6 5 ~ a ( 3  ~h )~ 
16 " 16 aD kT • 

Iii2ri/2 ) P m '/2 5 ~ ,c _7/~ 

X --Cvin IA 'tII/2B IU~)U2C 4 41 A 

The energy of the dipole-dipole in te rac t ion  between 
polar  molegules  of kinds 1 and 2 in the rotat ional  
state J1 and J2 is given by the re la t ionship  

1 ~ 
E = - -  - - [ ( 2 J ~  +1) (2J~ + 1)1 -J x 

3 r 6 

r /  B 1 B2 \ - l  

J~ J1 + 1 

B 1 B~ ) - '  B 1 B~ ) - 1 ] , ( 4  ) 

- - ( J ~ + l  J1 - - (  J2 J1 

where B i is the rotat ional  constant  which de te rmines  
the absolute value of the rotat ional  energy of the mole-  
cules.  

Brokaw and Baker [7] invest igated the thermal  con- 
ductivity of the H20- -D20  mixture  as a function of the 
D20 concent ra t ion  at a t empera tu re  of 478 ~ K (Fig. 1). 
The exper imenta l  data were compared with the theo- 
re t ica l  data der ived f rom (6), with a cor rec t ion  
factor  for the exchange of energies  both between 
molecules  of a single kind and between molecules  of 
var ious kinds;  the exper imenta l  data were also com- 
pared with the theoret ical  data obtained from for -  
mula  (5), with cons idera t ion  given to the r e so -  
nance exchange between molecules  of one kind; in 
addition, the compar i son  was ca r r i ed  out with 
theore t ica l  data der ived f rom the l i nea r  re la t ionship  

= xik i + x2~ 2. 
The following are  the fo rmulas  with which the 

the rmal  conductivity of the mix ture  was calculated:  
The Hi r sehfe lde r -Eueken  fo rmula  [1] 

2 

~-- ~ (5) 

i = l  
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Fig.  1. T h e r m a l  conduct ivi ty  of HzO--D20 mix-  
tu re  at a t e m p e r a t u r e  of 478 ~ K [2]. a) Exper i -  
menta l  data:  1) data obtained f rom fo rmula  (5), 
2) f rom (6) with account for none las t i c  co l l i s ions  
of mo lecu l e s  without c o r r e c t i o n  for r e sona nc e  
energy  exchange between mo lecu l e s  of one kind, 
3) f rom (5) with c o r r e c t i o n  for r e sona nc e  energy  
exchange between mo lecu l e s  of one kind,  4) the 
same  for f o rmu l a  (6) with account for r e sona nc e  
ene rgy  exchange between molecu les  of d i f fe rent  
k inds ,  6) data obtained f rom l i nea r  r e l a t ionsh ip  
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Fig. 2. Comparison of thermal conductivity data for (C2Hs)zO--CHCI3, calculated 
from formulas (7) and (8) with data obtained from the linear relationship: a) ex- 
perimental data 1-3). Data from linear relationship; i) T =332.5 ~ K, 2) 347.5, 

3) 337.0 .  
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and the f o r m u l a  by means  of which we take  into cons id -  
e ra t ion  the m o l e c u l a r  i ne l a s t i c  c o l l i s i o n s :  

2 

L = Z , * +  2 + 

x ~ + E  D.n x. 

2 

x { x  x -'~176 x + 4 x~ A~a 2~a~ Al~v xv- -  
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+ fx ,o~ rol,oz �9 (6) 

�9 i i  ~ i i  

We ca lcu la t ed  the  t h e r m a l  conduct iv i t i es  of va r ious  
p o l a r - g a s  m i x t u r e s  and, where  p o s s i b l e ,  we c o m p a r e d  
the t heo re t i c a l  and e x p e r i m e n t a l  data .  

F ig .  3. T h e r m a l  conduct iv i ty  
of (CHa)2CO--HBr mix tu re  (a) 
and (CH3)zCO--NH.~ mix tu r e  (b) 
at a t e m p e r a t u r e  of 373.2 ~ K: 
1) accord ing  to f o r m u l a  (7) and 
(8), 2) accord ing  to the l i nea r  

r e l a t i onsh ip .  

Because  the re  a r e  no r e l a x a t i o n - t i m e  da ta  at hand, 
the t h e r m a l  conduct iv i t i es  of the m i x t u r e s  were  ca l -  
cu la ted  f rom the r e l a t i o n s h i p  

x~ xz 
1 + A ~ 2 - -  1 -[- A21 

x 1 x~ 

H Dllin x,, D22in x 1 I-~ 1 +  
DI~ x, D~ 1 x, 

(7) 

The cons tan t s  Aij in e x p r e s s i o n  (7) were  ca lcu la t ed  
f rom the r e l a t ionsh ip  

~o~i / 

(8) 

where  50i , and ai ,  and e i a r e  the power  cons tan ts  of 
the i n t e r m o l e c u l a r  i n t e rac t ion  potent ia l  (12,6,  3) [3]. 

We ca lcu la ted  the  t h e r m a l  conduct iv i t i es  of 
(C2Hs)20--CHCl 3 m i x t u r e s  for  va r ious  t e m p e r a t u r e s  

(the e x p e r i m e n t a l  da ta  have been taken f rom r e f e r ence  
[5]); in addit ion,  the ca lcu la t ions  were  c a r r i e d  out for  
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Fig .  4. T h e r m a l  conduct ivi ty  
of Oz---H20 mix tu re  at a t e m -  
p e r a t u r e  of 450 ~ K: a) e x p e r i -  
menta l  da ta  [2]; 1) accord ing  
to f o r m u l a  (5) [2], 2) the 
same  accord ing  to (6) [2]; 3 
and 4) the s a m e  f r o m  (5) and 
(6), r e s p e c t i v e l y ,  with ac -  
count for  c o r r e c t i o n  for  r e s -  
onance ene rgy  exchange [2], 
5) accord ing  to (9) and (10). 

(CH~)zCO--HBr and (CH3)2CO--NH ~ m i x t u r e s  at a 
t e m p e r a t u r e  of 373.2 ~ K ( there  a r e  no e xpe r imen t a l  
data) .  

The t h e r m a l  conduct iv i t ies  of these  m i x t u r e s  as  
functions of the m o l a r  f r ac t ions  a r e  shown in F igs .  
2 and 3. 

The t h e r m a l  conduct iv i t ies  of the (CH3)2CO--HBr and 
(CH~)2CO--NH ~ m i x t u r e s  we re  ca lcu la t ed  to a s c e r t a i n  
the effect  of the magni tude of the dipole  moments  for  
the mo lecu l e s  of the components  of the mix tu re  on 
the behav ior  of the r e l a t ionsh ip  between the t h e r m a l  
conduct ivi ty  of the mix tu re  and the compos i t ion  of the 
l a t t e r .  

As in the above -c i t ed  ca se ,  in the  m i x t u r e s  inwhich 
the m o l e c u l a r  dipole moments  of the components  in 
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Fig.  5. T h e r m a l  conduct iv i ty  
of N2--NH~ mix tu re  at a t e m -  
p e r a t u r e  of 425 ~ K: a) e x p e r i -  
menta l  da ta  [4]; 1) accord ing  
to (9) and (10). 

the given m i x t u r e s  were  app rox ima te ly  e q u a l ,  the 
t h e r m a l  conduct ivi ty  of the (CH3)zCO--HBr and 



174 IN ZHENERNO-F IZICH ESKII ZHURNAL 

Basic P a r a m e t e r s  of Mixture Components 

Mixture T, ~ ~,l, 10 ~ M i ~ii ~il 

H,O 
D~O 

(CH~hCO 
HBr 

(C~H5) 20 
CHCI3 oo: 
H20 
N~ 
NHs 

478 
478 
373 
373�9 
377.2 
377 
450 
700 
450 
348 
348 

33.23 
33.4 
15.8 
12.7 
22.6 
10.4 
37.5 
53.7 
30.6 
29.3 
29.5 

18.0 
20.0 
60.0 
81.0 
74.12 

119.4 
32.0 
32.0 
18.0 
28.0 
17.0 

~tl Dii 

1.83 0.481 
1.86 0.456 
2�9 0.074 
0�9 0.129 
1.14 0�9 

0.132 .15 
0�9 

0 0.892 
0.409 �9 
0.277 

1.47 0.244 

2.3 
1.2 

3.0 

4.0 
7.5 
4.0 
4.0 
2.0 

0 �9 
0.083 

0.095 

0 
0 
0.7 
0 
0.118 

(CH3)2CO--NH s mix tures  whose molecules  exhibit v a r -  
ious dipole moments  is close to the l inear  re la t ion-  
ship ?, = xlk 1 + x2~ 2. This is apparent ly  associated with 
the fact that the dipole-dipole in te rac t ion  of the mole -  
cules counteracts  the the rmal  motion of the la t te r  
(orientat ional  effect)�9 

With increas ing  t empera tu re ,  the the rmal  conduc- 
t ivi ty of the po la r -gas  mix tu res  will deviate f r o m  a 
l inear  re la t ionship,  s ince the dipole-dipole molec-  
u lar  in te rac t ion  is weakened with the r i se  in t empe ra -  
ture .  

Of pa r t i cu la r  in te res t  is the in te rac t ion  of polar 
and nonpolar  molecules .  Bennet and Vines [5] under -  
took an exper imenta l  invest igat ion of the thermal  
conductivity of mix tures  containing a polar  component.  
They noticed that if the mix ture  contains a smal l  
amount of a polar  gas,  such an addition will s ignif i -  
cantly affect its nonpolar  nature .  The thermal  con- 
ductivity of such mix tures  is markedly  diminished 
with an inc rease  in the concent ra t ion  of the polar  gas. 

We calculated the the rmal  conductivity of mix tures  
containing a polar  component and we compared our 
resu l t s  with those of other authors and with exper i -  
mental  data. 

The calculat ion was ca r r i ed  out with the following 
formula :  

Xlt .... + ~ t  ..... -k 

1 + Ax~ x~ 1 + A~ xx 
Xl X2 

+ ~, in + 
1 + Du x: 

~in (9) 
+ D~21n X,1 ' l + - -  

D~a x2 

to the diffusion coefficient of where D 22in per ta ins  
the polar component.  

The constants  Aij 
t ionship 

were de te rmined  from the r e l a -  

Mi + M i , 

(10) 

Figure  4 shows a compar i son  of the theoret ica l  
and exper imenta l  data for the the rmal  conductivity of 

an O2--H20 mixture at a temperature of 450 ~ K, cal- 
culated according to formulas (5), (6), (9), and (]0). 

We then compared the experimental and theoretical 
thermal-conductivity values (Fig. 5) for an N2--NH s 
mixture at a temperature of 425 ~ K. The experimental 
data have been taken from reference [4]. The experi- 
mental and theoretical data are in good agreement. 

The properties of the components in the mixtures 
are given in the table. 

In conclusion, it should be noted that to calculate 
the thermal  conductivt t ies  of po la r -gas  mix tu res  and of 
mix tures  containing a polar  component,  we can use 
approximate theoret ica l  re la t ionships  which yield 
resul t s  that are in be t te r  agreement  with exper imenta l  
data than in the case of s t r ic t ly  theoret ica l  re la t ion-  
ships. 

In addition, the s t r ic t ly  theoret ical  re la t ionships  
are cumber  some and require  the knowledge of many 
pa rame te r s  which cannot always be determined.  

NOTATION 

#i  is the dipole moment  of the molecule  of the i - th  
component,  D; h is the Planck constant ,  e rg  � 9  
k is the Boltzmann constant ,  erg/~ m is the mass  
of the molecule ,  g; CVi n is the the rmal  conductivity 
due to the inner  degree of f reedom,  ca l /mo l  �9 deg; 
R is the un iversa l  gas constant ,  c a l /mo l  �9 deg; I is 
the molecu la r  moment  of iner t ia ,  g �9 cm2; ?~i is the 
the rmal  conductivity of the i - th  component,  W/m �9 deg; 
Xi t r ans  is the the rmal  conductivity of the i- th com- 
ponent due to the t rans la t iona l  degree of f reedom, 
W/m �9 deg; Xiin is the the rmal  conductivity of the i - th  
component due to the inner  degree of f reedom,  W/m �9 
�9 deg; M i is the molecu la r  weight, g /mol ;  Dii is the 
sel f -dif fusivi ty  cm2/sec;  Dij is the interdiffusion co- 
efficient,  cm2/sec;  } is the number  of col l is ions  
requ i red  for s tabi l iza t ion of equi l ibr ium between the 
t rans la t iona l  and in t r ins ic  energy of the molecule;  
x i is the mola r  f ract ion of the i - th  component;  T*  = 
= T / (e /k )  is the reduced t empera tu re ;  ~2(l, s)*(T*) is 
the col l is ion integral .  
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