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A method is proposed for the calculation of the thermal conductivity 
of gas mixtures at low temperatures. The theoretical values of the 
thermal conductivity are compared with experimental data. 

At modera te  t e m p e r a t u r e s  molecu les  a re  not ion-  
ized nor  excited;  the the rmal  motion is l imi ted ex-  
c lus ive ly  to the t r sn s l s t i onM motion of the molecu les .  
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Fig.  1. T h e r m a l  conduct iv i ty  
(Wx/m-  deg) of the mix tu r e  
h e l i u m - h y d r o g e n  at t e m p e r a -  
tu re  77.96" K: 1) E x p e r i m e n t a l  
data; 2) ca lcu la ted  f r o m  f o r m u l a  
(1) (constants  Aij, ca lcu la ted  
f r o m  f o r m u l a  (2), co l l i s ion  in -  
t eg r a l s  are  ca lcula ted  for Eq. 
(3)); 3) the s ame ,  co l l i s ion  in-  
t eg ra l s  are  ca lcu la ted  for  Eq. 
(6); 4) ca lcu la ted  f rom f o r m u l a  
(7): a) P = 1 MN/m 2, b) 10, c) 

30, d) 5O. 

The re  exis t s  a t e m p e r a t u r e  range  within which the 
t he rma l  mot ion  of a m o l e c u l a r  gas is made  up exc lu-  
s ive ly  of t r a n s l a t i o n a l  ~nd ro ta t iona l  motion.  

Molecu la r  v ib ra t ions  a re  excited at h igher  t e m p e r -  
a tu res  ( severa l  hundreds  and thousands  of degrees) .  

At low t e m p e r a t u r e s  the molecu les  in a m o l e c u l a r  
gas a re  s e t i n t o r o t a t i o n .  The ene rg ie s  of the ro ta t ional  
quanta ,  exp re s sed  in degrees  (divided by the Bol tzmann 
cons tan t  k), a re  sma l l  (2.1 ~ K for  oxygen, 2 .9  ~ K for  
n i t rogen ,  e t c . ,  with the exception of hydrogen m o l e -  
cules ,  85.4" K). At room t e m p e r a t u r e  (and even m o r e  
so at high t e m p e r a t u r e s )  the quantum effects play no 
ro le  wha tsoever .  

At low t e m p e r a t u r e s ,  the t he rma l  conduct ivi ty of 
the gas mix ture  cannot  be p resen ted  as the sum of two 
t e r m s  governed by the p resence  of t r ans l a t i ona l  and 
in t r i n s i c  degrees  of f reedom.  

The the rma l  conductivi ty of the gas mix ture  at low 
t e m p e r a t u r e s  is achieved by means  of the "diffusion" 
of quanta. The r e  is a d i f ference between the diffusion 
of molecu les  and the "diffusion" of quanta. Molecules 
do not d i sappear  on col l is ion,  but change the d i rec t ion  
of the i r  motion.  Quanta, however,  a f t e r  cover ing  a 
ce r t a in  d is tance ,  a re  absorbed by the subs tance .  At 
the point of absorp t ion  new quanta of var ious  f r equen -  
cies  a re  emi t ted  in all  d i rec t ions .  

The t h e r m a l  conduct ivi ty  of the mix tu re  at low t e m -  
p e r a t u r e s  can be ca lcula ted  f rom the fo rmula  [5] 
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The col l i s ion  in t eg ra l s  ~2~] '1)* (T~)) and 9.1 ~':)* (T;) in 
exp re s s ion  (2) a r e  de t e rmined  f rom the Bol tzmann 
equat ion for the case  of a gas mix tu re  at low t e m -  
p e r a t u r e s  [1] 
where  0i = (h /mi)  a (8/Gi); Gi is  the s t a t i s t i ca l  weight 
of the i - th  pa r t i c l e ,  equal to the n u m b e r  of indepen-  
dent quantum s ta tes  in which a pa r t i c le  of the same  
i n t r i n s i c  ene rgy  may be found; 5 = -1  ; 0; 1 (for F e r m i -  
Di rac ,  Bol tzmann  and B o s e - E i n s t e i n  s ta t i s t i cs ) ;  ~ (gij '  • 
is  the s c a t t e r i n g  c ros s  sect ion.  

The co l l i s ion  in tegra l s  for (3) differ  f rom the c o r -  
responding  co l l i s ion  in tegra l s  for the c l a s s i ca l  
Bol tzmann  equat ion because  cons ide ra t ion  is given to 
the quantum effects governed by the wave- l ike  na tu re  
of the pa r t i c l e s  (diffraction effect) and by the s t a t i s -  
t ics  of the pa r t i c l e s  (the effects of symmet ry ) .  

Let us ca lcula te  the co l l i s ion  i n t eg ra l s  for  i n t e r -  
media te  t e m p e r a t u r e s  by means  of the potent ial  of 

i n t e r m o l e c u l a r  i n t e rac t ion  qD (r) = 48 - , r e p r e -  
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sen t ing  a p a r t  of the L e n n a r d - J o n e s  (12-6) potent ia l  
for  the f o r c e s  of r epu l s i on .  

The  co l l i s ion  i n t e g r a l s  have the fo rm 

~-~(t ,1 ) / ) ii = 0 . 3 4 5 8 1 ~  ' 6 ,4 
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w h e r e  A* = h/(a 1/2&s); T* = kT/e; o and 8 a r e  the  
p a r a m e t e r s  of the po ten t i a l  funct ion;  and ~tij is  the  
r e f e r e n c e  m o l e c u l a r  m a s s  equal  to 

~ '  = m71 + m'f  I " 

Since a l l  the co l l i s i on  i n t e g r a l s  a r e  of the s a m e  o r d e r ,  

Le t  us c o m p a r e  the t h e o r e t i c a l  va lues  fo r  the 
t h e r m a l  c o n d u c t i v i t i e s  of the He-H 2 m i x t u r e ,  c a l c u -  
l a ted  f r o m  (1) fo r  a n u m b e r  of t e m p e r a t u r e s  and 
p r e s s u r e s ,  with the  e x p e r i m e n t a l  da ta  p r e s e n t e d  in 
[2 ] .  
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mula  (1) with the cons tan t s  Aij ca l cu l a t ed :  a) with con-  
s i d e r a t i o n  of the quantum c o r r e c t i o n  f a c t o r s  and, b) 
without  c o n s i d e r a t i o n  of the quantum c o r r e c t i o n  
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Fig .  3. T h e r m a l  conduc t iv i ty  O f 
m i x t u r e  h e l i u m - h y d r o g e n  at  t e m -  
p e r a t u r e  273.76 ~ K and p r e s s u r e  
50 M N / m  2 : 1) E x p e r i m e n t a l  data;  
2) c a l c u l a t e d  f rom f o r m u l a  (1) 
(cons tan ts  Aij a r e  c a l c u l a t e d  
f r o m  f o r m u l a  (2), c o l l i s i o n  in-  
t e g r a l s  a r e  c a l c u l a t e d  f r o m  Eq. 
(3)); 3) the s a m e ,  c o l l i s i o n  in-  
t e g r a l s  a r e  c a l c u l a t e d  f r o m  Eq. 
(6); 4) ca l cu l a t ed  f r o m  f o r m u l a  
(1) with cons tan t s  c a l c u l a t e d  
f r o m  f o r m u l a  (7); 5) c a l c u l a t e d  
f r o m  f o r m u l a  (8) with cons tan t s  
Aij c a l c u l a t e d  f r o m  f o r m u l a  (10), 
and Bij  c a l c u l a t e d  f r o m  f o r m u l a  

01). 

f a c t o r s  (the co l l i s i on  i n t e g r a l s  a r e  c a l c u l a t e d  for  the 
c l a s s i c a l  Bol tzmann  equat ion)  

Ot + vi~-rf~ = 

1=1 

(6) 

c) a c c o r d i n g  to the Maison  f o r m u l a  [3] 

F ig .  2. T h e r m a l  conduc t iv i ty  of 
m i x t u r e  h e l i u m - h y d r o g e n  at p r e s -  
s u r e  0.1 MN/m2:  (a) T = 128.76 ~ K, 
b) 158.76, c) 195.56): 1) E x p e r i -  
m e n t a l  data ;  2) c a l c u l a t e d  f r o m  
f o r m u l a  (1) ( cons tan t s  Aij  a r e  c a l -  
cu l a t ed  f r o m  f o r m u l a  (2), c o l l i s i o n  
i n t e g r a l s  a r e  c a l c u l a t e d  fo r  Eq. 
(3)); 3) the  s a m e ,  c o l l i s i o n  i n t e g r a l s  
a r e  c a l c u l a t e d  f a r  Eq. (6); 4) c a l -  
cu l a t ed  f r o m  f o r m u l a  (1) with con-  
s t an t s  c a l c u l a t e d  f r o m  f o r m u l a  (7). 

F i g u r e  1 shows the  t h e r m a l  conduc t iv i ty  of the 
h e l i u m - h y d r o g e n  m i x t u r e  a s  a funct ion of hyd rogen  
c o n c e n t r a t i o n  at  a t e m p e r a t u r e  of 77.96 ~ K and v a r i o u s  
p r e s s u r e s .  The  e x p e r i m e n t a l  va lues  a r e  c o m p a r e d  
with  the  t h e o r e t i c a l  v a l u e s  d e r i v e d  a c c o r d i n g  to f o r -  

1.o6s ( M,/% 
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Figure 2 shows a comparison of the theoretical and 

experimental data for a helium-hydrogen mixture at 

temperatures of 128.76, 158.76, and 195.56 ~ K and a 
pressure of 0.1 MN/m 2. 

F i g u r e  3 shows a c o m p a r i s o n  of the t h e o r e t i c a l  and 
e x p e r i m e n t a l  da ta  fo r  a h e l i u m - h y d r o g e n  m i x t u r e  at a 
t e m p e r a t u r e  of 273.76  ~ K and a p r e s s u r e  of 50 MN/m 2. 
In th is  c a s e ,  the da ta  d e r i v e d  f rom (1) with cons tan t s  
Aij , c a l c u l a t e d  by m e a n s  of the c l a s s i c a l  Bo l tzmann  
equat ion (6), a r e  in b e t t e r  a g r e e m e n t  wi th  the  e x p e r -  
i m e n t a l  r e s u l t s  than the  da ta  d e r i v e d  f rom (1) wi th  the 
cons tan t s  Ai j ,  c a l c u l a t e d  with  c o n s i d e r a t i o n  of the 
quantum c o r r e c t i o n  f a c t o r s .  
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The data der ived f rom (1) with the constants  Aij , 
ca lcula ted accord ing  to (7), yield poo re r  ag reemen t  
with exper imenta l  resu l t s .  Express ion  (1) for  the ca l -  
culation of the thermal  conductivi ty of the he l ium-  
hydrogen mix ture  at the given t empera tu re  must  be 
p resen ted  in the fo rm 

~. = ~., ( 1  + A,, x~ ] -1  -k 
x l ]  

x~ ! x2 ! ' (8)  

where  

Fu r the r ,  
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x [1+2.4l (Mi--Ms)(M,--O.I42Ms)], ' 
(Mt_kMs) ~ , [4 ! , (10) 

Bts =DiitDii. (11) 

Good a g r e e m e n t  exists  between the exper imenta l  
and theore t i ca l  values  der ived f rom (8) with constants  
calcula ted acco rd ing  to (9)-(10). 

The the rma l  conductivi ty of the gas mix tu res  at low 
t e m p e r a t u r e s  may  thus be calcula ted accord ing  to the 
Vas i l ' eva  Fo rmula  (1). The constants  Aij should be 
ca leu la tedwi th  cons idera t ion  of the quantum co r r ec t ion  
fac to rs .  The d ivergence  of the calculat ion resu l t s  f rom 
the m e a s u r e d  values of the the rma l  conductivi ty can 
be explained by i na c c u ra c i e s  in the calculat ion of the 
col l is ion in tegra l s  for  the Boltzmann equation (3) in 
the case  of low t e m p e r a t u r e s .  

This conclus ion is drawn on the bas is  of expe r i -  
menta l  data for  a he l ium-hydrogen  mixture .  The 
absence  of exper imenta l  data fo r  o ther  mix tu res  
makes  it imposs ib le  comple te ly  to a s c e r t a i n  the 

mechan i sm of the heat-conduct ion p rocess  at low 
t empera tu r e s .  

Subsequent development and ref inement  of both 
theory  and methods for  the calculat ion of the thermal  
conductivi t ies  of mixtures  at low t empera tu res  must  
the re fo re  proceed  along the lines of accumula t ing  ex-  
per imenta l  data and compar ing  these with the p r e -  
dict ions of the theory .  

NOTATION 

h is the ]Planek constant;  m i i s  the m a s s  of the i - th  
molecule ;  gij is the initial re la t ive  veloci ty  of two in-  
t e rac t ing  par t i c les ;  X is the deviation angle of two in-  
t e r a c t i n g p a r t i c l e p a t h s ;  Xi is the the rma l  conductivi ty 
of the i - th  component;  x i is the mole f rac t ion of the 
i - th  component;  M i is the molecu la r  weight of the i- th 
component;  v is the par t ic le  veloci ty;  f ( r ,  v , t )  is the 
dis tr ibut ion function; Dii is the self-diffusion coef -  
f icient  of the i - th  component;  Dij is the mutual  dif-  
fusivi ty;  k is the Boltzmann constant;  b is the impact  
pa r ame te r ;  17( l ,  s)* is the col l is ion integral  predic ted  
for  mo lecu la r  model  of solid spheres .  Quantit ies r e -  
f e r r i n g t o  par t i c les  af ter  coupled col l is ions  a re  marked  
by ('). 
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