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We investigate the isochoric thermal conductivity of At, Kr, Xe, and N2, and, 
in the critical region, we estimate the critical indicators of thermal conduc- 
tivity. The experimental results are compared with conclusions drawn from the 
kinetic theory. 

A great deal of attention is being given nowadays to the study of the kinetic properties 
of liquefied inert gases, nitrogen, methane, and oxygen. This interest is due to the fact 
that these substances have a spherical or near-sperical symmetry in their molecules and little 
or no quantum effect; this facilitates the theoretical investigation of their properties. 
Moreover, the rapid development of low-temperature techniques requires an exact knowledge of 
the kinetic coefficients of cryogenic liquids and their dense gases. 

In the present study we measured the isochoric thermal conductivity of liquefied inert 
gases and of nitrogen in the liquid and dense gaseous phases, from temperatures close to the 
triple points to 300-330~ and from densities close to triple-point densities to gas densi- 
ties at a pressure of 1 atm. On the basis of these measurements, we investigated the behav- 
ior of the thermal conductivity as a function of the temperature or the density, and we also 
compared the experimental results with the conclusions drawn from the kinetic theory. 

Isochoric Thermal Conductivity. Prior to the investigation conducted in this study, 
the thermal conduct~vities of Ar, Kr, Xe, and N2 had been measured near the saturation curve 
or in the region of room temperature and higher temperatures. There were no measurements at 
high pressures up to 3000 atm in the intermediate temperature range. No investigations had 
been conducted along the saturation curve, and there were only a few studies for Ar [1,2] in 
the critical region. The literature contained no information on the isochoric thermal con- 
ductivity of these substances, and all available data had been obtained by various methods 
in narrow ranges of temperature and pressure variation along isotherms or isobars (Fig. I). 
For this reason, we conducted investigations over a wide range of temperatures and pressures. 
Our measurements were made by the hot-wire relative method at constant volume (density). The 
measurement error outside the critical region was estimated at 3.5-4%, and in the critical 
region at 10-30% [3-5]. The range of variation of PVT values for the measurements of the 
thermal conductivity of Ar, Kr, Xe, and N=, as well as some parameters of these substances 
used below, are shown in Table |. 

In all the substances investigated, we discovered general laws governing the behavior of 
the isochoric thermal conductivity as a function of temperature. As an example, we show in 
Fig. 2 the results of the measurements for argon. The thermal conductivity of argon along 
the saturation curve, as can be seen from Fig. 2, decreases for a liquid and increases for a 
vapor. The behavior of the thermal conductivity of liquids on the saturation curve far from 
the critical temperature for all of the substances investigated can be satisfactorily de- 
scribed by the empirical equation 

where T is the instantaneous temperature; B is a coefficient determined from the measurement 
data. The thermal conductivity along an isochore outside the critical region increases mono- 
tonically, as in a gas at a pressure of I atm, but much more slowly than with increasing den- 
sity: 
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Fig. 2 

Fig. I .  Regions of investigation of thermal conductivity: shading perpendicu- 
lar to the temperature axis indicates the measurements of earlier authors; shad- 
ing parallel to the temperature axis indicates our measurements; s.c. indicates 
the saturation curve; cr. reg. indicates the critical region; Ttr, Tcr are the 
temperatures of the triple and critical points. 

Fig. 2. Isochoric thermal conductivity of argon as a function of temperature: 
l) liquid at the saturation curve; 2) critical region; 3) vapor at the satura- 
tion curve; 4) p = 1.372 g/cmS; 5) 1.300; 6) |.224; 7) |.080; 8) 0.932; 9) 0.699; 
lO) 0.554; II) 0.432; i2) p = 0.276 g/cmS; 13) P = I atm. 

0~ 1 Ok 

The v a l u e s  o f  t h e  d e r i v a t i v e s  ( ~ X / a T ) p  = c o n s t  w e r e c a l c u l a t e d  on  t h e  •  f o r  t e m p e r a -  
t u r e  T and  d e n s i t y  p ;  t h o s e  o f  t h e  d e r i v a t i v e s  ( a X / 3 p ) T f c o n s  t w e r e  c a l c u l a t e d  on  t h e  i s o -  
t h e r m s  a t  t h e  same t e m p e r a t u r e  and  d e n s i t y .  F o r  s m a l l  v a l u e s  o f  t h e  d e n s i t i e s  t h e  v a l u e s  o f  
t h e  d e r i v a t i v e s  a r e  i d e n t i c a l ,  b u t  as  t h e  d e n s i t y  i n c r e a s e s ,  t h e  d i f f e r e n c e  i n c r e a s e s ,  and 
a t  d e n s i t i e s  c l o s e  t o  t h e  t r i p l e - p o i n t  d e n s i t y  t h e  d e r i v a t i v e s  d i f f e r  b y  one  o r d e r  o f  m a g n i -  
t u d e  o r  m o r e .  T h i s  e v i d e n t l y  i n d i c a t e s  t h a t  t h e  m a i n  c o n t r i b u t i o n  t o  t h e  t h e r m a l  c o n d u c t i v -  
i t y  i s  made b y  t h e  c h a n g e  i n  d e n s i t y  and  n o t  b y  t h e  c h a n g e  i n  t e m p e r a t u r e .  F o r m u l a  (2)  was 
c o n s i d e r e d  f o r  a l l  t h e  s u b s t a n c e s  i n v e s t i g a t e d  i n  t h e  f o r m  g i v e n  a b o v e .  To do t h i s ,  we u s e d  
t h e  p a r a m e t e r s  o f  t h e  L e n n a r d - J o n e s  p o t e n t i a l  t h a t  a r e  shown i n  T a b l e  1. 

From the experiment, we found the excess values of the isothermal thermal conductivity 
AX as a function of the density according to the equation 

TABLE 1. Variation of PVT Values for the Measurements, and 
Some Molecular Constants of the Substances Investigated 

Parameters 

~ ' .  ~ 

Temp. range of n~as., OK 
Variation in demity, ~/crn ~ 
No. of isochotes (isopyenics) 
Pressure variation from 1 atm 
Temp., OK: 

triple point, T tr 
critical point, Tcr 

Demity, g/clr~: 
at triple., point,. Ptr 
at cnncal  ~omt, Per 

Pararri~fr O'f Lennard=Jones 
�9 potential: 

elk, *K, 
a. l0 s ,era 

Reduced De Broglie 
wavelength, A-* r 

Thermal conductivity at triple 
point, Xtz �9 10% ca17cm .sec�9 deg 

N= 

64,2--300 
[), 067--0,864 

18 
3000 

63,15 
126,2116] 

0,869 
0,311 

95 [1o] 
3,70 [IO1 

0,225 [12] 

384 

Substance 

Ar 

90--300 
D,078--1,372 

23 
2630 

83,81 
150,72 [7] 

1,410 
0,536 

119,5 [11l 
3,409 [i i]  

0,187 [121 

309 

Er 

120--300 
0,344--2,424 

13 
2730 

115,78 
209,4 [8] 

2,443 
0,911 " 

166,67 [II]  
3,681 [ l l l  

0,102 [121 

224 

Xe 

180--330 
0,200--2,846 

13 
1380 

" 161,36 
289,74 [9 l 

2,977 
I, 100 

23o,o [121 
3,920 [121 

0,064 [12] 

183 
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F i g .  3. Compar ison  o f  c a l c u l a t e d  and mea- 
s u r e d  t h e r m a l  c o n d u c t i v i t i e s  o f  a r g o n  on the  
saturation curve and along the isochores: 
I) p = 1.31; 2) 1.16; 3) 1.12; 4) 0.354; 
5) 0.078 g/cmS; 6) Enskog [13,14]; 7) Iken- 
berry and Rice [15]; 8) Prigogine et al. 
[16,18]; 9) Eyring et al. []7]; I0) Lagar'- 
kov and Sergeev [19] ; l ]) experiment. %" 
106 , cal/cm-sec'deg; T, ~ 

A~, = ~(p,r) - -  ;~(p~ (3) 

where X(p,T ) is the thermal conductivity on the isochore at temperature T and density p; 
X(po,T) is the thermal conductivity of the gas at P = I atm and the same temperature. No 
stratification of the isotherms of the excess thermal conductivity for all the investigated 
substances is observed within the limits of experimental error [3-5]. The excess isothermal 
thermal conductivity is satisfactorily described by a series in the density, proposed by N. 
B. Vargaftik: 

N 

AL = ~ B=p a, 
a = l  

where the B a are coefficients determined from the experimental data for each substance; N is 
an integer; a is a parameter which, for the error in our experiments, it is sufficient to 
vary from ] to 4. The absence of any stratification of excess thermal conductivity and the 
formula (2) support the belief that the contribution to the total transfer made by the kinet- 
ic energy of the particles is much less than the contribution made by the potential part. 
This conclusion agrees with the results of theoretical investigations [13-16]. 

The isochoric thermal conductivities of Ar, Kr, Xe, and N2 measured in our study were re- 
computed with the aid of the PVT values, and their values were compared with the results ob- 
tained by other authors along the isotherms as a function of density or pressure. The com- 
parison shows that in the overlapping intervals our measurements agree with the data obtained 
by the parallel-plate and coaxial-cylinder methods. 

The thermal conductivity along the isochores, as indicated above, has the same type of 
temperature dependence, and therefore it was of interest to consider the results obtained 
from the viewpoint of the law of corresponding states. The reduction was made by the de 
Boer scheme [12], where the coefficients of the thermal conductivity, temperature, and den- 
sity were expressed in terms of the parameters ~ and ~ of theLennard-Jones potential, whose 
values are shown in Table 1. The variation of the given thermal conductivities as functions 
of the reduced temperature for the saturation curve and along five reduced isochores for Ar, 
Kr, and Xe can be described, within the limits of measurement error, by the same curves [5]. 
The reduced thermal conductivity of nitrogen is not described by these curves, probably be- 
cause the molecules of N2 have a symmetry different from those of the molecules of inert 
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TABLE 2. Critical Temperatures and Critical Expo- 
nents for the Thermal Conductivity of Ar, Kr, Xe, 
and N2 

*K a ~.o. 10% 
Substance Tcr. cal/cm �9 see. deg 

A r  
Kr 
Xe 
N= 

126,21 161 
150,72 [7 l 
209,4 [8 i 
289,74 [91 

0,76+0,10 
o,o8T-o,os 
0,62~0,~ 
0,69-~r0,07 

i 

14,5+2,0 
16,7~2,5 
14,5-T-2,2 
15,8~2,6 

gases. Using the law of corresponding states, we calculated the thermal conductivities of 
neon and radon along the isochores and up to the saturation curve [5]. From the analysis 
carried out in [5] it follows that the thermal conductivities of Ar, Kr, and Xe in the mea- 
sured temperature and density ranges can be described by universal functions within the frame- 
work of the law of corresponding states. 

Comparison of Experiment with Theory. The characteristics of the comparison made on the 
saturation curve and along the isochores for Ar, Kr, Xe, and N2 can be seen from the example 
of argon (Fig. 3). We observed satisfactory agreement (within 6%) between the measurement 
data and the data calculated on the saturation curve for the theory of Eyring et al. [17]. 
From a comparison of the experiment with the results obtained by calculation according to the 
theories of Enskog [13,14], Ikenberry and Rice [15], Prigogine and Rice [15], and Prigogine 
et el. [16,18], we found that the best agreement was observed in the case of the Enskog 
theory. The reason for this is that the calculations of the distribution function used the 
equation of state and experimental PVT data. From the theories of [13-16, 18] it follows that 
the main contribution to the thermal conductivity is made by the term resulting from the po- 
tential energy of the interacting particles. Upon comparison with calculations made by the 
method of molecular dynamics [19], satisfactory agreement with the experimental data is ob- 
served for low densities, whereas for high densities the agreement with the experimental data 
is only qualitative. 

From a comparison of the measurement data with the calculated data it follows that the 
thermal conductivity of liquids and dense gases can be qualitatively described by means of 
existing ideas concerning the thermal motion of particles [13]. 

Thermal Conductivity in the Critical Re~ion. In our measurements of the thermal con- 
ductivity of Na, Ar, Kr, and Xe in the neighborhood of the critical temperature for near- 
critical densities [3] we observed that the conductivity increases sharply. This is appar- 
ently due to the interaction of anomalously growing fluctuations [20], since according to 
the estimates we made in [3], the gravitational effect, the temperature gradient, and the 
impurities cannot affect these measurements. From experimental data in the T > Tcr region, 
the thermal conductivity in the critical region can be described by the power law % = %ot -a, 
where t = (T -- Tcr)/Tcr; %o was found from the experimental data; a is the critical exponent. 
From the experimental data, by graphical processing, we determined the critical exponents 
for all the investigated substances, which are shown in Table 2. 

The errors in determining the critical exponents are due to the large measurement errors 
near the critical temperature and to the inaccuracy in the determination of the critical tem- 
perature itself, whose value was taken from [6-9]. These errors have a considerable effect 
on the determination of the critical exponents, especially in the region of low values of t 
[20]. The values of the critical exponent for Ar and Xe were compared in [3] with the values 
found by other authors in experiments on the scattering of light [21,22]. For Ar we observed 
satisfactory agreement, while for Xe the value of the critical exponent was 0.2 higher than 
the value obtained in [22]. Since we find in the literature a considerable divergence in the 
determination of the critical exponents and since there is no agreement [23,24] concerning 
the essence of the observed "anomalies" in thermal conductivity in the critical region, it 
becomes necessary to conduct further investigations in order to clarify the nature of the 
phenomena observed. 
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