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A unified equation is proposed for calculation of the thermal  conductivity of gases  and l i -  
quids. The procedure  for  formulation of the equation is i l lustrated in the example of ni t ro-  
gen. 

As more  and more  experimental  data a re  gathered on the thermal  conductivity coefficient of c o m p r e s -  
sed gases  and liquids the need becomes more  urgent for an analytical descript ion of those data. Unfor- 
tunately, there is no genera l ly  acceptable form of equation for  calculating the thermal  conductivity of gases  
and liquids. 

The most  widely used equation for  gases  represents  the excess  thermal  conductivity An = n - n  0 as a 
function of the density [1]. However, in the analysis  of reliable experimental  data on the thermal  conduc- 
t ivity of compressed  gases  [2, 3] the i so therms in the coordinates An, p are  found to separate ,  and the gap 
widens with increasing density, The separat ion is relat ively small  and ordinar i ly  falls within the l imits 
of the d iscrepancies  between the data of different r e s e a r c h e r s ,  so that it is neglected in the application of 
the dependence An = f(p)' and a general  curve is drawn through the major i ty  of the experimental  points. 
Never the less ,  a valid equation for the thermal  conductivity of a real  gas over  a wide range of pa ramete r s  
ought to take into account the influence of the t empera tu re  on the excess  thermal  conductivity. 

Equations have been proposed recent ly  [4, 5] in which the thermal  conductivity of superheated steam 
is represented  as a function of the p re s su re  and tempera ture .  These equations are  well suited to pract ical  
calculations,  but they are  valid only in a re la t ively  narrow range of reduced pa ramete r s  due to the com-  
plexity of the thermal  conductivity isobar  configurations.  

An equation has also been formulated in [5] for calculations of the thermal  conductivity of water  and 
steam in the cr i t ical  region; t h i s  equation takes the form t = fl(n) +pf2(n). The equation was derived with 
rel iance on the fact that the cons tant - thermal  conductivity lines in the coordinates p, t are  prac t ica l ly  lin- 
ear  near  the e las t ic i ty  curve.  The author  of [5] himself  r emarks  that this correspondence is observed only 
in a l imited range of t empera tu res  and p r e s su re s .  A check of our  own has shown that the lines n = const  
curve appreciably  and pass  through a maximum over  a wide range of the reduced pa ramete r s .  

The experimental  data on the thermal  conductivity of liquids, as shown in [6], are  descr ibed most  ac -  
cura te ly  by the equations n = F(D and An = f(p), where the values of n 0 for a gas are  used in the calculation 
of the quantities An. Although the f i rs t  of the indicated equations was in fact obtained for the liquid phase 
[7], their  a ccu racy  is p rac t ica l ly  identical, because n 0 yields only a small  contribution to the thermal  con- 
ductivity of a liquid. 

The equation set forth in the present  ar t ic le  is derived on the basis  of an analysis  of the dependence 
of the thermal  conductivity on the thermal  pa rame te r s .  An examination of various sections of the n -sur face  
reveals  that the s implest  curves  are  the i sochors  in the coordinates n, T, which have the same configura-  
tion as the thermal  conductivity curve at a tmospher ic  p r e s su re :  n0(T). 

The foregoing is i l lustrated by Fig. 1, which was plotted f rom the experimental  data of [2, 8, 9] for 
nitrogen. * The densi ty values required in o rde r  to plot the isochors  a re  taken f rom the data of [2, 6, 10]. 

�9 We note that these data do not disclose an increase  of the thermal  conductivity in the cr i t ical  region. 
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"Fig. 1. I sochor ic  sec t ions  of the t he rma l  con-  
duct ivi ty sur face  for  ni t rogen (k.  106 k W / m .  deg; 
T, ~ a) Data of [2]; b) [8]; c) [9]; 1) curve  
of ~0(T); 2) sa tura t ion  curve .  

The a c c u r a c y  of the exper imenta l  values of X 0 is genera l ly  higher  than that  of the t h e r m a l  c o n d u c t i v i t y - p r e s -  
sure  data,  so that the [sochors  can be plotted on the bas i s  of the mos t  re l iable  data,  using the configurat ion 
of the k0(T) as a guideline. 

By analogy with the i sochroic  sect ions of the the rmodynamic  su r face  the t he rma l  conductivity i sochors  
can be divided into a r ec t i l i nea r  and a curv i l inea r  par t .  Following the p rocedure  of [11, 12], we r e p r e s e n t  
the l inea r  pa r t  of the equation for  the Mp, T ) - s u r f a e e  in the fo rm F1(p) + F2(P)T, and the curv i l inea r  par t  as 
the product  of functions in separa ted  va r i ab les  F3{p) ~dT). Then the equation for  the given sur face  a s s u m e s  
the fo rm 

(p, T) ---- Ft (p) § F~ (p) T + F 8 (p) ~ (T). (1) 

The product  of the t e m p e r a t u r e  function ~(T) and the value of F3(P) at a fixed densi ty  is the eurv i l inea r  
pa r t  of the i sochor ic  equation. Owing to the invar tanee of the equation in the fo rm (1) under l inea r  t r a n s -  
format ions  of the t e m p e r a t u r e  function [10], we can adopt the i soehor ic  equation as the function ~(T), andl 
in turn,  the s imi l a r i t y  of the configurations of the i sochors  and the function X0(T) enable us to use the l a t t e r  
as a the t e m p e r a t u r e  function. A strong a rgument  in favor  of this  choice of ~(T) is the fact  that  the values 
of ~0, as mentioned,  a r e  fa i r ly  re l iab ly  de te rmined  in exper iments .  

F o r  the genera l iza t ion  of the t he rm a l  conductivity data for  var ious  subs tances  it is helpful to fo rm the 
equation for  the k - s u r f a c e  in reduced coordinates :  co = P / P c r ,  T = T / T c r .  Then the equation for  the t h e r -  
mal  conductivity of a gas  or  liquid can be wri t ten in the fo rm 

;~(~, ~) -_ ~(~) + p(~)~ + ~ (co) ;~o (T), C2} 

where  a (~ ) ,  ~(~),  and ?(w) a re  polynomials  in the reduced density.  

I t  mus t  be s t r e s s e d  that  the kinetic theory  developed for  rea l  gases  by Bogolyubov [13] and his s u c c e s -  
s o r s  [14, 15] yields the following vi r ia l  equation for  the t he rma l  conductivity.  

= )~0 (t + B~p ~- Cxp s + : . .) .  (3) 

Unfortunately,  it is imposs ib le  on the bas i s  of the exper imenta l  data to make a re l iable  de terminat ion  of 
the vi r ia l  coeff icients  pas t  the second one, and the theory  only pe rmi t s  one to calculate  the f i r s t  v i r ia l  coef -  
f ic ients  for  e x t r e m e l y  s impl i f ied models  of a gas.  

Equation (2) a g r e e s  with the theore t ica l  equation (3) on the supposit ion that  the vi r ia l  coeff icients  B k, 
Ck . . . . .  when mult ipl ied by X 0, have a l i nea r  pa r t  and a cu rv i l inea r  pa r t  that  is p ropor t iona l  to the function 
X0(7). This  supposit ion is fa i r ly  well  borne out by the resu l t s  of the theore t ica l  studies [16, 17]. 

We i l lus t ra te  the p rocedure  for  the formulat ion of Eq. (2) in the example  of ni t rogen,  whose the rma l  
conductivity has been invest igated ove r  a wide range of p a r a m e t e r s ,  including the l iquid-s ta te  region.  In -  
i t ial ly the values of X 0 taken in the t e m p e r a t u r e  in terval  f rom 240 to 1300OK were  desc r ibed  analyt ica l ly  
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Fig. 2. Deviations of the calculated values of the 
thermal  conductivity of nitrogen f rom the exper iment-  
al data (p in atm; numbers  alongside the curves  in ~ 
a) F rom [2]; b) [8]. 

on the basis  of the smoothed data of [10], while those in the interval f rom 80 to 230~ were descr ibed on the 
basis  of the data of [8, 18]. The following equation descr ibes  the re fe rence  of ~0 with rms  e r r o r  0.3% and 
maximum e r r o r  0.7%: 

~'0 (T) [10 -~ kW/m. deg ] : - -  1,22 -q- 14.63T-- 1.737x ~ ~ 0.1738~ 3 - -  0.00683 z 4 (4) 

(the cr i t ica l  t empera tu re  of nitrogen was assumed to be 125.25~ 

As the re fe rence  values of the thermal  conductivity of nitrogen at elevated p r e s s u r e s  we choose the 
reliable experimental  data of [2], which span the tempera ture  interval f rom 75 to 750~ and the p re s su re  
interval f rom 1 to 1600 atm, and f rom lower t empera tu res  up to the saturation curve we used a la rge  portion 
of the data in [8, 9]. The data of other  r e s e a r c h e r s  ei ther  span a compara t ive ly  narrow range of the p a r a m -  
eters  or a re  not re l iable  enough and were therefore  re jected for  the development of the re fe rence  net. In 
par t icu lar ,  the well-known data of [19] turn out to be far  too high in value for the construction of the iso-  
chors ,  as noted ea r l i e r  [2, 10]. Fully sa t i s fac to ry  agreement  between the re fe rence  values of ~, and the 
experimental  data of [2, 8, 9] on most  of the i sotherms and isochors  is exhibited by Fig. 1. At high den- 
si t ies  the i sochors  are  drawn between the experimental  data of [8, 9], which disclose d iscrepancies  of 2 to 
4%. 

Equation (2) was formulated by the method of basis  i so therms  [10, 12]. According to this method, 
the functions a(~) , /3(~) ,  and ~/(c0) are  determined for known X0(T) by solving the set  of equations for three 
i sotherms s imultaneously with Eq. (2). For  the reliable descr ipt ion of the thermal  conductivity data for 
a liquid one of the basis  i so therms must  be chosen in the l iquid-state  region. Consequently, we adopted as 
our  basis curves  the 90, 348.15, and 873.15~ isotherms.  The reference  data on the 90~ isotherm in the 
interval of densit ies f rom ~" to ~ '  were obtained by graphical  extrapolation of the isochors .  In o rder  for 
the limiting conditions to be satisfied the isotherm equations were  developed in the form 

91 



As remarked  above, Eq. 
the basis  i so therms  were  descr ibed  c o r r e c t  to ~0.5% by f i f th-degree  polynomials in the density.  
tions ~(w),/~(w), and ~/(~o) de termined by solution of the indicated set  of equations have the fo rm 

a (to) = 7.561 r -~ 39.394 to~ - -  42~296 to8 ~_ 18,813 to4 _ 2.375 tos, 

[~ (to) = - -  4.788to ~- 33,836to ~ - -  47.755~ 3 ~- 24,697~ 4 - -  4.479to 5, (6) 

~/(to) -- 1 ~- 0.4572to - -  3.9749to ~ ~- 5.5543to 3 --  2.7079to 4 -~ 0,4559to 5. 

F o r  the calculations the cr i t ica l  density of nitrogen was assumed to have a value P c r  = 0.304 kg/dm 3. 

The unified thermal  conductivity equation represen ted  by express ions  (2), (4), and (6) for  nitrogen 
descr ibe  the exper imenta l  data f o r  the gaseous and liquid phases in the t empera tu re  interval  f rom 77.35 to 
973.15~ and for  reduced densi t ies  ~ = 0 to 2 (up to w = 3 for  the liquid). A comparison of the calculated 
and exper imenta l  values (Fig. 2a and 2b) indicates that the deviations of the calculated values of the t h e r -  
mal conductivity f rom the exper imental  [2, 8] in the indicated range of the p a r a m e t e r s ,  for  the most  par t ,  
does not exceed the exper imenta l  e r r o r .  The calculated values of k also agree  with the major i ty  of the 
exper imenta l  data of [9] within 1 or  2% e r r o r  l imi ts .  

The advantage of the proposed form of the equation for  calculating the thermal  conductivity is its 
amenabi l i ty  of extrapolat ion into the region of higher  t empera tu re s ,  where  data on the thermal  conductivity 
of the compressed  a re  lacking, but the values of the function k0(7) a re  known. 

~" = ~'o § Z a~ r ~. (5) 

(5) can be used effectively to calculate the thermal  conductivity of a liquid. All 
The func- 

N O T A T I O N  

k is the the rmal  conductivity coefficient  of  a compressed  gas; 
k 0 is the thermal  conductivity coefficient  of the gas at a tmospher ic  p re s su re ;  
p is the density; 

=P/Pcr is the reduced density; 
T = T / T c r  is the reduced tempera ture ;  
B~,, Ck . . . .  a r e  the second, third,  e t c . ,  vIrial  coefficients of the thermal  conductivity. 
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