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After an extensive literature survey the experimental thermal-conductivity data for 
twelve diatomic gases were utilized to produce an accurate and expedient means of pre- 
dicting values over extensive ranges of temperature and pressure. Plotting values of k* 
against TR on logarithmic coordinates produced similarities pointing to the existence of 
corresponding states behavior for this family of substances with the exception of hydrogen. 
Because hydrogen cannot be included in a correlation generalized for the diatomic gases, 
it has been eliminated from this study. Based on atmospheric pressure data, ratios of 
k*/k*,,  produced a unique relationship with reduced temperature. To include the effect 
of pressure, residual thermal conductivities were correlated with density for nitrogen and 
oxygen, the only substances for which high-pressure data exist. These relationships enabled 
the determination of the thermal conductivity at the critical point. When the value k, = 
8.55 X cal./sec. cm. OK. for nitrogen was used, an extensive reduced thermal- 
conductivity correlation was constructed against reduced temperature for parameters of 
constant reduced pressure. This chart, extending to reduced pressures of 100 and to re- 
duced temperatures of 85, is recommended for the diatomic gases in their gaseous and 
liquid states. 

The developed correlation reproduces experimental nitrogen data to within 1.39%. 
For the other diatomic gases experimental agreement extends from 1.00 to 3.20%. Such 
agreement indicates that this correlation is more reliable for the diatomic gases than are 
other generalized plots presented in the literature. 

Present technoiogical advances con- 
tinue to depend upon progress in under- 
standing the fundamentals of mass and 
energy transfer; consequently, more 
careful scrutiny of these operations has 
stimulated an increasing interest in 
transport properties. An accurate but 
simple means of predicting coefficients of 
diffusion, thermal conductivity, and vis- 
cosity is needed to meet the demands of 
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current engineering practice. Besides 
proving useful in practical applications, 
a reliable method of determination will 
be of value in testing and extending 
modern theories associated with trans- 
port phenomena. 

Although the use of experimental data 
is most desirable, such direct values are 
limited to a few substances. Furthermore, 
even for the more common substances 
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Fig. 1 Thermal conductivity-temperature relationships of 
diatomic gases a t  atmospheric pressure. 

difficulties inherent in obtaining experi- 
mental thermal conductivities restrict 
the majority of values to the low-pressure 
region. Where experimental data are 
lacking, theoretical and empirical equa- 
tions have been presented (12 ,dS ,  d l , 5 6 ) .  
For accurate usage these are limited in 
application to the conditions of tempera- 
ture and pressure for which they have 
been developed; furthermore, the nature 
of these expressions makes them incon- 
venient for expedient usage. Hence, 
graphical correlations would be desirable, 
but certain of these (9) are too limited 
to be useful over wide ranges of tempera- 
ture and pressure. Other methods (19) 
are too generalized to be accurate for 
specific substances. To overcome these 
lhitations, thermal-conductivity and 
viscosity correlations have been de- 
veloped from experimental data specific 
to families of substances (7 ,  42, 48, 61). 
Such treatment permits the prediction 
of accurate values over wide ranges of 
temperature and pressure for both the 
gaseous and liquid states. As a con- 
tinuation of these studies, the available 
experimental data for the thermal con- 
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Fig. 2. Thermal conductivity-temperature relationships of 
diatomic gases at atmospheric pressure. 
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TABLE 1. COMPARISON OF EXPERIMENTAL THERMAL CONDUCTMTJES WITH VALUES OBTAINED FROM 
REDUCED STATE CORRELATION AND RANGE INVESTIGATED 

Deviat ion,  % 
T h i s  inves-  O w e n s  and Range investigated 

Bromine 
Carbon monoxide 
Chlorine 
F1 uorine 
Hydrogen bromide 
Hydrogen chlor ide 
Hydrogen f 1 uor i d e  
Iodine 
Nitr ic  oxide 
Nitrogen 

Oxygen 

3 

0.3065 
0.2943 
0.2758 - 
- 

0.2656 - 
- 

0.25 13 
0.29 15 

0.2935 

t igat ion 

1.3 1 
1.04 
2.76 
3.12 
1.98 
1.13 
1.15 
1.93 
1.00 
1.39 

ductivity of diatomic gases have been 
compiled for the purpose of developing 
a reduced-state correlation (47). This 
correlation is generalized for the diatomic 
gases and extends over temperatures 
ranging from TR = 0.3 to TR = 85 and 
pressures extending up  to  PR = 100. 

1.67 

PREVIOUS CORRELATING PROCEDURES 

Early attempts at predicting transport 
properties were based on kinetic theory 
considerations. Maxwell (38) showed the 
consequences of treating molecules as 
point centers of forces which vary inversely 
as the fifth power of the distance between 
them. Chapman (8), assuming only spheri- 
cal molecules, derived a thermal-conduc- 
tivity expression which was limited by the 
accuracy of values for heat capacity and 
viscosity. Eucken (13, 1 4 )  proposed a 
relationship to  account for the effect of 
internal energy in polyatomic molecules. 

Sutherland (57)  proposed an equation 
for the thermal conductivity a t  atmos- 
pheric pressure as an explicit function of 
temperature, and Enskog (1.2) and Keyes 
(31 )  developed the Sutherland type of 
relationships based on data in limited 
temperature intervals. 

Hirschfelder, Curtiss, and Bird (23) 
present a first approximation to the thermal 
conductivity of monatomic gases: 

For the inert gases Owens and Thodos 
(4a) found good agreement between experi- 
mental values and the results obtained 
with Equation (1). For polyatomic mole- 
cules Equation (1 )  must be corrected for 
the transfer of energy between translational 
and internal degrees of freedom. The cor- 
rection factor to  be applied to  Equation 
(1) is 1 + 1 2 / 5 ( ~ 0 / ~ [ ( 2 / 3 ) ( C , / R )  - 111. 
For the restricted condition of p D / p  = 1 
this factor reduces t o  the Eucken correc- 
tion, and the modified form of Equation 
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Thodos  (42) 

2.4 
5.6 

- 

- 
- 
3.4 - 
- 
1.00 
2.6 

TR 
0.47- 1.88 
0.59- 2.83 
0.48- 1.62 
0.65-6.94 
0.26- 1.60 
0.61-1.78 
0.53- 1.56 
0.57-0.88 
0.67-2.09 
0.5 1-8.50 

2.7 0.43-5.08 

( I )  for polyatomic gases becomes 

PR 
0.0008-0.00 13 
0.0003-0.0290 
0.0009-0.0 13 1 
0.00 17-0.0060 
0.0020-0.0039 
0.0034-0.0042 
0.0007-0.0070 
0.0006-0.0020 

0.0156 
0.000 1-74.1 

[kllEUCken = [& % + ;][k,i (2) 

An attempt to  predict thermal con- 
ductivity a t  higher pressures follows from 
the theory of Enskog ( l a ) .  For a gas com- 
posed of molecules that are mutually 
attracting rigid spheres, Enskog presents a 
power-series function in density to relate 
the thermal conductivity a t  high pressures 
to that at low pressures. A simpler power- 
series type of expansion has been used by 
Michels and Botzen (3.9) to account for 
pressure effects a t  isothermal conditions. 

The correlating methods discussed pos- 
sess certain serious limitations. The appli- 
cation of their equations must be confined 
to the temperature range for which they 
have been developed, and the majority of 
these expressions are restricted to moder- 
ate pressures. Furthermore these equations 
are not expedient to use, since the refine- 
ments which have increased their accuracy 
limit their ease of application. 

Comings and Nathan ( 9 )  present a 
simple graphical correlation for the pre- 
diction of thermal conductivity for gases 
a t  high pressures, which was developed 
by the use of viscosity and PVT-data for 
nitrogen, argon, and methane in the Enskog 
equation. Calculated thermal-conductivity 
ratios k /k*  were plotted against reduced 
pressure with parameters of constant re- 
duced temperature. Although later modi- 
fied and extended by Lenoir, Junk, and 
Comings (379, the final correlation is 
limited to temperatures between TR = 1.0 
and 3.0 and pressures of PR < 7.0. 

A more extensive correlation was de- 
veloped by Gamson (19) .  This represents 
an initial attempt toward generalization 
by means of the concept of kR. This corre- 
lation extends to temperatures of T R  = 10 
and pressures of F'R = 30; however no 
consideration is given to the liquid state. 
Owing to  an overgeneralized approach 
embodying data for twenty-seven gases, 
the correlation is claimed to be reliable 
t o  within only 15%. 

Owens and Thodos (4.2) have developed 
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a reduced-state correlation for the liquid 
and gaseous states based solely on experi- 
mental data for the inert gases. By re- 
stricting their method of approach to a 
family of similar substances, they presented 
a final correlation that was capable of 
reproducing the experimental data to 
within 2%. In  view of these improved 
results, an analogous approach has been 
adopted for the investigation of the di- 
atomic gases. 

CORRELATION OF DATA 

An extensive literature survey was 
undertaken t o  compile the available 
thermal-conductivity data  of the di- 
atomic gases. The ranges of temperature 
and pressure and sources of experimental 
da ta  are presented in Table 1. 

Based only upon the atmospheric 
data, Figure 1 presents a log-log plot 
of experimental values of k* as a func- 
tion of reduced temperature TR = T/T,. 
This figure also indicates the twelve 
gases considered in this study. The  
notable characteristic of this plot is the 
parallelism exhibited by the relationships 
of t h e  various gases. An exception to 
this is noted for hydrogen at higher 
temperatures. As postulated from kinetic 
theory, the behavior of corresponding 
states should apply to a family of sub- 
stances possessing molecules of similar 
shapes and having the sakne inter- 
molecular-force relationships. The paral- 
lelism noted suggests that the behavior 
of corresponding states should apply to 
diatomic gases with the exception of 
hydrogen. An explanation for this anoma- 
lous behavior has been advanced in terms 
of quantum deviations by de Boer and 
Bird (10). For t h e  hydrogen data to  con- 
form with those of the other diatomic 
gases, an adjustment of the critical con- 
stants has been utilized by previous in- 
vestigators. Owing to their empirical 
nature, these adjustments vary between 
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unique relationship for the diatomic 
gases is defined by Equation (4). The 
relationship is linear below T R  = 1.0 
and above T R  = 2.5 and can be expressed 
as 

k* _ _ -  * - T R  (TR I 1.0) (6) 
k T ,  
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Fig. 3. Ratio of thermal conductivity-temperature relationship for diatomic 
gases a t  atmospheric pressure. 

investigators and are applicable in 
limited ranges of temperature and pres- 
sure': A more direct and reliable approach 
is to consider the properties of hydrogen 
separately from those of the diatomic 
gases (48) ; consequently, hydrogen has 
been eliminated from further consider- 
ation in these studies. 

The similarity of the relationships 
shown in Figure 1 suggests the repre- 
sentation of these curves by an equation 
of the form 

log k* = n log T ,  + log H (3) 

For the boundary condition of TR = 1, 
k* equals kTc*. Thus Equation (3) 
becomes 

= n log T R  (4) k* 
1% IcT,* 

Equation (4) indicates that a unique 
relationship exists for the diatomic gases 
when the ratio k*/kTe* is related to TE. 
This requires a knowledge of kT.* values 
specific to each substance. 

To obtain k,,* values more accurately 
than could be obtained from Figure 1, 
advantage is taken of the linearity that 
exists a t  low temperatures, when k* is 
related to temperature on rectilinear 
coordinates. Therefore the low-tempem 
ture thermal-conductivity data for these 
gases are plotted in Figure 2 as a function 
of TR. The values of kT,* along with the 
critical temperatures are presented in 
Figure 2. 

An attempt to correlate kTc* values 
as a function of molecular weight and 
the critical values T,, Pc, and z, has been 
made. These studies indicate that k~.* 
is independent of 2,. Trial-and-error 
procedures using the critical constants 
resulted in the expression 

D 9/16 

Equation (5) is specific to diatomic gases 
and reliable to 3.4%. 

The kTc* values from Figure 2 and 
the experimental k* values were used to 
calculate ratios of k*/kT,*, which were 
plotted against reduced temperature to 
produce the curve of Figure 3. This 

with temperature at atmospheric pres- 
sure. Sherratt and Griffiths (50) state 
that thermal conductivity is independent 
of pressure from 1 atm. down to 5 cm. 
of mercury. Spencer-Gregory and 
Marshall (52, 53) indicate that the 
lower limit is between 0.49 and 1.1 cm. 
of mercury. For pressures above 1 atm. 
thermal conductivity is dependent not 
only on temperature but also on pressure. 

While extensive data are available at  
1 atm., esperimental values at higher 
pressures are limited owing to inherent 
difficulties in obtaining such values. Of 
the eleven gases considered in this study 
nitrogen and oxygen are the only ones 
for which sufficient data exist to permit 
the development of a correlation over 
estensive conditions of temperature and 
pressure. Even for nitrogen and oxygen 
too many high-pressure data are lacking 
to permit this development by direct 
cross-plotting techniques. 
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To handle the high-pressure data 
presently available, use was made of an 
extension to the method of Abas-Zade 
(1). His correlations, developed from the 
consideration of functions of invariant 
quantities, relate thermal conductivity 
to density and suggest correlating the 
residual thermal conductivity k - k* 
with the density to cover the liquid and 
gaseous states. Thermal conductivities at 
atmospheric pressure were substracted 
from high-pressure thermal conductivities 
at the same temperature and plotted 
against density to produce the relation- 
ship presented in Figure 4 for nitrogen 
and Figure 5 for oxygen. The advantage 
of these correlations is twofold. First is 
the ability to bring together as a con- 
tinuous curve the high-pressure gaseous 
data (25,26,39) and the low-temperature 
liquid data (43,59) ; secondly, the thermal 
conductivity a t  any condition of tem- 
perature and pressure can be obtained 
from a knowledge of p and k*. In  partic- 
ular k, can be evaluated. 

When one uses in Figure 4 a value of 
pe = 0.3107 g./cc. (35) for the critical 
density of nitrogen, the residual thermal 
conductivity at the critical point becomes 
kc - kr,* = 5.78 X cal./sec. 
cm. OK. Adding to this value kTc* = 
2.77 x 10-5 cal./sec. cm. OK., one 
can determine the critical thermal con- 
ductivity to be 8.55 X 10-5 cal./sec. 
cm. OK. Likewise when one uses in 
Figure 5 a value of pc = 0.430 g./cc. (61) 
for the critical density of oxygen, the 
residual thermal conductivity at the 
critical point becomes kc - kTs* * =  

7.00 X 10-5 cal./sec. cm. OK. Addlng 
to this value kTc* = 3.40 X cal./sec. 
cm. OK., one can determine the critical 
thermal conductivity to be 10.40 X 10-6 
cal./sec. cm. OK. These critical values 
permit the construction of reduced 
thermal-conductivity correlations. 

The liquid and high-pressure-gaseous 
experimental data are more plentiful for 
nitrogen than for oxygen; moreover, the 
nitrogen data are considered more reli- 
able. Therefore preference has been 
given to this substance for the develop- 
ment of a reduced-state correlation 
applicable to the diatomic gases. 

The division of atmospheric thermal 
conductivities by kc enabled the con- 
struction of the base isobar, PR % 0. 
For pressures above 1 atm. densities a t  
specific conditions of temperature and 
pressure were used to obtain residual 
thermal conductivities k - k* from 
Figure 4. Values of k* at the specified 
temperatures were added to these resid- 
uals to produce thermal conductivities 
corresponding to the density conditions 
of temperature and pressure. Dividing 
these values of k by k,, one obtained 
reduced thermal conductivities for pres- 
sures above 1 atm. These reduced values 
of kR were plotted against reduced tem- 
perature for parameters of constant 
reduced pressure. The final correlation 
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Fig. 5. Residual thermal-conductivity-density relationship 
for oxygen in the liquid and gaseous states. 

is presented in Figure 6. It extends 
from the high-temperature gaseous 
region, through the critical point, and 
into the liquid state. This correlation, 
based only on experimental nitrogen 
data, enables the determination of re- 
duced thermal conductivities for diatomic 
gases from atmospheric pressure to 
PR = 100 and for temperatures up to 

To obtain absolute thermal conduc- 
tivities requires a critical value for each 
substance. Since experimental data are 
limited to atmospheric pressure for the 
diatomic gases other than nitrogen and 
o.xygen, correlations similar to Figures 
4 and 5 cannot be developed. Hence kc 
cannot be established from experimental 
data in a manner similar to that used 
for nitrogen and oxygen. Instead critical 
thermal conductivities can be obtained by 
the division of kR values from Figure 6 
into experimental values which are 
available only at atmospheric pressure. 

A more rigorous approach is based on 
the concept of corresponding states as 
postulated by the parallel curves of 
Figure 1. The analytical expression for 
these relationships is given by Equation 
(3). Substracting log kc from both sides 
yields 

T R  = 85. 

or 

As before, at T R  = 1.0, k* = kTeh, and 
therefore 

or 

With the use of the values Ic, = 8.55 X 
10-5 cal./sec. cm. OK. and kT,* = 2.77 X 
10-5 cal./sec. cm. OK., the ratio k J k ~ ~ *  = 
3.087 was calculated for nitrogen. Like- 
wise with the use of the values kc = 
10.4 X 10-5 cal./sec. cm. OK. and kT,* = 
3.40 x 10-5 cal./sec. cm. O K . ,  the ratio 
kc/&.* = 3.059 was calculated for 
oxygen. The close agreement of these two 
results validates the use of Equation 
(11) to calculate values of kc for the other 
diatomic substances. Since Figure 6 has 
been developed from nitrogen data, the 
value of A = 3.087 was selected: it 
is in contrast to the value of 2.60 proposed 
by Gamson (19) for the twenty-seven 
gases included in that study. From this 
value in Equation (11) and the values of 
kTo* obtained from Figure 2, critical 
thermal conductivities were calculated 
for the other diatomic gases. These values 
are presented in Figure 6 along with the 
critical temperatures and pressures. 

DISCUSSION OF RESULTS 

The reduced-state correlation pre- 
sented in Figure 6 has been recommended 
for the prediction of thermal con- 
ductivities for the diatomic gases in the 
gaseous and liquid states. Its utility 
depends upon the consistency with which 
it reproduces experimental data. To be 
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useful, it must be reliable in determining 
thermal conductivities not only for 
nitrogen, for which it was developed, 
but also for the other diatomic gases for 
which it is recommended. Accordingly 
thermal conductivities at the experi- 
mental conditions of temperature and 
pressure have been calculated by means 
of this correlation for purposes of com- 
parison with the experimental data. 

Consideration of one hundred fifty 
nitrogen values representing the available 
ranges of temperature and pressure 
produced agreement to within 1.39%. 
The causes for the average deviation 
lie in the experimental measurements 
as well as in the techniques utilized to 
construct the final correlation. Inherent 
difficulties are encountered a t  high pres- 
sures. This is evidenced by the lack of 
accurate data over extensive ranges of 
temperature and pressure. Even a t  
atmospheric pressure and 273°K. the 
usually reliable data of Keyes (30, 32, 
34) are found to disagree within them- 
selves by as much as 2.95%. 

In an attempt to produce a reliable 
correlation, consideration has been given 

kT.* kc 

pheric pressure. The extent of liquid 
data is limited to the vdues reported by 
Borovik, Matveev, and Panina (6) for 
carbon monoxide; their results were 
found to agree to within 3.30%. From 
the results of the comparisons presented 
for the eleven gases considered in this 
study, it can be concluded that Figure 6 
not only reproduces the experimental 
nitrogen data from which it was de- 
veloped but is also reliable as a general- 
ized correlation for the other diatomic 
gases. This is valid provided these sub- 
stances do not possess anomalous be- 
havior as encountered for liquid oxygen. 

As indicated early in this study, hydro- 
gen deviated from a corresponding- 
states behavior; hence it cannot be 
included in the generalized reduced 
state correlation of Figure 6. Considera- 
tion has been given to z, as a possible 
parameter for correlating k,/kT,* ratios. 
Because high-pressure thermal-conduc- 
tivity data are available for hydrogen 
(48), values of kc and kTa* were obtained 
in a manner analogous to that used for 
nitrogen and oxygen. These values as  
well as zc and the product $ / k ~ , *  z, for 
these three gases are as follows: 

kc lh * 2, kc/kT,* 2, 
Hydrogen 5.40 X 10-6 15.9 X 2.944 0.3045 0.8964 
Nitrogen 2.77 8.55 

L 

Oxygen 3.40 10.4 
3.087 0.2915 0.8999 
3.059 0.2935 0.8978 

~~ 

to all the available nitrogen data. Other 
than the elimination of those investi- 
gators whose data were obviously out 
of line from the general trends, no dis- 
crimination has been made. Such elimina- 
tion is justified by the fact that deviations 
of 30% were found for the data of Ham- 
mann (22) and 7.9% for those of Borovik 
et d. (4, 6, 6). 

To test the usefulness of Figure 6 as a 
correlation generalied for the diatomic 
gases, comparisons with available experi- 
mental data have been made in a manner 
similar to that employed for nitrogen. 
Agreement to within 1.67% was ob- 
tained for oxygen in the gaseous state. 
While this deviation is not large, it does 
not include the liquid data of Hammann 
(22) and Ziebland and Burton (66). 
Their results deviate by 6.03 and 16.95% 
respectively. Disagreement of this magni- 
tude was also encountered in viscosity 
studies ('7) and, as pointed out by Bird 
(a), can be explained as the result of 
paramagnetic effects associated with 
liquid oxygen. 

The results of comparing values cal- 
culted from Figure 6 with experimental 
data for the remaining diatomic gases 
considered in this study are summarized 
in Table 1, which also presents the devia- 
tions for nitrogen and oxygen and those 
obtained by use of the inert gas correla- 
tion of Owens and Thodos (62). It k to 
be noted that except for nitrogen and 
oxygen these deviations are for the 
gaseous data available only a t  atmos- 

If these substances adhere strictly to the 
behavior of corresponding states, values 
for the ratio k,/kTc* should be identical, 
as postulated from Equation (11), but 
they are not. Multiplying these ratios by 
their respective critical compressibility 
factors, one can produce values which 
are essentially the same. From the 
average of these values, the following 
relationship is proposed: 

+ x c  = 0.8980 
k T .  

This equation is recommended to ac- 
count for deviations from the behavior 
of corresponding states for the diatomic 
gases. 

Since values of kc for the other diatomic 
gases have been calculated from Equa- 
tion (11) with A = 3.087 resulting from 
&/kT,* for nitrogen, it would be mean- 
ingless to use these values in Equation 
(12). Hence until more direct means 
become available for obtaining k, values 
from experimental data the validity of 
Equation (12) cannot be tested 
rigorously. 
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NOTATION 

A = constant, kc/H 
C. = heat capacity a t  constant volume 

H = constant 
k = thermal conductivity, cal./sec. 

cm. OK. 
k* = thermal conductivity a t  moderate 

pressures (1 atm.), cal./sec. em. 
OK. 

kc = critical thermal conductivity, 
cal./sec. cm. OK. 

kR = reduced thermal conductivity, 
k / t  

k~.* = thermal conductivity at the 
critical temperature and atmos- 
pheric pressure, cal./sec. cm. OK. 

M = molecular weight 
n = exponent, p(TR)  
P = pressure, atm. 
Pc = critical pressure, atm. 
PE = reduced pressure, P/Pc 
R = gas constant 
T = absolute temperature, OK. 
T, = critical temperature, OK. 
TN = normalized temperature, T / ( E / K )  
TR = reduced temperature, TIT,  
z, = critical compressibility factor 

Greek Letters 

c = maximum energy of attraction of 
two molecules for the Lennard- 
Jones potential function, erg. 

K = Boltzmann constant, 1.3805 X 
lo-'@ ergs/"K. 

p = density, g./cc. 
pc = critical density, g./cc. 
u = collision diameter for the 

Lennard-Jones potential function, 
A. 

Q(a.z)*[TN] = collision integral for 
Lennard-Jones potential function 
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