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The viscosity and thermal conductivity coefficients of dilute oxygen and nitrogen are discussed
and tables of values are presented for temperatures between 80 and 2000 K. The oxygen viscosity
tables are estimated to be accurate to two percent for temperatures up to 400 K and four percent above
that temperature; the nitrogen viscosity tables are estimated to be reliable to one percent in the range
100-1000 K, increasing to two percent above 1000 X and below 100 K. The error assigned to the ther-
mal conduectivity is three percent below 400 K and five percent above 400 K for both gases. The tables
were calculated from the appropriate kinetic theory equations using the m-6-8 model potential with
nonspherical contributions. The approximations to the equations are discussed. It is emphasized that
the available data for oxygen viscosity are generally poor and that the thermal conductivity data for
both oxygen and nitrogen cannot be considered reliable at high temperatures. No oxygen data exist for

temperatures above 1500 K.~
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1. Introduction

In a recent publication (referred 10 as D {114, the trans-
port properties of the heavy rare gases were discussed
and tables of the viscosity and thermal conductivity
coefficients were presented. The correlation attempted

to ensure that these two properties were mutually

consistent for a given gas and were also consistent with
other independent properties of the same gas. It was
stressed that the correlation was weighted to favor the
more recent viscosity ‘data (i.e., reported since about
1968) which have been shown to be generally more re-
liable than corresponding older data.

In this paper the correlation procedure is extended
to cover the transport properties of two nonpolar poly-
atomic gases, nitrogen and oxygen. Tabulated viscosity
and thermal conductivity coeflicients are presented for
the temperature range 80-2000 K.

2. Data

We have some remarks on the nitrogen and oxygen
data but experimental techniques are not discussed.
References on experimental techniques are listed in 1.

Viscosity

A conclusion from I was that the available rare gas
viscosity data are generally satisfactory, for argon
especially. The conclusion was supported by experi-
mental arguments, e.g., l)y comparing results obtained
from different techniques—the oscillating disc, the
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oscillating crystal and the capillary flow techniques,
and by semi-theoretical arguments showing that the
intermolecular potential function, selected to correlate
viscosity data via kinetic theory, can correlate other
independent properties without parameter adjustment.
Since most of the sources responsible for the rare gas
data report data for nitrogen, one can initially assume
that these nitrogen viscosities are probably reliable.
We refer specifically to the work of Kestin [2], Smith
{3, 4], Gracki [5], and Guevara [6] whose data will form
the basis for the nitrogen correlation (see table 1).2
Unfortunately, the data base for an oxygen correlation
cannot be considered sarisfactory. Several data sets
are in the literature, but viscosities above room tempera-
ture are due to Trautz [11] and to Raw and Ellis [12].
The data of Trautz, reported 40 years ago, have to he
regarded as seriously in error at the higher tempera-
tures [13] and those of reference [12] are not internally
consistent [14]. The published data for viscosities below
room temperature are mainly due to Johnston {8] and
are probably slightly too high.3
In order to present tabulated viscosities for oxygen
which take into account the very probable errors in the
data, we have had to make adjustments to the data
based on the following observation: Figure 1 shows a
curve giving the deviations between recent and corre-
sponding older viscosity coefficients for several gases:
argon, helium, methane, nitrogen, and air. The recent
work is represented by Smith [3, 4, 15, 16], Guevara [6],
and Kestin [2] while the older work is represented by
2 Tables have been placed at the end of this paper.
31t was noted in I that the work of references {2-6] reflects the significant improvement in
the state-of-the-art of viscosity
d that many vi prior to that time are systematically in error outside
a temperature range of ~ 250 to ~400 K. In lar, at high P the modern
experiments give viscosity coefficients which tend to be higher than their older equivalents;

corresponding data differ by 1-10 percent in the range 400 to 2000 K—the difference
increasing with temperature. At low ures, the di ble but

the modern data tend to be generally lower by 1/2-2 percent—the difference increasing as
the temperature decreases.

of the last six years or so. In fact, it is commonly
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Johnston [8, 17] and Trautz [18). The curve is smoothed
and schematic (see reference [14] for more discussion)
but it illustrates that, to a first approximation, the dis-
crepancy between the two representative sets of data
does not depend on the gas considered but depends
only on the temperature.

to check the correlation procedure than as primary
input data. _

For the gases of interest here, oxygen and nitroger
the first remark is directly relevant but the second re-
quires modification: the thermal conductivity coefficient
can be calculated given the viscosity but the relation-
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FIGURE 1. Schematic diagram illustrating differences between old and recent viscosity data for the

gases argon, helium, methane, nitrogen, and air. To a first approximation the difference is
independent of the gas, reflected by the fact that a single curve is shown in the figure.

Accordingly, we have adjusted the oxygen viscosity
data from references [8] and [11] (see also [18]) by the
percentage indicated in figure 1 at the proper tempera-
ture. The adjusted data are listed in table 2 and,
together with much more limited results from refer-
ences [7] and [19-~22], form the basis for the oxygen
correlation.

Thermal Conductivity

Two remarks were made in I concerning thermal
conductivity data. The first commented on the experi-
mental problems in measuring the coefficient. Only
two apparatuses, the parallel plate and the concentric
cylinder devices, seem capable of measuring the ther-
mal conductivity coefficient with high accuracy and only
very few authors can claim to have, on experimental
grounds, reliable results. Generally, therefore, thermal
conductivity values are imprecise. (Very recent advances
with a transient hot wire technique [23) indicate that
considerable improvements are possible in measuring
the conductivity over a wide range of density and
temperature.) .

The second remark concerned the simple relation-
ship that exists for monatomic gases between the vis-
cosity and thermal conductivity coeficients: If reliable
viscosity data are available, the thermal conductivity
coefficient can generally be predicted to an accuracy
better than it can presently be measured. In other
words, thermal conductivity results were used in I more
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ship is more complicated and involves several assump-
tions which are difficult to assess. Nevertheless, the
overall accuracy of the thermal conductivity data in the
literature is such that an empirical correlation of these
data would not give tabular values to better than 5-10
percent. In our judgment, a correlation based on cal-
culated values would represent the data to within this
accuracy and the values would be consistent with the
corresponding viscosity coefficients (to within the the-
oretical assumptions). Hence, as for the rare gases,
thermal conductivity data for nitrogen and oxygen
are not used as primary information for the purposes
of this paper. :

Data from the following sources were selected to
compare the calculations with experiment: nitrogen,
references [24~27]; oxygen, references [24, 35, 38-45]
(table 1). For a given gas, the data from different sources
agrec to within about 5 percent in the temperature
range ~ 100-1000 K. At very low temperatures and at
temperatures above 1000 K, the agreement becomes
worse; about 10 percent at 100 K and about 15 percent
at 1500 X, for example. From an experimental analysis
of the experimental techniques involved, the data from
reference [25] (concentric cylinder apparatus), refer-
ences [30 and 37] (parallel plate), and reference [29]
(transient hot wire) can be considered the more reliable
although it is suspected that the data from references [30]
and [37] may be erroneous at high densities due to con-
vection problems in the measurement. Also the results
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from references [26] and {27] for gases other than oxygen
or nitrogen— specifically for the rare gases from [27]
and carbon dioxide from [26]—seem reliable. We note,
however, that data above 1500 K are very scarce and
that none of the above mentioned references apply to
oxygen.

Compilations of references for the transport properties
of oxygen and nitrogen, including those not discussed
here are given in references [14, 46,47, and 48].

3. Kinetic Theory Equations

The kinetic theory of dilute monatomic gases leads
to expressions for the viscosity and thermal conductivity
coefficients which form the basis for a tabulation of
values provided a suitable intcrmolccular potential,
&, is available. The spherically’ symmetric m—6-8
was used in 1:

) =g [6+27) (=)

_m—f_g[@—y(m—s)](ir-'ﬂ)°—ve(5,ﬂ)e, (1)

where ®;(rm) =—e€. For later use, we define a distance
parameter- @ by ®,(c)=0. The potential has four
adjustable parameters; m, v, €, and rm (0F ).

The kinetic theory of polyatomic gases has been dis-
cussed by several authors [49-51} and formal expres-
sions for the transport coefficients have been presented
which correspond to first order Chapman-Enskog solu-
tions of the Boltzmann equation. Mason and Monchick
and their co-workers have discussed these very complex
equations in considerable detail [52-55] and proposed
workable and more practical adaptations. Their equa-
tions are the foundation for the correlations presented
‘here. Since they are not as familiar as the corresponding
equations for the monatomic gases, the necessary ap-
proximations are summarized.

Two major complications are introduced when kinetic
theory is extended to polyatomic gases: a) the molecular
collisions are inelastic, b) the intermolecular interactions
will be angle dependent, i.e., will depend on the relative
orientations of the colliding molecules.

3.1. Inelastic Collisions

Consider first. the viscosity. The formal expression
for this coefhicient, 7, is

5 (mmkT)
716 wa2 (QED%) @)

where the collision integral is given by

A4

(Qeaty =00

f [g** (1 —cos? x)

- 2T*
-3 (8'*2+ g*2 sin? x) Ae]

- exp [~ €2 — €2 — g*2/T*]b*db*g*dg*dw:dw2, 3)

where 4 =f exp (— e;’) dw;, (j=1, 2). The angular

brackets will be explained shortly.

In the above equations, m is the mass of a molecule,
k Boltzmann’s constant and T the temperature in kelvin.
We have discussed the reduced quantities in 1. Given
an energy parameter € and distance parameter o defined
by equation (1), g*[=mg/de] is the reduced relative
velocity of molecules 1 and 2 before a collision and g'*
the reduced relative velocity after a collision, b* is
reduced impact parameter [=bfo}, and T* the re-
duced temperature [=7/(e/k)]. Thc anglc ¥, is: the
deflection angle defined by equation (4) of 1.

Equation (3) is seen to be similar to the viscosity
collision integral for an elastic collision [equation (6)
of I] except that the internal energy of the molecules
is now included, viz., if E; is the energy of molecule i
due to internal degrees of freedom with coordinates
and momenta about the cenier of mass of molecule {
given by wi, 2=Eife and Ae®=€? + €5 —e?—e)=g*? —
&' *2, where the primes refer to quantities after a collision.

The polyatomic gas viscosity expression is thus
formally close to that for the monatomic gas. The cor-
responding expression for the thermal conductivity
coefficient is more involved, however. Not only are the
collision integrals more complex, but internal energy is
transferred through the gas by a diffusion mechanism.
Further, the formal derivation of the conductivity
expression includes a contribution directly proportional
to powers of Ae®. Experience has shown that this contri-
bution should not be neglected unless Ae? is very close
to zero. Fortunately Monchick and Mason [54, 55]
have considerably clarified the formal expression by
gathering terms and relating the results to macroscopic
properties. Specifically the transfer of internal energy

is accounted for by an internal diffusion coefficient,
D int:

5 (amiyn
pD iy 8 o2 (QUI* (iny)) @

where p is the mass density and (Q0:Y* (int)) is a colli-
sion integral similar to, but not the same as, the collision
integral for ordinary diffusion. The energy transfer
between translational and internal modes, Ae°, is ex-
pressed in terms of a relaxation time 7 which turns
out to be proportional to (Ae®)-2. In turn a collision
number, Z, is defined by the relation

Z = 1l7e, - (5)

where 7. is the mean time between collisions. Clearly
as Ae® — 0, Z — . We refer to reference [55] for the

J. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973



738 H. J. M. HANLEY AND JAMES F. ELY

detailed equations for (Q4-1* (int)) and for 7.
The final equation for the thermal conductivity of a
polyatomic gas, A, is

5 (3k v (5 eDuns
r=31E L)+ pmct—n(3-2m) s, 6)

where ¢ is the internal specific heat at constant volume
and

22_6_",’(§_"PD1'"1>[ _z_(é_”_*f_’é pDint)]‘l
A1T22 7 1+1TZ3k+1) - @

(in writing these equations, we have assumed that only
one internal-translational energy interaction has to be
considered; in most cases this would be the rotation-
translation.)

It is important to note that equations (2) and (6)
are exact and subject only to the first order solution of
‘the Boltzmann equation [56]. However, approximations
are necessary in order to apply them in practice:

1. As Monchick and Mason peint out [53, 54], on the
average the term Ae® vanishes on integration but, in
any case, it is nearly always reasonable to assume that
A€’ < g*2, Hence, the collision integrals (Q@2)*) for
viscosity and thermal conductivity (and (Q@:D%) for
diffusion) approach those derived for elastic collisions,
given in I for example. (We have ignored for the moment,
the problems associated with nonspherical inter-
actions.)

2. It is impractical to calculate Dy, at this time and sev-
eral authors have discussed means to write Dy, in terms
of obtainable quantities. We refer to the paper of Sandler
[56], for cxamplc. The simplest approach is to set Dy,
equal to Dy, the coefficient of self-diffusion for elastic
collisions. This definitely is an approximation but
comparisons of the thermal conductivity coeflicient
between theory and experiment with more elaborate
forms for D, are inconclusive because experimental
thermal conductivity data are too imprecise. Therefore,
we will use D1 for Dyy.

3. The equation for A will be truncated to first order in
1/Z.

To summarize, the equations for the viscosity and
thermal conductivity for a polyatomic gas used in this
paper are

_ 5 (mmkT)*® '
=16 mor(ned*) © ®
where
3 (B(QEdr) e

fn =1 +'1—% ( {QEI%y - 7) . (9)

5 3 k ZC'C 5 pDn 2
)\ _ - n__Zv — — O
2" (2 m)“’D“Cv az" (2 7 ) » (9
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nonspherical molecules

with
_ 5 (7 mkT)12
pDu —E “—‘—‘—‘17_0_2{0(1,1)*): Dy (11}
where
_ (6C* — 5)2
fo=1+JesTag 12)

The terms A* and C* are combinations of collision inte-
grals:

*‘= <Q(2’2)*) / <ﬂ(l,1)*), (13)
C*=(QU-2%) [(QU.1%) 14)

In these equations, (Q:9)*), (in general [, s=1, 2, 3).
are angularly averaged collision integrals.

(We have not been consistent in that the formal equa-
tions for polyatomic gases have been presented to the
first order Chapman-Enskog solution only but the equa-
tions (8) and (11) are writien to second order. This
assumes therefore, that the viscosity and diffusion
equations for a polyatomic gas have the same form as
the equations for a monatomic gas, at least to a second
order approximation. For a monatomic gas, these coefli-
cients should be calculated with the second order
correction.)

3.2. Nonspherical Interactions

The purpose of the bracket notation in equations
(8)-(14) is next discussed. Although equations for the
transport properties of a polyatomic gas are known,
they strictly cannot be used unless provision is made
for nonspherical interactions. In other words, when two
collide the intermolecular
force is dependent on the relative orientation—and
under these circumstances the dynamics of a binary
collision become extremely complex and effectively
unsolvable. Mason, et al. have, however, proposed a
straightfurwaid alternative [57]. If the relative orienta-
tion of of two molecules during the collision is considered
fixed, then it can be shown without approximation that
the collision integrals become the weighted average
of the collision integrals evaluated at a fixed orientation.
Specifically, writing ® (i, 62, ¢, r) as the interaction
potential for two axially symmetric nonspherical mole-
cules with orientation angles 6;, &, and ¢, defined in
the standard way |58], giving equal weight to all possible
fixed orientations. the collision integral becomes

1 n 1 1

(QU*) = — j f f
w

0 © 0

Q0% ] (cos 01) d(cusly) de. (15)

Therefore, we have two extra assumptions to add to
those in section 3.1: (a) that the molecules collide with
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fixed orientations and (b) that all orientations are
equally probable. Beyond stating that these assump-
tions seem reasonable, it is not clear what degree of
approximation they introduce into a numerical cal-
culation of a transport property.

On the basis of these arguments, equations (8) and
(10) for the viscosity and thermal conductivity coefhi-
cients respectively can be the foundation for tabular
values given a suitable potential function. At this stage,
however, we should point out that it has been shown [59]
that the m—6-8 spherical potential of equation (1) can
correlate the viscosity and thermal conductivity co-
efficients of oxygen and nitrogen to within experimental
error. This implies that the angularly averaged collision
integrals of equation (15) cannot be much different from
the angle independent integrals, and that the m—6-—8
potential parameters, selected on the basis that the
intermolecular interactions are.spherically symmetric,
take into account some of the nonspherical character-
istics. A similar conclusion would follow if any suffi-
ciently flexible model potential were used. A correlation
could be achieved, therefore, without having to compute
angle averaged collision integrals. In I, however, it was
stressed that the calculations of the viscosity and
thermal conductivity coefficients for the monatomic
gases were not only mutually consistent but were also
consistent with independent properties such as the
second virial coefficient. This overall consistency
allowed one to minimize the possibility of serious
systematic errors in the transport calculations and to
have confidence in extrapolating the calculations out-
side the range of data. One cannot obtain this overall
consistent picture for polyatomic gases using a spherical
potential. A more sophisticated approach, which does
not require angle averaged collision integrals, is to
consider nonspherical contrihutions to the patential, but

then assume that they do not play a role in the collision -

integrals and obtain effective spherical potential param-
eters from a viscosity fit. The complete potential, with
these parameters, can then be used to calculate those
properties for which nonspherical contributions def-
initely have to be considered, the second virial coeffi-
cient in particular. This procedure has becn quite
successful [60], but is not sufficient to give a consistent
representation of several independent properties of the
polyatomic gas. We thought it worthwhile, therefore,
to calculate the viscosity and thermal conductivity
coeflicients as precisely as is practical at this time
bearing in mind that a representation of the transport
coeflicients to within experimental error is required.

4. Calculations

Dectails of the calculation proccdurc arc discussed in
this section.

4.1. The Potential Function

Following our arguments in the previous section, the
calculations are based on a model nonspherical poten-

tial. In general for polarizable, quadrupolar molecules
such as nitrogen and oxygen, the potential will have
the form:

®r=Oy(r) + P (quadrupole)+ P (induced-dipole)
+ @ (shape)+ ® (anisotropy).

The first term is the spherical contribution—to be
representied by the m—6-8 in our case—the second
term represents the electrostatic interactions of the
permanent multipole moments (quadrupoles) and the
third term represents the induced-dipole interactions
caused by the induction effect of the quadrupole mo-
ments. Finally, the last two terms depict the anisotropy
in the repulsive and atiractive forces, respectively.
However, we have chosen to neglect these latter two
contributions [60, 61] in our previous work for the
following reasons: (1) it is currently impossible to
determine independently the parameters for the shape’
part of the potential and (2) the spherical m—6-8 potential
yields a very reasonable representation of experimental
transport properties [59] and presumably, therefore,
anisotropy is at least partially accounted for in the
selection of spherical potential parameters, viz., m,
v,0, and €/ k.

The potential, therefore, is given by the formal
expression [62}:

Q7 (r, w1, W) =D(r) + Dgo(7, 01, @) +Qu(r, @, @),

(16)

where
Dyg(r, w1, ) =Q:V:Q,
Bii(r, o1, 00) =—$(U:Q) -+ (1—a-T)1-(U: Q).
an

In equation (16), ®;(r) is the spherical m~6—8 given by
equation (1). In equation (17), w, and @, denote the sets
of angles describing the orientations of the molecules
and T, U, and V are the two-dimensional supermatrices
[62, 73] whose components are the dipole-dipole, dipole-
quadrupolc,

interaction
tensors. The cartesian components of these tensors are

and ‘quadrupolc-quadrupolc

Top(r)=V.Vp(1r)

Uaa'y(r) = VQV3Vy(l/V‘)
and

Vagrs (r) =VaVgVyVs(1/r). (18)
« is a matrix whose components are the molecular
polarizahility tensors and Q is a supervector whose

elements are the molecular quadrupole moment tensors

d. Phys. Chem. Ref. Datg, Vol. 2, No. 4, 1973
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FIGURE 2. Variation of the rotational collision number (Z) for nitrogen and oxygen versus temperature.
The curves are based on_experimental data summarized in reference [70].

of the different molecules. The clements of these
tensors for axial molecules are

agy= a[(1—k)3gv+ 3kqsqv],

Qap= Ga4s0,

where a is the mean molecular polarizability, O is the
scalar quadrupole moment, k is the polarizability
anisotropy and q is the unit vector along the molecular
axis.

It is more convenient to rewrite the nonspherical con-
tributions in terms of the relative orientation angles of
the molecular pairs; 6y, 6, ¢ [see reference 58]. Then
one has

6*2
OF =& (r) +— F(6,, 62, 0)
r

9 a*O*?

r*B

G(6:,6:,0)+0(a2,0%). (19

The reduced quantities have been introduced: ®F = ®r/e,
O0*2=0?%(e0®), and a*=a/c3, where € and o are the
energy and distance parameters for the spherical
m—6-8. The second term of equation (19) represents
the quadrupole-quadrupole contribution while the third
term represents the first term of the induction contri-
bution from equation (17) neglecting the polarizability

" anisotropy. We presently feel that it is not necessary to
take this contribution to higher order for the transport
properties [calculations of the virial coefficients should
include terms up to third order in (0*2, &*)]. The ex-
pressions for F and G are

F=3%[1—5cos?8;,—5 cos? 8, — 15 cos? 6, cos® 8
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+ 2(sin 0 sin 0z cos ¢ — 4 cos 0; cos 02)2], (20) .

G=sin* 6, +sin® 6.+ 4 cos* 6; + 4 cos* 6z. 21)

Parameter Selection

The full potential of equation (19) is considered to
have four parameters only, all in the ®@; term. The other
variables — the quadrupole moment and polarizability —
are not treated as parameters and were obtained from
independent sources, as listed in table 3. The m—6-8
parameters for a given gas were determined by the
following procedure: _

1. Given the spherical collision integrals for the m—6-8
potential [68], initial estimates of m, ¥, o, and €/k were
obtained by requiring that the first approximation vis-
cosity equation [with fn=1 of equation (8)] fit the
selected viscosity data over the complete temperature
range of interest. Details are given in I and in reference
[59]. 1t should be recalled that this criterion, i.e., requir-
ing the potential to correlate viscosity data over a wide
temperature range, is restrictive and can only be
achieved with a flexible potential.

2. The value of m so obtained was then considered fixed.
Angle averaged collision integrals were then generated
from the potential of equation (19) for several values of ¥
given values of the quadrupole moment, polarizability
and the initial estimates of o and €/k. The calculation
procedure is discussed in the Appendix.

3. A value of vy was selected from a further viscosity fit
using the angle averaged collision integrals. This fit
also led to closer estimates of o and €/k.

4. Having m and v, final values of o and €/k were
obtained by fitting the second order viscosity equation
to the data. The parameters are summarized in table 3.
5. Tables of (QU:8*Y were thus generated for each gas
and are listed in the Appendix.
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4.2. Estimation of Z and c;

Determination of Z

Several experimental studies on the rotational collision
number have been published [68-71]; we refer to figures
2 and 3 of reference [70] for a summary. The variation
of Z with temperature for nitrogen and oxygen is shown
as figure 2 here. The curves indicate the mean.of the
data at a given temperature (the experimental un-
certainty in Z is about fifty percent). For our calculations,
the curves were represented by a table of Z versus
temperature and specific values of Z at a given tem-
perature were found by interpolation. For convenience,
Z above 1000 K was set at 9.5 and 7.5 for nitrogen and
oxygen respectively, and we set Z=0 at 0 X for inter-

741

polation purposes. It is appreciated that the estimation
of Z is very approximate but the experimental data do
not warrant a more sophisticated approach.

Determination of c,
The total specific heat at constant volume, ¢y, has

been precisely determined for nitrogen [72] and oxygen
{73]. The internal specific heat, ¢}, follows at once.

5. Results and Discussion

Tables for the viscosity and thermal conductivity
coefficients for nitrogen and oxygen were generated
from equations (8) and (10) as a function of temperature
and the results are presented as tables 4 and 5.
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FIGURE 3. Deviations between selected viscosity data and calculated values for nitrogen.
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FIGURE 4. Deviations between selected viscosity data and calculated values for oxygen. Key: upside
down triangle [7], triangle [8}, square {11, 12, 18], filled square [20-22], filled cirele [74])
Note, the data of reference {8] have been adjusted at low temperatures. The data of refes
ences [11, 12, 18} have been adjusted at high temperatures. se¢ 1able 2. We have included
the recent unpublished data of Haynes [74] in the figure.
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Figures 3 and 4 show deviations between experimental
viscosity coefficients and the tabulated values. Bearing
in mind that much of the viscosity data for oxygen has
been adjusted, the curves are satisfactory and indicate
a proper correlation has been achieved. One does
observe, however, the difference between the data of
Guevara [6] and that of Smith [4] for nitrogen. A similar
discrepancy was discussed for the rare gases in I but
could only be partially resolved. Here, as well, we cannot
recommend one set over the other. One also observes

that the low temperature nitrogen data of Johnston [8, 9]
tends to be high with respect to the correlation and to
other equivalent data. We have, however, already
remarked (section 2) that these data may be slightly
in error. '

Figures 5 and 6 illustrate the deviations between
tabulated and experimental thermal conduectivity co-
efficients. A first inspection of the figures indicates the
correlations are only partially successful because there
seems to be systematic differences between theory and
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expeiiment above about 600.K. Ilowever, since 1) there
are serious difficulties in measuring the thermal con-
ductivity coeflicient, 2) the preferred data for nitrogen
(references [25], [27], [29], [30], and [37]) are fitted to
within four percent, and 3) the approximations made in
the kinetic theory formulation become more realistic
as the temperature increases—Ae < kT, Z increases
with temperature, and the angularly dependent terms of
the potential function have a decreasing effect on the
collision integrals as the temperature increases (see
the Appendix)—one can suspect that uncertainty in the
data are primarily responsible for the large and some-
times systematic deviations in the figures. Clearly,
however, the correlation could stand improvement and
further reliable data are needed.

5.1. Reliability Assessment

In 1, the reliability of the tables for the rare gases was
assessed from two viewpoints: an experimental view-
point in which the correlation’ was compared to the
results from different authors and, especially, to the
results from different techniques, and a semi-theoretical
viewpoint involving the potential funetion. It was shown
that the model potential suitable for the correlation of
the viscosity coefficient could be used to satisfactorily
represent the independent properties, the self-diffusion
coeflicient, the isotopic thermal diffusion factor, and
the second virial coefficient.

It is at once apparent that the uncertainty assessment
of the tables for the polyatomic gases nitrogen and
oxygen cannot be so clear-cut. We will, however, follow
the line of arguments adopted for the rare gases.

Experimental

The present correlations are based on viscosity data.
For oxygen, the data have been adjusted so that a dis-
cussion of experimental errors cannot be too significant.
It is encouraging to note, however, that the very recent
data of Haynes [74] are within about 1¥2 percent of the
adjusted data at low temperatures. Since we do not think
our adjusted values up to 400 K are in error by more than
*+2 percent, an uncertainty assessment of =2 percent
to 400 K appears reasonable. Above that temperature
the uncertainty assessment is increased to =4 percent.
For nitrogen, the correlationi is based on viscosities
selected from those selected data sources that have
reported data for the rare gases and we have discnssed
and compared these measurements in L. Practically the
same conclusions follow for nitrogen, viz., (a) that
selected data from several different procedures—the
oscillating dise, and the capillary flow, in particular—
and from several different sources, agree to within one
percent in the range ~ 100 to 1000 K (see figure 3).
Accordingly, we assign an error in the nitrogen viscosity
tabulation of *1 percent in that temperature range.
{b) Based on the disagreement between results of Smith
and of Guevara at high temperatures, the error is
expanded to =2 percent above 1000 K. (c) Because the

data arc suinewhat suspeot at very low emperatures,
we also set the error at =2 percent below 100 K.

The deviation patterns of figures 5 and 6 reflect the
uncertainty in the thermal conductivity data. Reliable
data are essentially restricted to a room temperature
range, and data are sparse above 1500 K for nitrogen
and apparently nonexistant for oxygen above this
temperature.

Semi-Theoretical

We consider how well the nonspherical potential can
represent two properties, the isotopic thermal diffusion
factor (@o) and the second virial coefficient {B) given
the parameters of the viscosity correlations. Self-dif-

_ fusion data for nitrogen and oxygen are not suitable for

consideration.

Thermal Diffusion Factor

The expression for the isotopic thermal diffusion
factor has been defined for a monatomic gas [1]:

ao=a(, [l +8]1 (22)

where

o 15 (6C*~5) (24*+5) |
°” 24* (164% ~ 12B'* + 55)

23)

and § is a correction term written out in 1. 4* and C*
have been defined by equations (15) and (14) and B'*
is given by

_5{Q02 % ) — 4 (QO10¥)

B'* (Q(l,l) *)

Equation (22) is probably too simple for a polyatomic
gas [75], but since it is not clear what modifications are
required, it is accepted as valid. We have calculated
ap for nitrogen and oxygen with the angle-averaged
collision integrals (see the Appendix) and figures 7 and 8
display the results when compared to experiment [76,
77]. The data are known to be uncertain, so that one

‘cannot attach too much significance to the figures, but

it does seem that the experiment is gualitatively repre-
sented. In particular, the calculation indicates the sign
change of ao at low temperatures. Our previous calcula-
tions with the spherical m—6-8 potential gave values of
a9 which were always positive for nitrogen [59].

The Second Virial Coefficient

Comparisons between calculated and experimental
virial coefhicients provide a good test of the potential —
and hence of the transport property correlations—
because the exact expression for the second virial
coefficient of a quadrupolar gas has been published by
McQuarrie and Levine [62] (see also {58]), and its
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numerical evaluation is relatively straightforward.
Given the expansion

P _ ,
SNGT 1+B(Mp' +. . ., 24)
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where p is the pressure, Ny Avogadro’s number, and
p’ the molar density, we have shown [60, 61] that the
second virial coefficient for the potential of equation
(24) is properly.defined by (to terms up to third order in
the expansion parameters @*2 and @ *):

21 @*4

B(T)/bo=B*(T*) [m—6-8] 5 Tm I1o

216 @ 9a* ©* 108 &a*2 k2 O*
DTl A R LRl T T i
216 &* kO ** 25)
35 T* P
where
bo = 277 No 0'3,'3, (26)
and

B*(T*)[m-6-8]=—3 f“ r*2 [exp (—®*/T*)—1]dr*,

27)

which is the classical reduced virial coefficient of the
spherical m—6-8 potential. The quantities /,, are dimen-
sionless integrals given by,

In= fx r¥(-n+2) exp (— CI):/T*) dr*. (28)
(13

Note that the integrals in equations (27) and (28) involve
the spherical part of the potential. The integrals were
calculated as a function of T* by means of a Gauss-
Legendre integration scheme and the virial coeflicients
evaluated using the values of a* and @ * listed in table 3
with the values of o and €/k found from the viscosity
fits.

Figures 9 and 10 illustrate the deviations between
theory and experiment {78]. There are two remarks:
(1) The second virial data at low temperatures have an
estimated accuracy of about 4 cm3/mol. (2) We con-
structed figure 11 which shows two deviation curves
and points for nitrogen. The first curve was obtained
by calculating the virials from equation (27) with m-6-8
parameters found from a viscosity correlation assuming
the ecollision integrals were angularly independent:
m=12, y=2.0, €/k=118.0 K, 0=3.54 X 107" m. The
second curve was calculated with the full potential and
equation (25), but the m-6-8 parameters were those
above {60, 61]. Finally, the points indicate deviations
obtained using equation (25) for the virial, but with
m—6-8 parameters from the viscosity fit with angle
avcraged collision integrals (as in figure 9). It is clear
that the deviations between experiment and theory are
reduced as the calculation procedure becomes more
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complex. The remaining differences between experi-
ment and theory are most probably due to the neglect
of anisotropy in the potential. Preliminary calculations
have indicated that anisotropy has a small effect on the
collision integrals but would increase the calculated
second virial by about three percent at the low temper-
atures {i.e., would improve the representation of experi-
ment). (One can also argue that the assumption that

molecules have a fixed relative orientation before col-
lision could be partially responsible for the remaining
disagreement in the figure, but this cannot be checked
at this time.)

A figure for oxygen, similar to figure 11, was con-
structed, but the nonspherical contributions to the
second virial coefficient are small for this gas, so the
differences between the virial calculation procedures

J. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973
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The circles are the deviations obtained here using a nonspherical potential and angie
averaged collision integrals (as in figure 9). Curve 1 displays the deviations that are
obtained assuming the potential is symmetric. Curve 2 gives the deviations observed [60]
if a nonspherical potential is used to calculate B(T) but if the parameters are selected for
a viscosity correlation with angle independent collision integrals.

are not very noticeable. The trend, however, is the same
as it is for nitrogen. )

Clearly, the application of kinetic theory to nitrogen
and oxygen does not allow as definite conclusions as we
are able to state for the rare gases [1], but further
refinements in the procedure would require very
complicated calculations which are not justified by the
precision or range of the transport data presently avail-
able. Therefore, our conclusions from figures 3-11 are
that the calculation procedure adopted ie justified, that
the representations of the viscosity and thermal con-
ductivity coefficients are mutually consistent for each
gas, that the transport properties are consistent with
equilibrium properties via the second virial coefficient,
and that the error limits reported in the first part of this
section are realistic.

5.2. Extrapolation of the Tables

We remarked in I that the extrapolation of the rare
gas tables was limited by the potential. At very high or
at very low temperatures the m-6~8 model is not suf-
ficiently realistic to allow the tables to be used beyond
about 4000 K or below the triple point temperature. The
same comment applies in this work only in that exurap-
olations at high temperatures one must consider that
nitrogen and oxygen will dissociate. Further, because
(a) the high temperature oxygen data were adjusted.
and (b) high temperature thermal conductivity data for
both gases are very uncertain, and scarce, we do not
recommend that these tables be extrapolated much
beyond 2000 K.
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6. Conclusion

Tables of the dilute gas viscosity and thermal con-
ductivity coeflicients for nitrogen and oxygen have been
generated from an m-6-8 potential with nonspherical
terms included. The nonspherical contributions did not
involve use of extra paramecters. On the basis of an
analysis of the input data, and from the results observed
when the potential found suitable for a correlation of
the transport properties was inserted into the statis-
tical mechanical equation for the second virial coef-
ficient, we assess the following uncertainties on the
tabulated values: viscosity: oxygen £ 2 percent to 400 K,
*+4 percent for temperatures greater than 400 K; for
nitrogen, =1 percent in the range 100-1000 K, =2
percent for temperatures below 100 K, and above
1000 K. Thermal conductivity, =3 percent below 400 K
and =5 percent above 400 K for both gases.

The paper summarizes the assumptions required in
the kinetic theory of dilute polyatomic molecules and
points out scveral gaps in the data coveroge for oxygen.
It was also noted that most of the data for the thermal
conductivity coefficient for both nitrogen and oxygen
seem unreliable outside the range of about 150 to 600 K.

We are grateful to the authors of many of the experi-
mental papers discussed for their help in evaluating
experimental errors and to W. Michael Haynes in par-
ticular for allowing us to use his data prior to publica-
tion. Dr. Sengers, of the University of Maryland, and
Drs. Guildner and Roder of the National Bureau of
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Standards gave many valuable comments on the experi-
mental status of thermal conductivity measurements.
We also acknowledge Drs. Mason and Monchick and
their co-workers whose papers were indispensable to
this research. Much of the computer time required by
this study was provided by the National Center for
Atmospheric Research which is sponsored by the
National Science Foundation.
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TaBLE 1. References for the dilute gas viscosity and thermal TABLE 2. Adjusted experimental viscosities for oxygern
conductivity correlations v = Vioos
Temperature K 10’:;’::;’; Temperature K w;sg;:;:’;
Gas Viscosity references Therma: conductivity 90.3 0.0679 500.1 0.305
relerences 118.8 0890 550.1 327
’ 131.3 .0979 556.1 .328
Ns [2-10] [24-37] 144.9 .108 675.1 371
[0} Adjusted data, table 2 [24,35,38—45] i?{.gg .i;g ;g?i :;5
%2 (19-22], see also | 184.6 137 963.1 A77
). 400.8 .258 1102.1 .521
TABLE 3. Potential parameters
Gas| m | ¥ {o(107°m)} ¢/k, K| 10%a, | ©,10%, K
) cm? esu
N, |12]05]| 3613 | 102.0|1.737(64]] 1.40[66] | 0.134[67]
0. 10 [1.0 | 3.463 109.5 | 1.568[65] | .4 [66] | .213[67]
TABLE4. Viscosity and thermal conductivity coefficients of nitrogen. Units: viscosity, 10° g/cm * s, thermal conductivity, 103 W/em- K.
TEMPERATURE VISCOSITY THERMAL TEMFERATURE VISCOSITY THERMAL
CONDUCTIVITY CONDUCTIVITY
K G/CM~S W/CM-K K - G/CM-S W/CM-K
1039 10° X 10° 9 10 X
80 0.0540 0.075¢0 179 J.1118 0.1579
85 0.0573 0.0798 175 0.1147 0. 1621
90 0.0607 7.,0846 180 0.1176 0.1664
95 0.0641 0.0894 185 041206 0.1705
100 0.0675 3. 03942 190. 241233 e 1747
‘195 J.1262 0.1788
105 0.0708 30,0989 260 0.,1296 0.1829
110 3.0741 0.1337
115 00774 U0e1084 205 0.1317 0.,1869
120 0.0897 0.1131 210 Del1344 0. 1909
125 0.3840 0.1178 215 0.1371 0.1948
130 0.0872 0.1223 220 Uel1l398 0.1988
135 0.0904 D¢ 1269 225 041625 J. 2027
140 0.0935 Je 1315 230 0.1451 0. 2065
145 0.0967 0. 1360 235 J.1477 De 2103
1590 0.0997 0 1404 240 0.1502 Je 2161
245 0.152¢8 0.2179
155 0.1028 J. 1449 258 0.1553 0.2216
160 0.1058 0.1493 )
165 0.1088 0.1536 255 g.1578 02253
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TABLE 4. Viscosity and thermal conductivity coefficients of nitrogen. Units: viscosity, 10° g/em - s, thermal conductivity, 10° W/em K. — Continued

TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
GONDUCTIVITY CONDUCTIVITY
K G/CM-S W/CM-K X G/CM-S W/ CH X
10% 9 10® X 10% 10® A
260 3.1533 8.228¢0 586 f.2887 0.4324
265 0.1628 0. 2327 590 80,2921 0.,4384
_’7¢ §.1652 3,2363 600 0.2955 04 bblts
275 0.167% 0.2399
280 2.1703 0o 26434 610 6.2988 3.4505
285 03,1724 e 2470 620 38,3021 3.4563
290 Q61747 3. 2505 630 92,3054 1.U624
295 2.1771 G.2539 640 De3087 DekbB3
300 044794 : 042574 650 G.3119 0.4743
ooV Jewirsa ve TUvwVw
305 3.1817 3. 2609 670 3.3183 0. 4863
310 0.1840 3e 2643 : 6840 043215 0. 4922
315 0.1862 Je 2677 690 J. 3247 J. 4982
320 0.1885 D.2711 700 043279 Je 5042
325 3.1997 De 27444
330 0.1329 0.2777 740 3.3310 J.5102
335 01951 J.2811 720 Ue3341 9.5160
340 0,1973 0.2844 730 3.3372 d.5220
345 0,1995 8.26877 740 3.3403 3.5280
350 0.2016 0.2909 750 063433 0.5339
) 768 33463 0. 5398
355 - 0.,2038 0.2942 770 33094 0.5457
360 €, 2069 ¢.2378% 780 g.3524 0.56517
365 0e 2080 8.3007 730 0.3554 0.5576
370 0.2161 0.3039 8080 0.3584 0.5635
375 0., 2122 0,3071 :
380 0s 21062 03103 810 243613 05694
385 0.2163 7.3135 820 0e3643 0.5752
39¢ 002183 063166 830 3+3071 0.5819
395 0. 2204 8.3198 840 3.3701 3.5870
6409 . Be2224 3.3229 850 0.3730 0.5924
: 860 243759 0e 5981
405 0. 2244 043261 : 870 0.3788 8.6038
440 S, 2264 0,.3294 8810 3.3817 3.64395
k15 8.2284 343323 830 0.3845 3. 6151
4290 Le2303 043353 900 De3874 06207
425 0.2322 03384
430 Gs2362 90,3615 910 3.3902 0.6263
435 0.2361 043045 920 0.3930 De£319
440 De 2380 De3476 930 0.3957 2. 6375
445 De 2399 33506 940 U e 3980 JeB66351
450 De2819 843537 9540 J.4013 0. 6487
960 Doe4Oi1 0e 6543
455 0.2438 043568 870 D.4069 6.6598
460 . 2457 0.3598 980 3.4096 0.6654
465 B 2675 8.3629 38399 0.4123 0. 6709
479 Ca20694 0.3660 10638 Ja4150 Jeb704
475 02513 0.3690
480 8.2532 0.3721 1G10 3.60477 0.6318
485 4.2550 0.3752 16290 Beu2d4 G.6872
430 0. 25€9 83,3782 1030 J.423C 2. 6924
435 de.2587 3.3812 1040 0.4255 3. 6977
500 P. 2606 0.3843 ) 1050 ' 3.64285 0. 7037
1664 08,4312 0.7092
51¢ 0. 2642 3, 3904 1070 044339 J.7146
520 C.2678 943964 1080 2.4365 0. 7200
534 0.2713 De4024 1090 3e4332 Ne 7254
sS40 (e 2748 J.4383 11438 Jabk18 0.7 308
550 0.2783 Q,4143
560 D. 2818 Q.4204 ' 1110 Doivisinls 067361
570 D.2852 3. 4264 1120 344469 0.7412
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TABLE 4. Viscosity and thermal conductivity coefficients of nitrogen. Units: viscosity, 10® g/cm - s, thermal conductivity, 10° W/cm - K. — Continued

TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
CONDUCTIVITY . CONDUCTIVITY
K G/CM-S W/CM-K K G/CHM-S W/ CM=K
10% 7 10® X 107 10% X
1130 0.4695 0.7465 1570 0.55€2 0.9655
1140 0.4521 0.7520 1580 0.5585 0.9703
1150 Je 4547 347573 1590 0.5608 3.9750
1160 0.4573 9.7625 1600 0.5631 7.9797
1170 Ce 4599 0.7678
1180 De 4624 09,7731 1610 0.5654 3.9843
1190 - 0o 4650 0.7783 1620 0.5677 2.9899
1200 L. 4675 2.7835 1630 0.5700 0.9936
1640 0.5723 3.9982
1210 g.4700 31.7886 1650 : 0.5745 1.0029
122¢ 0.4726 d.7938 1€60 0.5768 1.0075
1230 J.4751 047989 1670 3.5791 1.0121
1240 0.4776 0.8042 1€80 0.5813 1.0168
1250 D.4801 J.8093 1690 3.5836 1.0213
1260 D, 4826 0.8144 i70¢ 0.5858 1. 0259
1270 feb851 0.8195%
1280 0.4875 3.8246 1710 0.5680 1. 0304
1290 C.4900 3.8297 1720 0.5903 1. 0349
1300 0.4924 0.8347 17390 0.5925 1. 0395
1740 0.5947 1. 0440
1310 0. 4949 3.8397 1750 0.5969 1. 0484
1320 0. 4973 008447 1760 0.5991 1.0529
1330 0.4998 048497 1770 0.6013 1. 0570
1340 0.5022 . 048546 1780 3.6035 1. 0615
1350 3.5046 0.8597 1790 0.6057 1. 0660
1360 0.5070 3.8647 1800 0.6079 1.0704
1370 0.5094 0.8696
1380 0.5118 0.8745 1810 0.6101 1. 0748
1390 C. 5142 7.8794 1820 g0.6122 1.0796
1400 £.5166 3.8843 1830 0.6144 1. 0840
1840 0.6166 1. 0883
1410 0.5190 3,.8892 1850 0.6187 1. 0927
1420 0e5213 98340 1860 d.6206 1. 0970
1430 0.5236 0.8988 1870 0.6230 1. 1314
1440 0.5264 0.9040 18680 D.6251 1.1057
1450 0.5287 3.9087 1890 d.6272 1.1100
1460 0e5310 0.9139 1900 G.6294 101143
1470 0.5333 9.9186
1483 0.5356 3.9233 1919 0.6315 1.1186
1490 0.5379 3.9280 1920 0.6336 1.1228
1500 0. 5401 0.9327 19390 06357 1.1271
1940 0.6378 1,1313
1510 0.5424 3.9373 1950 0.6398 1. 1355
1520 0.5446 0.9419 1969 0.6419 1.1397
1530 De 5469 0e9464 1979 0.6440 101439
1540 G.5491 0.951¢ 1980 346460 1.1481
1550 0.5513 0.9555 1990 0.6481 1.1523
1560 0.5535 7.9601 2600 9.6501 1. 1564
TABLES. Viscosity and thermal conductivity coefficients of oxygen. Units: Viscosity, 10° g/cm - s, thermal conductivity, 10° W/em-K.
TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
CONDUCTIVITY CONDUCTIVITY
K G/CN-S R/CM-K K G/CM-S W/CM-K
10® ¢ 10% X 10% 10° X
80 0.0586 0.0696 100 0.0742 0.0897
85 0.0625 0. 0746
90 0.0664 0.0797 105 0.0780 0. 0947
95 0.0703 0.0847 118 0.0819 0.0997
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TABLE5S. Viscosity and thermal conductivity coefficients of oxygen. Units: Viscosity, 10° g/cm * s, thermal conductivity, 10° W/em - K. — Continued

TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
CONDUCTIVITY CONDUCTIVITY
K G/GCM-S W/ CM~K K G/CH-S W/CH-K
10° 9 10% X 10% 7 10 X
115 0.0857 0. 1046 385 0. 2502 8. 3255
120 0.0895 0. 1096 390 0.2527 0. 3291
125 0.0933 0. 1144 395 0. 2551 0.3328
130 0.0971 0.1193 400 02575 , 0.3365
135 0.1008 0e 1241
140 0.1045 0.1289 405 0. 2599 0.3402
145 0.1081 0.1336 410 0.2623 0.3439
150 0.1118 0.1384 415 0. 2647 0.3476
420 0. 2670 0.3512
155 0.1154 0.1430 425 0.2694% 0.3549
160 8.1190 0.1476 430 0.2717 0.3586
185 0.1225 0+ 1522 . 435 0.2741 ‘0.3622
170 0.1260 0. 1568 W40 0.2763 0.3658
175 0.1295 0.1613 Lu5 0.2786 0.3695
180 0.1329 041657 450 0.2809 0.,3731
185 0.,1362 6.1701
19¢ 9.1396 De 1745 455 0.2831 ‘0.3767
195 01429 0.1788 460 0.2854 0.,3803
2040 D.1462 0.1831 465 0. 2876 0,.,3839
470 0,2898 0.3876
205 041495 0.1874 475 0.2921 0.3912
210 0.1%27 0.1916 480 002943 0o 3948
215 8.1559 0.1958 485 0. 2965 0,3984
220 0.1591 g.2000 490 0. 2987 0. 4020
225 0.1623 0.2041 495 0. 3009 0.%056
230 0.1654 8.2082 500 0.3031 044092
235 0.1685 0.2122 :
240 0.1715 0.2163 510 0.3074 . Dokl
245 0.1745 0.2202 520 0.3118 0.4236
258 0.1F75 De 2242 530 0. 3161 Ge%308
; 1Y) D. 3203 0.4380
i 255 0.1805 D.2282 550 0e3245 ' 0o 4650
| 260 0.1835 d. 2322 560 0.3287 D.4521
: 26% 0.186%4 0.2361 570 0. 3328 0.4591.
270 0.1893 0. 2400 580 0. 3369 0.4662
a1 0.1921 02439 590 0.3409 0.4732
280 0.1950 0. 2477 600 D. 3450 0.4802
285 0.1978 0. 2515
290 0.2008 © 0. 2553 610 0. 3490 0.4872
; 295 Ge2034 0.2591 620 0.3530 0. 4942
| 340 0.2062 0.2628 630 0.3570 8.5042
'§ 640 0. 3609 0.5082
; 305 0.20838 0.2666 650 0. 3648 0.5151
310 0.2116 062704 660 0.3687 0.5219
315 0.2243 Bs 2741 670 0.3726 0.5289
320 0.2170 0.2778 680 0.3764 0.5357
325 0.2297 0.2814 690 0.3802 0. 5425
3380 0. 2223 0.2854 708 0.3839 0.5493
335 0. 2249 0.2888
340 0. 2275 0.292% 710 0.3877 0.55640
345 "0.2301 0.2961 720 0.3915 0.5627
350 0. 2327 0.2998 730 0.3952 0. 569%
740 0.3989 05762
355 0. 2352 0.3035 750 G.4026 0.5828
360 0.2378 0.3072 760 0.4063 0.589%
L 365 0.2403 0.3109 770 0.4099 0.5959
£ 370 0.2428 0.3145 780 0.4134 06024
375 Do 2453 0.3181 790 Co4171 0.6089
380 Do 2478 0.3218 800 0.4207 0. 6154
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TABLE 5. Viscosity and thermal conductivity coefficients of oxygen. Units: Viscosity, 10 g/em-s, thermal conductivity, 102 W/em-K. — Continued

TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
CONDUCTIVITY CONDUCTIVIT
K : G/CM-S H/CM-K K G/CM~»S W/ CM-K
103 9 10® X 10> 7 0% X
810 0. 6243 8.6218 1360 0.6007 0.9395
826" 0e4278 0.6282 1370 0.6036 0+ 9408
830 0e4313 0.6346 1380 0.6065 0.9501
840 0« 4349 0. 6410 1390 0.6094 0.9554
850 04384 8. 6473 1400 0.6123 0.9606
860 Debele19 D¢ 6536
87g 0.4453 0.6599 1619 8.6152 0.9659
88g 0.4488 0. 6662 1420 0.6181 0.9711
890 0.4521 3.6723 1430 0. 6210 0.9763
908 0. 4557 0. 6786 1440 0. 6239 0.9815
1450 0.6267 0.9867
910 0. 4591 De 6852 1460 0.6296 0.9919
920 0.4625 0.6913 1470 8.6324 0.9971
930 0.4659 0. 6973 1480 0. 6353 . 1.0023
40 0.4692 07034 1490 0.63814 1.0074%
950 0.4726 _ 0.7094 1500 0.6409 1.0126
960 D.4759 0.7154
970 CelT92 0.7213 1510 0. 6437 1.0177
980 0.4825 0.7272 1520 0. 6465 1.0228
990 0.4858 0.7331 1530 0.6493 1.0279
1000 0.4890 0.7390 1540 0. 6521 1.0330
. ' 1550 0. 6549 1.0381
1010 0.4924 0. 76449 1560 8.6581 1.0436
1020 0.4957 0.7507 1570 0.6609 1. 0490
1030 0.4988 0.7565 1580 0.6636 1.0540
104D 0.5022 0.7623 1590 0.6663 1.0590
1050 0.5054 0. 7683 1600 0,6690 1. 0640
1060 0.5086 8. 7740
1070 8.5118 0.7798 1610 0.6717 1.0689
108D 0.5150 0.7855 1620 0.6744 1.9739
1090 0.5181 0.7912 1630 0.6770 1.0788
1100 g.5242 0.7967 1640 0.6797 1.0837
1650 0.6823 1.0886
1110 0.5242 Da 8821 1660 0.6850 1. 093%
1120 0.5272 0.8078 1670 0.6876 1. 0984
1130 8.5308 0.8138 1680 0.6907 1. 1041
1140 0.5340 0. 8195 1690 0.6935 1.1092
1150 0.5371 0.8252 1700 0.6962 141143
1160 0.5403 0.8309
1170 0. 5434 G. 8365 17190 0.6930 1. 1194
1180 0.5465 0.8420 1720 De7017 11245
1190 0.5495 0.84704 1730 . 0.7044 1. 1296
1200 0.5526 0.8529 1740 0.7072 1. 1347
1750 0.7899 1.1397
12190 0.55%56 0.8584 1760 0.7126 11448
1220 0.5587 0.6639 1770 0.73153 - 141498
1230 0.5618 0.8694 1780 0.7180 1.1549
1240 0.5648 0.,8748 1790 0.7207 1.1600
1250 0.5678 0.8803 1800 0.7234 1.1650
1260 0.5709 0.8858
1270 0.5739 0.8913 1810 0.7261 1.1700
1280 - 0.57869 0.8967 1820 0.7288 1.175%0
1290 0.5799 0.9021 1830 0. 7314 1. 1796
1300 0.5829 0.9075 1840 0.730h1 1.1846
1850 0.7367 1. 1896
134190 0.58%9 0.9128 1860 07394 11946
1320 0.5889 0.9182 1870 8.7420 1. 1996
1330 0.5918 0.9235 1880 0o Thb? 1.2046
1340 0.5948 0.9288 1890 0.76473 1. 2095
1350 0.5977 8.9341 1900 0.7499 1. 2145
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TABLE 5. Viscosity and thermal conductivity coefficients of oxygen. Units: Viscosity, 103 g/em - s, thermal conductivity, 103 Wfcm - K. — Con.

TEMPERATURE VISCOSITY THERMAL TEMPERATURE VISCOSITY THERMAL
CONBUCTIVITY CONDUCTIVITY
K G/CH-S H/CM-K K .GICH~S H/CM-K
10% 7 10% A 10° 10° X
1910 0.7525 1.2194 1960 0.7655 1. 2441
1920 0.7552 1. 224% 1970 0.7681 1. 2491
1930 0.7578 1.2293 1980 0.7707 1. 2540
1940 0.7604 1.2343 1990 0.7732 1.2589
1950 0.7629 1. 2392 2000 0.7758 1.2638
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FIGURE 12. Deviations between angle averaged and angle independent collision integrals.

Appendix

The evaluation of the angle averaged collision intcgrals
is a straight forward task under the assumptions of
section 3.1. Briefly, if it is assumed that the relative
orientation of the colliding pair of molecules doesn’t
change during the collision and that there are no in-
elastic effects, we must evaluate the triple integral:

. L .
(L)% (T*)) = .
(QU% (T*)) 877fo dé, smeo de

. o
sin 0 . d¢ Q% (T*6,, 95, ¢),

where 01, 05, and ¢ are the angles appearing in equations
(20) and (21). We first write this triple integral as a
numerical quadrature, viz.

QU (TH)) = 1 33
QU (TH)) == 3 3 2
i=0 j=0 i=0

WiiWa; Wik QUS* (T*, wijr),

where the W g’s are the appropriate weight factors for
the quadrature and wijr denotes the set of three angles
describing the relative orientation, (6:i, 02, ¢x). We
next evaluate the collision integrals at a fixed orientation
Q%) (T*, wijx), by the method of O’Hara and Smith
{79] [the same method as was used for the spherical
m—6—8 collision integrals in 1] with the appropriate
modifications for non-sphericity in the intermolecular
potential.

This method of evaluating the angle-averaged collision
integrals differs slightly from that used by Smith, et al.,
{80] who (1) employed an interpolation technique to
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obtain the Q>9* (T*, wi;) from a table rather than a
direct calculation and (2) incorporated a slightly different
‘(we believe less accurate) version of the O’Hara and
Smith program. .

Tables of collision integrals used in this research are
given as tables 6 and 7. The accuracy of our calculations
was checked by means of comparison with previous
results [80] and by examining the finite differences
obtained from the final (9% (T*)) vs T* tables.
Overall, the accuracy of these collision is believed to
be no worse than 0.1 percent which should be more than
adequate for most applications.

As a matter of interest, we include figure 12 which
gives a percentage difference plot between angularly
averaged ‘and equivalent angular independent collision

integrals versus temperature. For comparison, ®; was
selected to be the Lennard-Jones (12—6) potential. The
solid curve shows the percentage difference found by
using equation (19) with a*=0 and 9*=1, and the
dashed curve shows the corresponding differences for
a*=0.05 and ©*=1. Since most reduced quadrupole
moments are approximately 0.3—0.6, these results
can be considered to be extreme cases. It is observed,
however, that the primary effect of the nonspherical
terms is to increase the collision integrals at a given
T* with the maximum effect being around 7*=2 and
decreasing rapidly with increasing temperature. The
addition of an induced-dipole term in the potential makes
a small but significant contribution. This term has not
been considered previously.

TABLE 6. N collision integrals

T* (¥ li (%) (2% (%) (¥ (O3
.600 1.85216327 1.54068268 2.05119289 1.34147244 1.80121953 1.67216995
700 1.71330460 1.42480938 1.90027894 1.24824495 1.66176124 1.54903814
.800 1.60211757 1.33573792 1.77648587 1.17868594 1.55186904 1.45224720
9500 1.51158501 1.26565559 1.67403857 1.12505651 1.46418755 1.37462658
1.000 1.43678465 1.20935675 1.58862778 1.08258502 1.39315912 1.31141026
1.200 1.32101895 1.12489602 1.45559724 1.01952530 1.28632300 1.21522633
1.400 1.23612749 1.06481219 1.35797730 97480357 | 1.21060229 1.14608479
1.600 1.17150425 1.01982115 1.28409995 94115132 | 1.15450468 1.09420377
1.800 1.12072698 .98482630 1.22651298 91468092 1 1.11139090 1.05389492
2.000 1.07984472 -95669350 1.18048580 .89313838 1.07717628 1.02166824
2.200 1.04614715 .93346781 1.14298111 .87511811 1.04931196 99525607
2.400 1.01786684 .91389353 1.11181087 .85971073 1.02612579 97315045
2.600 .99379487 .89710234 1.08546283 .84630605 1.00646469 .95432448
2.800 97301280 .88247382 1.06287905 .83447626 98951827 93805167
3.000 195482717 .86955920 1.04329328 .82390985 97471069 92380054
3.200 93875359 .85803325 1.02612544 81437643 96161862 .91117820
3.400 .92442599 84765223 1.01092247 80570037 94992517 .89988721
3.600 91155889 .83822832 99733498 79774627 93938696 88969908
3.800 .89991910 .82961209 98509682 .79040776 92981501 . .88043649
4.000 .88931834 82168452 97399672 .78359930 92106022 87195846
5.000 .84745948 .78957276 93066712 .75547633 .88606810 83804603
6.000 81750751 .76563076 90003805 .73396948 ..86039321 .81317014
7.000 79449433 .74662625 87662342 .71659555 .84018450 .79361165
8.000 77691217 & 73090595 85777020 .70204372 82353672 77752157
9.000 76038899 k 71752021 .84202699 .68953955 ! .80938495 .76386191
10.000 .74709961 E 70587728 82852570 .67858870 .79707662 .75199761
15.000 .70000750 | 66340488 78032566 .63818988 .75202471 70870208
20.000 66942633 | .63504872 74860020 .61094758 .72168301 67966050
25.000 64688364 | 61387680 .72495101 .59052711 69885222 .65786380
30.000 62909852 ‘ .59705695 70612966 57427582 .68060382 64047367
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TABLE 7. O collision integrals

T* (Qu-%) (Qu.2%) (Qe2%) {Qu.a%) (a7 (QE.9%)
.600 1.92134797 1.56519099 2.14044483 1.34406901 1.85100009 1.71301977
700 1.76351846 1.43752578 1.96755952 1.24470903 1.69459497 1.57595064
.800 1.63841256 1.34083820 1.82607371 1.17146515 1.57274191 1.46952356
.900 1.53792986 1.26550730 1.71195371 1.11525887 1.47753909 1.38473264
1.000 1.45520367 1.20580179 1.61641455 1.07116623 1.40086467 1.31654901
1.200 1.32903331 1.11634548 1.47129830 1.00576763 1.28712767 1.21361856
1.400 1.23755511 1.05361734 1.36550231 195941924 1.20759817 1.14030728
1.600 1.16839183 1.00656899 1.28667449 92458045 1.14890298 1.08579012
1.800 1.11410524 97003071 1.22584687 .89707578 1.10403943 1.04355267
2.000 1.07112843 94082305 1.17721554 87462108 1.06853933 1.00984171
2.200 1.03558918 91667111 1.13770443 85579574 1.03962478 .98226197
2.400 1.00561735 .89623478 1.10509850 .83966828 1.01553480 .95920562
2.600 98015835 87866939 1.07762755 .82560480 .99508406 .93957101
2.800 95837467 86335585 1.05408206 81316530 97743474 92258143
3.000 .93943300 .84983156 1.03363998 80202837 .96200126 90768211
3.200 92263858 83775938 1.01569968 79196672 94832142 89447009
3.400 90758429 .82687391 99979754 .78279128 93609782 .88263621
3.600 .89401656 .81697718 98557177 77436834 92505649 87194564
3.800 .88173149 80790613 97278058 76659237 :91499845 86221674
4.000 87054900 79954676 196117574 75936962 90578953 85330180
5.000 82656511 76558486 .91575028 72945095 .86883768 81751220
6.000 79501748 74016330 .88346697 70650514 84154460 .79111892
7.000 77062650 71993957 85864589 68793497 81996318 17028291
8.000 .75091630 .70317381 .83858996 67236365 80212036 .75308909
9.000 73442121 68887699 .82179464 65897512 78691200 73845984
10.000 .72029684 67642951 80735055 64724538 .77365935 72573179
15.000 | 67008196 63097092 75552567 60397374 72500285 67916817
20.000 63738118 60061797 72126660 57483054 69217314 64789078
'25.000 .61327239 57797754 69569779 55302469 66747674 .62442886
30.000 59425972 .56001488 67534837 53570337 64775605 60573087
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