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Equilibrium and Transport Properties of Gas Mixtures at Low Density: Eleven
Polyatomic Gases and Five Noble Gases
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This paper uses results from statistical-mechanical theory, applied through a combina-
tion of an extended principle of correspending states with some knowledge of intermolecu-
lar potentials, to the calculation of the transport and equilibrium properties of gas mix-
tures at low density. The gases involved are: N,, O,, NO, CO, CO,, N,0, CH,, CF,, SF,,
C,H,, C,H,, and He, Ar, Ne, Kr, Xe. The properties included are: second virial coeffi-
cient, viscosity, diffusion, and thermal diffusion, but not thermal conductivity.

The calculations are internally, thermodynamically consistent and the resulting algor-
ithms, which are fully programmable, operate in an entirely predictive mode by means of

validated combination rules.

This paper is a sequel to one on the five noble gases and all their possible mixtures and a

second on the above eleven polyatomic gases.

The paper contains ten tables (mainly intended for the checking of computer codes)
and 201 graphs of deviation and comparison plots. An additional 98 tables have been
deposited with the Physics Auxiliary Publication Service (PAPS) of the AlP.

The algorithms presented in this paper, together with those mentioned above, make it
possible to program calculations for a wide range of low-density equilibrium and transport
properties of 16 gases and of all possible multicomponent mixtures formed with them, fora
total of 65,535 systems. For each system, the program would cover the full range of

compositions.

Key words: Polyatomic gases, Noble gases, Mixtures of gases, Combination rules for mixtures of
gases, Equilibrium properties of gases, Transport properties of gases
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T temperature

T* reduced temperature, k7 /€

vV intermolecular force potential

vV, short-range energy parameter, Eq. (8)

Vo* high-temperature scaling parameter, Eq. (11)
X mole fraction

a* reduced dipole polarizability, Table A6

ar thermal diffusion factor, Eq. (C6)

Ay higher-order correction term for binary diffusion
coefficient, Eq. (C5)

€ energy scaling parameter

n viscosity

1. Introduction

There exists a voracious need in industry for reliable
data on the thermophysical properties of a very large set of
pure substances and an even larger set of mixtures of all
kinds. The number of systems is so large that direct experi-
mental measurements on all of them is out of the question,
and a maximum input from theory is required. Considerable
success has been achieved by use of statistical-mechanical
theory, applied through a combination of an extended prin-
ciple of corresponding states with some knowledge of inter-
molecular potentials.

Previous work was concerned with the five noble gases
and all their possible mixtures,'> and with eleven polyato-
mic gases.® We now consider mixtures involving these polya-
tomic gases, both with themselves and with the noble gases.
It is necessary to follow a different route than was the case
for the noble gases, for which the parameters for the unlike
interactions in the mixtures could be determined directly
from a large body of accurate experimental data. A compar-
able body of data does not exist for all the mixtures now
under consideration, and recourse is necessary to combina-
tion rules that predict the parameters for unlike interactions
from the known parameters for the corresponding like inter-
actions. Since no combination rules yet devised are com-
pletely accurate in all cases, there will naturally be some loss
of accuracy in the prediction of mixture properties. This loss
of accuracy turns out to be fairly small for most of the sys-
tems considcred here. In compensation, we now operate in
an entirely predictive mode, and do not depend on the exis-
tence of any accurate measurements on mixtures.

Asin the previous work on single polyatomic gases,® we
do not include the explicit effects of the internal degrees of
freedom on the properties, and thus do not treat the thermal
conductivity. We do include thermal diffusion, however,
cven though it depends on the contributions of individual
species to the thermal conductivity of the mixture.* The rea-
son is that the thermal diffusion factor is usually dominated
by the effects of molecular mass and size, and the effects of
inelastic collisions and nonspherical interactions become ap-
parent only for a few systems in which the mass and size
effects happen to be very small (e.g., Ar + CO,, Ar + HCI,
Ne + CH,, and D, + HT mixtures>).

Although we do not consider quantum effects explicit-
ly, there is no difficulty here in treating mixtures containing
helium. The largest quantum effects appear in those quanti-
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K polarizability anisotropy, Table A6

Kt higher-order correction for thermal diffusion fac-
tor, Eq. (C6)

Mo dipole moment

u* reduced dipole moment, Table A6

p short-range length parameter, Eq. (8)

p¥ high-temperature scaling parameter, Eq. (11)

7 quadrupole moment

o* reduced quadrupole moment, Table A6

o length scaling parameter

Q49" reduced collision integral

ties concerned with He—He interactions, and these have been
taken into account in the published noble-gas calculations,?
which can be used directly in those parts of the mixture for-
mulas where they occur. The remaining quantum effects of
interest appear in the quantities concerned with the interac-
tion of a He atom with one of the eleven molecules, and these
effects are small for two reasons. First. we are concerned
only with temperatures for which 7'* > 1, where quantum
effects are less important than at lower temperatures. Sec-
ond, the much larger mass and size of the molecular collision
pariner make the quantum effects much smaller than for
He-He collisions. Thus all the present mixture calculations
can safely ignore quantum effects, except possibly for a few
interaction second virial coefficients involving He, where a
small perturbation correction can be directly supplied.'?

The algorithms presented in this paper make it possible
to program calculations for a wide range of low—density
equilibrium and transport properties of 16 gases and of all
possible multicomponent mixtures formed with them, for a
total of 65,535 systems. For each system, the program would
cover the full range of compositions.

2. Principle of Corresponding States for
Mixtures

At the low densities considered here, only pairwise in-
teractions between molecules in a mixture are significant.
The properties of even multicomponent mixtures can there-
fore be expressed in terms of the properties of its single pure
components, plus functionals corresponding only to the pos-
sible binary interactions in the mixture. No functionals cor-
responding to three-body or higher interactions occur. The
principle of corresponding states for single gases expresses
their equilibrium and transport properties in terms of func-
tionals that are (nearly) universal when written in terms of
scale factors representing pairwise molecular energy and
size. These scale factors are conveniently chosen to be the
depth of the potential-energy well € and the separation ¢ at
which the potential energy is zero. (Secondary parameters
describe deviations from complete universality of the func-
tionals at very low and very high temperatures.) Earlier
work’ on the viscosities of binary gas mixtures strongly indi-
cated that a similar principle could be applied in terms of the
mixed-interaction parameters €,, and o, ,, and this was later
confirmed in detail for mixtures of noble gases."? The pres-
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ent paper is essentially the confirmation of this result for
molecular gases.

More specifically, we list in Table a the various func-
tionals needed for single gases and for binary mixtures. Simi-
lar results hold for the various pairs in multicomponent mix-
tures. The functionals listed as “secondary” occur in small
correction terms. It can be seen that no new functionals are
required for mixtures, only new scale factors €,, and o,
(plus corresponding secondary parameters).

Some minor complications arise, however, because the
principle of corresponding states applies in a more limited
form to molecular gases than to noble gases. First, as already
mentioned, the temperature range is more restricted
(T* = kT /e > 1).Second, the diffusion functional """ is
somewhat different for molecular gases than for noble gases,
raising the question of the proper functional to use for the,
mixed interaction Q,,'"" involving a noble gas and a mo-
lecular gas. Since the differences are small, we have simply
used the arithmetic mean of the two functionals in such
cases. Third, the functional B ¥, representing the effective
spherical-interaction contribution to the second virial coeffi-
cient, is also not quite universal. Although the same B}
functional can be used for all the noble gases,'* somewhat
differcut functionals must be used for the various molecular
gases.? For the mixed-interaction functional (B ¥) ,, we have
therefore used the arithmetic mean of the functionals for
gases 1 and 2. The differences are sufficiently small that al-
most any sensible averaging procedure will be satisfactory. It
should be mentioned that no similar problem arises with the
functionals B %, corresponding to the contribution of the
nonsphcrical part of the intermolecular potential to the scc-

ond virial coefficient. The B* are calculated explicitly for '

each specific pair according to theoretical formulas for the
various orientation-dependent interactions (e.g., dipole-di-
pole, dipole-quadrupole, etc.). .

The main problem for mixtures is thus only to predict
the new scale factors and secondary parameters for the inter-
action terms; this is done via the combination rules discussed
next.

TABLE a. List of functionals required for single gases and for mixtures.

Functionals

Property Primary Secondary
Single gas

B By*, B, *

7 0. E*

D Qe A*C*
@ A* B*, C* Ko

Mixtures

B (Bo*) 12 (Bo*)yz -

i @, A4, -
Dy, 0,0 0,297, Cpp*
ar (ll|(2,2)" nzz(ZJ)" nlz(l.l)' Kr

Ap* B* Gt
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3. Combination Rules for Mixtures

Very accurate combination rules for the noble-gas po-
tentials have been devised by Tang and Toennies,® and ex-
tended to molecular systems by Bzowski, Mason, and Kes-
tin.® The molecular rules do not attempt to predict the entire
anisotropic potential-energy function, but only the effective
spherical parameters €,, and o, corresponding to the poten-
tial-well region, which is all that is needed for use with the
principle of corresponding states. Four pieces of input infor-
mation are needed for each of the single gases involved,
namely the parameters € and o, the dipole polarizabilities «,
and the C'® dispersion coefficients that describe the long-
range attraction. Accurate values of a and C® are known
from independent experiments and calculations.

The combination rules for €;, and o,, are applied as
follows. First, effective rigid-core diameters @, and a, are
calcuiated for each of the single systems,

a1=01[1—(C’1“/2.2)V6], (@Y
where
C’{‘EC}“/SIUI(’. (2)

If C* happens to be greater than 2.2, then @, is taken to be
zcro. A similar expression holds for @,. The interaction core
diameter a,, is then calculated by the simple arithmetic-
mean combination rule

1
a12=—2‘(01+02)- (3)
It is this rigid-core diameter that is the characteristic param-
eter for molecular systems. The noble-gas combination rules
are recovered by setting @, and @, equal to zero.

Next, the value of o, is calculated from the expression

1
sz“'alzz“i‘ ((oy —a)) + (0, —ay)]

1
X{l+—2—-[1n(a,2——al2)———}/—lnEH, 4)

where

InE =—§—1n(6162) +3In(oy —a,) (0, —a,)

_ o, —a, ln( € ) ()
(o, —a)) + (0, —ay) o, —a,

- J2— Gy ln( 2! )
(o) —a,) + (0, —a,) o, —ay

Although Eq. (4) appears complicated, it is actually quite
simple to use because the factor in braces is very close to
unity. Thus the iteration of Eq. (4) to find o,, converges
rapidly. To a first approximation, in which the factor in
braces is taken as unity, we recover the conventional arith-
metic-mean rule, 0, = {(o, + 03). The introduction of the
rigid-core parameters changes the value of o, by less than
1% for all the systems considered here. It should be men-
tioned that Eq. (4) is based on a representation of the poten-
tial in the immediate vicinity of the well by an (exp, 6) mod-
el in which the dimensionless repulsion parameter is given
the value 14.

J. Phys. Chem. Ref. Data, Vol. 19, No. 5, 1990
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Finally, the combination rule for €,, requires knowl-
edge of C{¥, the interaction dispersion coefficient. Al-
though experimental vajues of C {5’ are often known direct-
1y, it is easier to use the following well-tested combination
rule; this rule is accurate on the 1% level:

aa, 1 ai o 6)
c® ) c® " Cc® :
in which &, and «, are the dipole polarizabilities. Once C {9’

is known, the value of ¢, is readily calculated from the
expression

€ = (6&52)”2 { (o, —~ al)3 (oy ~ az)z]

(012 —a;)°
cip

The first factor on the right represents the conventional geo-

metric-mean rule, €,, = (€,€,) "% and the other factors give

corrections. The introduction of the rigid-core parameters

has a greater effect on €, than on ¢y,; changes up to 10%

oceur in €, for the systems considered here.

Notice that only mean-spherical values of the a’s and
C'®*s are tobe used in Egs. (2) and (6), since we are seeking
merely the effective spherical values of €, and o,.

At high temperatures the role of the potential well di-
minishes in importance, and the properties are dominated by
an effective spherical repulsive potential, which can be rep-
resented by the form,

(7

V(r) = Vyexp( — t/p), (3)

where V; and p are parameters deduced from high-energy
beam scattering experiments. In other words, the scale fac-
tors € and ¢ are replaced at high temperatures by ¥, and p,
and the functionals for the two temperature ranges are
joined smoothly through their second derivatives. We there-
fore need combination rules to predict the mixed-interaction
parameters (¥;),;, and p,, for use at high temperatures
(T*> 10). The best combination rules available at present
are based on an atomic-distortion model proposed by Gil-
bert'®"" and elaborated somewhat by Smith;'? they are as
follows:

1
P\z:—z‘(Pl‘th), 9)

[(V(])Q/P!Z]Zp’l = [( VO);/PJP' [(Vo)z/p23p1~ (10)

The foregoing combination rules enable us to operate in
a completely predictive mode for the properties of mixtures.

4. Parameters and Functionais

Parameters and physical constants are given in Appen-
dix A, the functionals for the collision integrals and second
virial coefficients in Appendix B, and the general formulas
for their use in Appendix C.

Table Al contains values of the universal physical con-
stants that are needed,!® and Table A2 lists the values of the
atomic and molecular weights of the gases.’™ Table A3 lists
the values of the scaling parameters o and €/k for all the
interactions involved, and Table A4 lists the core parameters
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a for the single gases involved in the combination rules. The
latter are not directly needed in using the present results
because we tabulate all the mixed interaction parameters o,
and €,,/K as calculated from the combination rules, We do
not list the mixed core parameters a,, because they are easily
obtained from Eq. (3). The values of ¢ and e/k for single
gases are the same as those used previously.>* All values
have been normalized with respect to argon, for which we
assume

0=0.3350 nm, e/k=141.5 K.

Table A5 lists the values of the high-temperature scal-
ing parameters p and ¥,; the values for the single gases are
the same as used previously,?> and those for the mixed inter-
actions have been calculated from the combination rules of
Egs. (9) and (10). They are given in dimensionless form,
V= Ve (11)
No values involving C,H, and C,H are given, owing to the
lack of suitable molecular-beam measurements.®

Table A6 lists the material parameters needed for the
calculation of the nonspherical contributions to the second
virial coefficients. The quantities @ and C'® also appear in
the combination rules for o, and €,,, but are not directly
needed in this connection because we list o, and €,/k in
Table A3. We have not included the mixed dispersion coeffi-
cients C {9 because they are easily calculated from Eq. (6).

The equations for the functionals in Appendix B are
given only for 7* > 1 for the molecular gases, because a suit-
able correlation for them does not yet exist at lower tempera-
tures. However, the noble gases functionals are given for
T* < 1, because they are needed for mixture calculations in
some cases. For instance, consider the mixture N, 4 Xe at
200 K. For N,, T* = 200/98.4 = 2.033, which is well above
the lower liniit of the corrclativn, but at the same tempeias
ture the value of T* for Xe is 200/274.0 = 0.730, for which
the low-temperature functionals are needed. Moreover, for
the N,~Xe interaction the reduced temperature is T3
= 200/159.3 = 1.255, which is close to the lower limit. For
this mixture, the lowest temperature for accurate applica-
tion of the correlation would correspond to T'H, =1, or
159.3 K.

These constraints on the range of T'*, plus the fact
that no beam data are available for C,H, and C,H,, produce
a uselessly small temperature range for C,H,-He and
C,H¢~He mixtures.

pr=plo,

5. Experimental Data

The experimental data considered in this work were
contained in about 800 references. These were based on
three computer outputs supplied to us by the Purdue Univer-
sity Center for Information and Numerical Data Analysis
(CINDAS), and on a fourth computer output provided by
Project MIDAS" of the University of Stuttgart operated un-
der the direction of Professor K. Stephan with the coopera-
tion of Dr. A. Laesecke: These computer outputs were sup-
plemented with citations from our own resources. All
references were scrutinized and reduced to about 135 upon
which our comparisons with experiment are ultimately
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based. The latter were read, critically evaluated, and divided
into two classes called primary data (PD) and secondary
data (SD).

The division into two classes was based on several ob-
jective and subjective criteria. These were: (a) an evaluation
of the capability of the method used and of the theory of the
instrument; (b) a subjective assessment of the reliability of
the da&a,‘ guided by an examination of internal consistency of
error analysis and reproducibility; (c¢) the authors’ state-
ment of precision and accuracy; and (d) a direct intercom-
parison of results from different laboratories and of results
obtained by different methods.

The primary data were used for the most part as guiaés
to the original formulation of the combination rules for o,,
and €,,.° Secondary data served for validation. The refer-
ences listed in the bibliography of Appendix E contain both.
primary and secondary data.

6. Validation, Deviation Plots, and Accuracy

Validation of our computational procedures is repre-
sented by 201 comparison plots in Appendix D. The class of
the data (PD or SD) is indicated in the captions.

Figures 1-62 are deviation plots for the mixture viscos-
ities. The viscosities of the pure components that were used
in these calculations were also calculated from the correla-
tion scheme rather than taken directly from experiment, so
that the deviations shown are indicative of what can be ex-
pected from a calculation based entirely on a principle of
corresponding states and combination rules. Comparison of
these deviation plots with the corresponding ones for the
single polyatomic gases in Ref. 3 shows that the agreement
between calculated and experimental results is about as good
for the mixtures as for the single gases. This good agreement
can be at least partly attributed to the fact that mixture vis-
cosities are not very sensitive to combination rules, for two
reasons. The first reason is that the like interactions in a
mixture contribute to the viscosity on an equal footing with
the unlike interactions. The second reason is that there is
usually a compensation effect in the values of o}, and €, as
obtained from the combination rules: the errors in oy, and
€,, are usually in opposite directions, and tend to compen-
sate each other in the calculation of the interaction term 7,,
in the mixture viscosity.”

Rased an the ahove considerations, our estimate of the
accuracy of calculated mixture viscosities is about 1%. The
reader who wishes a more precise estimate in a particular
case must examine in detail the relevant deviation plots and
the reliability of the data.

Deviation plots for binary diffusion coefficients are
shown in Figs. 63-122. Diffusion coefficients depend almost
entirely on the unlike interactions in the mixture, and are
influenced by the like interactions to the extent of a few per-
cent at most. They therefore supply a more direct test of the
combination rules than do mixture viscosities, but unfortu-
nately the experimental accuracy of the measurements is
distinctly lower than in the case of the viscosity. Scatter in
the data as high as + 10% can be seen to be not uncommon.
The measurements that we believe to be the most reliahle are
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the comparatively recent ones by P. J. Dunlop and his cotla-
borators reported in Appendix E, Refs. 8, 14, 32,33, 90, 109,
and 111-113. In the 34 mixtures for which comparisons with
the measurements of Dunlop ef al. are possible, only two
points (for O,~CO, and SF—-Ar) deviate by more than 5%,
and in most cases the agreement is much closer. For other
systems for which measurements are available from more
than one laboratory, the agreement is almost always within
the experimental scatter.

We therefore feel justified in giving an estimated accu-
racy of about 5% for our calculated binary diffusion coeffi-
cients. This is consistent with the estimated accuracies of
calculated self-diffusion coefficients for the eleven molecular
gases reported in Ref. 3. For some systems the accuracy is
probably greater, as validated by the agreement with the
measurements of Dunlop ez al., and as can be determined by
reference to the deviation plots.

Deviation plots for the second virial coefficients of mix-
tures are shown in Figs. 123-173. Here it seems best to show
the interaction coefficient B, rather than B, for the whole
mixture. The coefficient B,, contributes to B,; with a
weight factor of at most 1/2, for an equimolar binary mix-
ture. The interaction coefficients B, depend entirely on the
unlike interactions in the mixture, and thus supply a direct
test of the combination rules, being similar to the diffusion
coeflicients in this respect. However, B,, and D, have quite
different sensitivities to the scaling parameters o,, and €,,,
and in particular there is less of a compensation effect in B,,
for errors in 0|, and €, than is the case for D,, (and 7). It
is consequently rather difficult to give a brief overall sum-
mary of the estimated accuracy of the present correlation
scheme for B,,, and hence for B_;, . Examination of the devi-
ation plots shows that for most of the pairs the deviations in
B,,are comparable to, but somewhat greater than, the devia-
tions in the corresponding B, and B,, for the single compo-
nents reported in Ref. 3. Thus the overall accuracy in B,
would be about the same as that for the single components.
However, in some cases the deviations in B, appear to be
shockingly large in comparison with B, itself --for example,
in a number of the mixtures involving SF,. But in most such
cases it happens that the large deviations can be explained by
a strong temperature dependence of B, that causes the re-
sults to be extremely sensitive to the value of €,,. For exam-
ple, the calculated value of B,, for N,-SF, at 300 X is too
small in magnitude by nearly a factor of 2, but this corre-
sponds to an error in €,, of only about 12%. In other words,
it is not the value of B,, that should be considered to be in
error, but rather the temperature at which that value occurs.

A rough general estimate of the reliability of calculated
values of B,;, can thus be formulated as follows. The uncer-
tainty in B,, is either about 5x 10~ m*/kmol, or else corre-
sponds to an uncertainty of 10-15% in ¢,,, whichever is
worse. This uncertainty is reduced by about a factor of 2 in
B, . For a more precise estimate in any particular case, it is
necessary to examine deviation plots.

Calculated and experimental thermal diftusion factors
a,are compared in Figures 174-201. Because of the compli-
cated dependence of ;- on composition, as well as on molec-
ular masses and collision integrals, it is convenient to make
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the comparison in terms of reduced thermal diffusion fac-
tors, defined as

x1Q, + x§Q2+Xlx2Q12> (12)

X8; — X585, '
where the S’s and Q’s are defined in Egs. (C6a)—(C6c) of
Appendix C. Multiplication of a by the factor containing
the §’s and Q’s removes the major dependence of @, on com-
position, molecular masses, and those collision integrals that
represent the interactions between pairs of like molecules in
the mixture, leaving a temperature-dependent quantity that
is dominated by only the unlike interactions. In particular,
from Eq. (C6) we have

Reduced ar=ar (

Reduced a;= (6C%¥% —5) (1 +«4), (13)
where C ¥, is the functional defined by Eq. (B3d) of Appen-
dix B, which is independent of the parameter o,, and de-
pends only on T}, = kT /¢,, (plus any dimensionless pa-
rameters needed to specify the shape of the interaction
potential for unlike pairs). The quantity x4 is a small but
complicated correction term that we have neglected in our
calculations.

Although Eaq. (13) is only approximate. because it de-
rives from a theory that neglects inelastic collisions and non-
spherical interactions, it demonstrates the extreme sensitiv-
ity of the reduced @ to the unlike interactions. That is, from
Eq. (B3d) we see that C}, depends on the temperature de-
rivative of the functional Q,,'""" that determines D,,, so
that errors in Q,,'""" are magnified. These errors are
further magnified because the quantity (6C % ~5) involves
the difference between two numbers of comparable magni-
tude. These features mean that calculated values of @, may
well involve uncertainties that are about one order of magni-
tude (about a factor of 10) larger than the corresponding
uncertainties in 7,,;, and D,,. The saving grace is that mea-
sured values of @ also involve uncertainties of similar mag-
nitude.

The comparisons in Figs. 174-201 document the above-
mentioned uncertainties in the calculated and experimental
values of @ ;. These comparisons are fairly selective in that
many early measurements, believed to be of lower accuracy,
are omitted. Also omitted are the results for the systems
CH,~Ne and CO,-Ar, for which @, is very small because
the molecular masses of the components are close to each
other, and the calculations are unreliable. Even so, disagree-
ments of as much as a factor of two occur for a few systems.
But if we consider only those measurements that we believe
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to be the most reliable [ Appendix E, Refs. 32, 53, 106, 109-
114], an estimate of accuracy of roughly 25% appears to be
justified. (The systems N,~Ne and CO-Ne seem to be excep-
tions.)

To summarize, our estimated accuracies are about 1%
for Nix, 5% for D5, 25% for a, and either 5 1073 m?/
kmol or 10-15% in €,, for B,,, whichever is worse. These
accuracies are comparable to, but somewhat poorer than,
the corresponding estimated accuracies for the pure compo-
nents reported in Ref. 3. They are poorer than the corre-
sponding accuracies for noble-gas mixtures reported in Ref.
2, but enjoy the advantage of operation in an entirely predic-
tive mode. For more precise estimates of accuracy for partic-
ular mixtures, it is necessary to examine Figs. 1-201 in de-
tail.

7. Description of the Tables

The tables of numerical data are not meant to be ex-
haustive and have not been designed for linear interpolation.
They are convenient extracts only, because the entire algo-
rithm for each property of every mixture can be pro-
grammed on a computer without difficulty on the basis of
the information supplied here. They can be used for numeri-
cal checks of such programs. A more extensive tabulation
would be prohibitively large.

The tables are identical in their structure and give val-
ues of B, , D,,, and a in SI units. Below 0°C, the tempera-
tures are listed in kelvins, and above that in degrees Celsius
in comformity with prevailing common practice. The num-
ber of significant figures given was partly determined by aes-
thetic considerations, and exceeds that which would be justi-
fied by the analysis of Sec. 6. There are 108 tables, one for
each mixture, except C,H,-He and C,H-He, which have
uselessly small temperature ranges for the reasons discussed
in Sec. 4. As noted in Sec. 6, the tables list B,;, for the mix-
tureitself, whereas the deviation plots refer to the interaction
coefficient B,,. The calculations for D,, refer to a pressure of
1 atm = 101325 N/m?. Because of space limitations, only
the first 10 tables are presented here. The remaining 98 tables
have been deposited with the Physics Auxilliary Publication
Service (PAPS) of the American Institute of Physics.?

The algorithms presented in this paper make it possible
to program calculations for a wide range of low-density equi-
librium and transport properties of 16 gases and of all possi-
ble multicomponent mixtures formed with them. For each
system, the program would cover the full range of composi-
tions.
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TABLE 2. Properties of an equimolar mixture of nitrogen and nitric oxide

(N,—-0,). (N,-NO).
T B 7 D(1.013 bar) T B 7 D(1.013 bar)
Kor°C 107%m3/kmol plas 10~4 m?%/s ar: Kor°C 10~ m3/kmol plas 10~% m?/s ar

150K —79.87 10.62 0.0611 - 0.0094 150K —87.73 10.16 0.0605 0.0051
200 —41.92 13.83 0.1046 0.0164 200 — 46.45 13.24 0.1036 0.0089
250 - 21.27 16.71 0.1565 0.0206 250 —24.23 16.01 0.1551 0.0110
300 - 831 19.34 0.2161 0.0232 300 —10.34 18.55 0.2143 0.0123
0°C - 14.60 17.95 0.1832 0.0219 0o°cC -1707 17.21 0.1816 0.0117
20 - 9.79 18.99 0.2075 0.0229 20 - 11.92 18.21 0.2058 0.0122
40 — 5.68 20.00 0.2329 0.0238 40 —17.52 19.18 0.2310 0.0126
60 —2.14 20.98 0.2595 0.0245 60 —3.73 20.13 0.2574 0.0129
80 0.94 21.93 0.2871 0.0251 80 —0.44 21.04 -0.2849 0.0132
100 3.63 22.86 0.3158 0.0257 100 2.43 21.94 0.3134 0.0134
150 9.01 25.08 0.3920 0.0268 150 8.20 24.08 0.3890 0.0139
200 12.99 27.19 0.4744 0.0275: 200 12.46 26.11 0.4708 0.0142
250 15.97 29.20 0.5626 0.0281 250 15.67 28.04 0.5585 0.0144
300 18.23 31.12 0.6565 0.0285 300 18.10 29.90 0.6518 0.0146
350 19.94 32.97 0.7560 0.0288 350 19.96 31.68 0.7506 0.0147
400 21.26 34.76 0.8609 0.0290 400 21.40 33.40 0.8548 0.0148
450 22.28 36.50 0.9711 0.0291 450 22.51 35.07 0.9642 0.0148
500 23.07 38.18 1.0864 0.0292 500 23.38 36.69 1.0787 0.0148
600 24.19 41.42 1.3321 0.0293 600 24.62 39.81 1.3228 0.0148
700 24.96 44.51 1.5975 0.0293 700 25.46 42.78 1.5862 0.0148
800 25.59 47.48 1.8818 0.0292 800 26.12 45.64 1.8686 0.0148
900 2615 50.35 2.1846 0.0289 900 26.71 48.40 2.1692 0.0147
1000 26.67 53.14 2.5064 0.0281 1000 27.24 51.09 2.4886 0.0142
1500 28.19 66.29 4.4076 0.0251 1500 28.85 63.75 4.3820 0.0124
2000 28.48 78.54 6.7683 0.0242 2000 29.16 75.65 6.7474 0.0118
2500 28.26 90.13 9.5545 0.0240 2500 28.91 87.02 9.5519 0.0116
3000 27.83 101.37 12.7435 0.0241 3000 2843 98.01 12.7738 0.0116
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TABLE 5. Propertics of'an cquimolar mizturc of nitrogen and nitrous oxide

oxide (N,~CO). (N,=N,0).
T B 7 D(1.013 bar) '
Kor’C  107m/kmol  pPas  107*m'/s ar K 01;°c 10-3 mB;/kmol u;’]a s pfg.gl;l;z ) a;
100K —173.00 671 0.0279 0.000 : :
150 —76.90 10.02 0.0613 0.000 300K —53.95 16.58. 0.1662 0.0717
200 ~38.16 12.94 0.1041 0.000
250 ~17.09 15.55 0.1551 0.000 0°C  —67.90 15.23 0.1398 0.0630
300 —3.94 17.93 02135 0.000 20 —57.19 16.24 0.1593 0.0696
40 — 4825 17.23 0.1797 0.0753
0 ~10.30 16.67 0.1812 0.000 60 —40.68 18.19 0.2011 0.0803
20 s 17.61 0.2051 0.000 80 3418 19.12 02233 0.0847
40 —129° 18.53 0.2300 0.000
60 2.26 19.41 0.2560 0.000 100 —28:54 20.04 0.2465 0.0886°
80 5.33 2027 02831 0.000 150 —17.27 2.24 03082 0.0966
200 886 24.32 0.3749 0.1026
100 8.00 2111 0.3111 0.000 250 239 2631 0.4466 0.1074-
150 ‘13,29 23.12 0.3857 0.000 300 271 2821 0.5229 0.1111
200 17.13 25.03 . 04662 0.000 ‘
250 19.95 26.85 0:5526 0.000 350 6.81 30.04 10,6037 01140
300 22.04 28.59 0:6445 0.000 400 10.14 3181 0.6889 0.1164
. . ) 450 12.88 33.52 T0.7784 0.1183
1350 23.60 130.27 0.7419 0.000 500 15.16 3517 0:8720 0;1198
400 24.77 " 31.89 08446 0.000 600" 18.69 38.35 10712 01220
450 25.66 33.47 0.9524 0.000 . : v
500 26.34 35.00 1.0654 0.000 700 21.27 4137 1.2861 01235
600 27.34 37.94 1.3062 0:000 800 2321 4426 ‘15160 01244
- v _ 900 70 47.04 1.7605 0.1249
700 28.12 4076 1.5663 0.000 1000- 25.86 49.73° 2.0193 0.1252 .
800 28.82 4347 -1.8451 10:000 1500 29.09 6214 13.5170 0.1246
900" 20.49° 46.10 2.1425 0.000 ' '
1000 30.04 48.67 24583 0:000 2000 -30:54 73.43 5:3396 0.1204
1500 31.39 60.91 4.3105 0.000 2500 3119 84.01 74753 10:1170
, : . 3000 31.48 94.08 9.9101 0.1147
2000 3142 72.50 .6.6074 0.000 S - o
2500 30.96 83.64 °9.3333 £0,000
3000 3031 94.43 12:4747- 0.000 _
- - TABLE 6. Properties of an equimolar mixture of nitrogen and methane
TABLE 4. Properties of an equimolar mixture of ‘nitrogen ‘and :carbon (NZ_CH")' .
dioxide (N,—CO;): = , :
T . - B /] D(1.013 bar)
T i 3 > D(1.013 bar) K pf °C 10‘? m3/kmql :F‘.P“ts 1054, m%/s ar
© —3m3 —4 2 - - S -
Kor®C 1077 m/kmol  pPas 107" m'/s “Gr 200K —6675 - 1036 0.1105 0.0516
E B um om imE . e ne o ooms
300 —49.28 16.58 0.1652 0.0754 ' : : -
0°C  ~63.61 15.25 0:1391 0.0670 ig ¢ - ig‘;’g }32; g‘gf; g‘gggg A
“20 ~'52.60 16.25 0.1583 0.0734 0 T 1517 02495 0.0907
W 4347 1722 0.1785 0.0790 g e o oo
60 ~12.54 15.94 0.2784 0.0950
€ —35.78 18.16 0.1597 0.0838 80 — 835 16.68 0.3084 0.0988
80 ~29.24 19.09 02217 0.0881 g " :
: A 100 — 4,69, ‘1741 0.3396 0.1022
00 —2361 19.98 0.2446 0.0918 150 273 19.14 0.4225 0.1092
1500 - — 1248 .22.14 0.3055 0.0995 200 231 2079 0512 01146
W T s oame o108 250 12.59 22.36 06083  0.1187
" . . g . 300 15.92 23.87 0.7106 0.1219
300 6.69 28.01 0517+ 0.1134
350 10.50 29.81 0:5973 01162 2(5)8 ég::‘: ;2;} g:g;g? g:gz:
400 13.55 31.55 0.6814 0.1185 450 5227 55,06 10530 0.1279
430 16.03 33.22 L7697 0.1203 500 23.60 29.38 1.1785 0.1291
600 21.18 37.97 1.0588 0.1238
700 26.90 3431 1.7341 0:1316
700 2340 40.93 12709 0.1251 800 27.87 36.62 2.0430 0.1319
800 25.06 43.77 1.4979 0.1259 900 5564 1885 23717 0.1315
900 26.33 46.51 1.7394 0.1263 1000 2926 1ol 57199 0.1319
1000 27.31 49.15 1.9950 0.1265 1500 3133 5113, 47533 0.1188
1500 30.18 61.37 3.4746 0.1248
wo s ma sws  ome W9 RD 4% mm ems
2500 32.19 8296 7.4049 0.1151 3000 32.09 7197 36386 01056
3000 3245 92.93 9.8285 0.1130 '
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TABLE 9. Properties of an equimolar mixture of nitrogen and ethylene

fluoride (N,~CF,). (N~C,H,).
T B 7 D(1.013 bar) T B 7 D(1:.013 bar)

Kor°C 107*m’/kmol  uPas 10~* m?/s ar Kor’C 107*m%kmol uPas 10~ m?%/s ay
200K —105.91 12.72 0.0623 0.1293 250K — 85.95 11.70 0.1212 0.0152
250 —61.71 15.51 0.0938 0.1712 300 —54.42 13.77 0.1692 0.0180
300 — 3448 18.08 0.1300 0.1992

0°C —69.45 12.68 0.1426 0.0167
0°C — 47.65 16.72 0.1100 0.1855, 20 - 57.92 13.50 0.1622 0.0177
20 —37.58 17.74 0.1248 0.1959 40 —48.26 14.29 0.1828 0.0185
40 —28.99 18.72 0.1403 0.2050 60 — 40.05 15.06 0.2043 0.0191
60 2159 19.67 0.1565 0.2128 80 — 33.00 15.81 0.2267 0.0196
80 —15.16 20.60 0.1733 0.2197 v
100 — 26.88 16.54 0.2499 0.0200
100 —9.52 21.51 0.1908 0.225% 150 — 14.65 18.31 0.3118 0.0207
150 1.84 23.68 0.2373 0.2381 200 —35.53 19.97 0.3787 0.0211
200 10.35 25.73 0.2875 0.2472 250 1.47 21.57 0.4505 0.0213
250 16.85 27.69 0.3414 0.2542 300 6.97 23.09 0.5269 0.0214
300 21.89 29.57. 0.3988 0.2595 .
350 11.36 24.56 0.6079 0.0214
350 25.84 31.37 0.4595 0.2635 400 14.91 2597 0.6932 0.0214
400 28.96 33.12 . 0.5235 0.2666 450 17.82 27.34 0.7828 0.0214
450 31.44 34.80 0.5907 0.2689 500 20.22 28.66 0.8765 0.0213
500 33.43 36.44 0.6610 0.2707 600 23.90 31.21 1.0761 0.0211
600 36.33 39.58 0.8108 0.2729
. o 700 26.54 33.63 1.2913 0.0210
700 38.30 42.58 0.9725 0.2739 800 28.51 3595 1.5217 0.0208
800 39.72 45.46 1.1456 0.2741 900 30.02 38.18 1.7668 0.0206
900 40.83 48.23 1.3299 0.2738 1000 31.18 40.35 2.0263 0.0205
1000 41.75 50.92 1.5244 0.2733
1500 44.72 63.42 2.6749 0.2290
2000 46.07 74.77 4.1132 0.2249
2500 46.49 85.25 5.7999 0.2330
3000 46.46 95.06 -7.7096

0.2420

TABLE 8. Properties of an equimolar mixture of nitrogen and sulfur hexa-

fiuoride (N,~SF,).

T

B n D(1.013 bar)

Kor°C 107*m%kmol  pPas 10~*m?%/s ar
250K —139.80 14.38 0.0741 0.2109
300 — 86.37 16.90 0.1028 0.2470

0°C —111.84 15.57 0.0869 0.2293

20 —92.29 16.56 0.0987 0.2428
40 —75.94 17.53 0.1110 0.2545
60 ~ 62.08 18.47 0.1239 0.2646
80 —50.20 19.39 0.1373 0.2736
100 —39.93 20.28 0.1512 0.2814
150 —19.52 22.43 0.1881 0.2974
200 —4.46 24.46 0.2281 0.3094
250 6.96 26,40 0.2710° 0.3185
300 15.81 28.26 0.3166 0.3255
350 22.77 30.05 0.3650 0.3310
400 28.33 31.77 0.4159 0.3352
450 32.80 33.44 0.4694 0.3384
500 36.45 35.06 0.5254 0.3409
600 41.92 38.16 0.6446 0.3443
700 45.76 41.12 0.7731 0.3460
800 48.57 43.95 0.9108 0.3466
900 50.74 46.68 1.0573 0.3466
1000 52.49 49.32 1.2124 0.3472
1500 57.44 61.53 2.1147 0.3285
2000 59.50 72.62 3.2216 0.3233
2500 60.55 82.93 - 4.5146 0.3240
3000 60.90 92.65 5.9806 0.3257

TABLE 10. Properties of an equimolar mixture of nitrogen and ethane

(N-CHy).
T B 7 D(1.013 bar)

Kor°’C 107*m’/kmol  uPas 10~* m%/s ar
250K — 106.44 11.03 0.1107 0.0273
300 —68.71 12.97 0.1544 0.0332

0°C  —86.71 11.95 0.1302 0.0304
20 ~72.90 1271 0.1481 0.0326
40 —61.32 13.46 0.1669 0.0344
60 —51.47 14.19 0.1865 0.0366
80 —43.00 14.89 0.2069 0.0373

100 —35.64 15.58 0.2281 0.0385
150 —20.90 17.24 0.2845 0.0407
200 —9.88 18.81 0.3455 0.0423
250 —1.40 20.31 0.4109 0.0435
300 5.28 21.75 0.4806 0.0443
350 10.63 23.13 0.5544 0.0450
400 14.96 24.46 0.6322 0.0454
450 18.52 25.75 0.7139 0.0458
500 21.46 27.00 0.7993 0.0460
600 25.99 29.39 0.9812 0.0464
700 29.25 31.67 1.1774 0.0465
800 31.67 33.86 1.3875 0.0465
900 33.51 35.96 1.6110 0.0464
1000 34.93 37.99 1.8476 0.0464
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Appendix A: Material and physical
constants including scaling factors

TABLE Al. Universal constants.?

k=1.380658x 10~ JK~!
N, = 6.022 1367X 10% mol~'
R=8314510J mol~'K~!

Boltzmann constant
Avogadro constant
Universal gas constant

*Ref. 13.

TABLE A2. Atomic and molccular weights® (averagce isotopic composition,

kg/kmol).

N, ‘ 28.0135
0, 31.9988
NO 30.0061
co 28.010
co, 44.010
N,0 44.0129
CH, 16.043
CF, 88.005
SF, 146.056
CH, 28.054
CH, 30.070
He 3.0160
“He 4.0026
Ne 20.1797
Ar 39.948
Kr 83.80
Xe 131.29

“Ref. 14.
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TABLE A3. Effective spherical scaling parameters o; and €.
o(nm)
N, 0, NO co co, N0 CH, CF, SF, CH, GCH, He Ne Ar Kr Xe
N, 03652 0.3529 0.3562 0.3652 03711 03676 0.3687 04132 04521 03878 04032 03243 03253 0.3499 0.3610 0.3778
0, 03407 0.3441 03529 0.3596 0.3561 0.3565 04016 04409 03765 03919 03096 03118 03378 0.3492  0.3665
NO 0.3474 03562 03627 0.3592 0.3601 04045 04435 0.3794 0.3948 0.3139 03157 0.3412 0.3524  0.3695
co 0.3652 03711 0.3676 0.3687 04132 04520 0.3878 04032 0.3244 03253 03499 03610 03778
Cco, 0.3769 0.3736 03745 04172 04536 03923 04074 03339 03343  0.3568 0.3671 0.3829
N, O 0.3703 03710 . 04138 04503 0.3890 0.4042 03297 03304 03534 0.3637 0.3796
CH, 0.3721  0.4156 04530 03904 0.4057 03302 0.3307 0.3540 0.3645 0.3808
CF, 04579 04932 04323 04474 0.3814 03790 0.3986 0.4079 0.4228
SF, 0.5252  0.4672 0.4820 04298 04236 04377 04453 0.4580
C.H, 04071 04221 03553 0.3537 03736 0.3830 0.3978
C.H, 0.4371 03717 03697 03850 0.3982 0.4128
e/k (K)
N, 0, NO co CO, N,O CH, CF, SF, C,H, C,H, He Ne Ar Kr Xe
N, 98.4 108.8 110.8 98.4 155.0 161.4 125.0 118.0 121.2 148.6 146.8 23.42 5297 1177 139.4 159.3
0, 111 122.9 108.7 168.8 175.9 136.8 1270 1276 159.7 157.4 2794 6177 1309 152.8 1717
NO 1250 1108 172.9 180.3 140.1 1311 132.7 164.8 162.5 2156  61.24 1329 156.2 177.0
co 98.4 155.2 161.9 125.4 118.5 121.5 149.2 1473 23.23 52.41 117.6 139.7 160.0
CO, 2453 2552 1985 1930 2041 2410 2389 3414 7070 1822 2196 2563
N,O 2668 2079 2014 2104 2514 2487 3582 8037 1902 2295 2680
CH, 1614 155.4 161.6 194.8 1925 27.78 62.64 1481 178.6 208.2
CF, 1565 172.6 195.9 194.3 22.31 52.69 1374 171.0 207.2
SF, 2077 2150 2161 1924 4818 1374 1767 2236
C.H, 2443 2429 28.72 6705 172.6 214.0 258.3
C.H, 2419 2781 6549 1700 2114 2564

TABLE A4. Core parameters for combination rules.

a(nm)
N, 0.0006
0, 0.0000
NO 0.0000
Cco 0.0000
Co, 0.0094
N,0 0.0102
CH, 0.0029
CF, 0.0358
SF, 0.0319
C,H, 0.0022
C,H, 0.0239
He 0
Ne 0
Ar 0
Kr 0
Xe 0
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TABLE AS. High-temperature dimensionless spaling parameters, p* = p/oand V* = ¥V, /€.

N, 0, NO co co, N,0 CH, CF, SF, He Ne Ar Kr Xe

N, 0.1080 0.0918 0.0984 0.1080 0.0897 0.0904 0.0887  0.0588 0.0727 0.0929 0.0938 0.0964 0.0957 0.0961
0O, 0.0745 0.0815 0.0918 0.0730 0.0736 0.0719 0.0430 0.0586 0.0746 0.0753 0.0790 0.0788 0.079%

NO 0.0883 0.0984 0.0797 0.0803 0.0786  0.0492 0.0642 0.0820 0.0828 0.0860 0.0856 0.0864

CO 0.1080 0.0897 0.0904 0.0887  0.0588 0.0727 0.0929 0.0938 0.0964 0.0957 0.096)

CO, 0.0720 0.0725 0.0709  0.0435 0.0589 0.0718 0.0729 0.0773 0.0774 0.0788

N,O 0.0730 0.0714  0.0437 0.0592 0.0725 0.0736 0.0779 0.0780 0.0793

CH, 00698 0.0423 0.0576 0.0708 0.0719 0.0762 0.0763 0.0777

CF,; 0.0200 0.0359 0.0392 0.0406 0.0466 0.0476 0.0501

SF,  0.0500 0.0548 0.0565 0.0620 0.0628 0.064%

*a
Vo

N, 0, NO co co, N,0 CH, CF, SF, He Ne Ar Kr Xe

N, 5.308(4) 1.790(5) 9.563(4) 5.311(4) 2.420(5) 2.322(5) 2.490(5) 2.060(7) 2.031(6) 2.547(5) 2.048(5) 1.303(5) 1.252(5) 1.297(5)
0, 1.322¢6) 4.877(5) 1.792(5) 2.01i(6) 1.937(6) 2.070(6) 3.455(9) 3.039(7) 1.546(6) 1.464(6) 8.057(5) 7.602(5) 7.346(5)

NO 2.145(5) 9.56A(4) T004(5) AR12(5) 7.256(5) 2.797(R) 8273(6) A099(S) S41R(5) 323R(5) 3.002(5) 13105(5)

CcO 5.308(4) 2.418(5) 2.314(5) 2.482(5) 2.052(7) 2.026(6) 2.568(5) 2.070(5) 1.304(5) 1.250(5) 1.291(5)

Co, 2.800(6) 2.705(6) 2.946(6) 4.520(9) 3.586(7) 3.016(6) 2.929(6) 1.202(6) 1.074(6) 9.577(5)

N.O 2.600(6) 2.827(6) 4.460(%9) 3.513(7) 2.880(6) 2.584(6) 1.155(6) 1.030(6) 9.182(5)

CH, 3.066(6) 5.669(9) 4.060(7) 2.954(6) 2.689(6) 1.231(6) 1.106(6) 9.978(5)

CF, 1.460(19) 2.160(11) 9.329(9) 9.689(9) 9.765(8) 6.522(8) 3.322(8)

SF, 4.067(8) 7.590(7) 5.904(7) 1.606(7) 1.255(7) 9.047(6)

*Values in parentheses are the powers of 10 by which the entries are multiplied.

TABLE A6. Dimensionless material parameters for the calculation of the
nonspherical contributions to second virial coefficients.

u* 9+ a* « C.*
N, 0 0.47 0.0357 0.131 2.18
0, 0 0.141 0.0397 0.229 2.27
NO 0.180 0.61 0.0408 0.162 2.20
CO 0.138 0.84 0.0404 0.090 2.63
CO, 0 0.85 0.0547 0.268 1.86
N,O 0.122 0.59 0.0607 0.329 1.89
CH, 0 0 0.0503 0 2.10
CF, 0 0 0.0402 0 1.35
SF, 0 0 0.0452 0 1.51
C,H, 0 0.33 0.0631 0.143 2.13
C,H, 0 0.11 0.0529 0.058 1.57
He 0 (4} 0.0115 0 3.09
Ne 0 (¢] 0.0189 0 2.594
Ar 0 0 0.0437 0 2.210
Kr 0 0 0.0547 0 2.164
Xe 0 0 0.0690 0 2.162
Dipole moment u* = py/(ec’)'?
Quadrupole moment 6*=0/(ec”)'”?
Dipole polarizability a* =1d/o’

a=(1/3)(a" +2a")
Polarizability anisotropy k=(1 @)(a“ —d)/a
Dispersion coefficient C* = C¥/ec®

Data from Refs. 1-3 and the sburces listed thereif)r.i
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Appendix B. Correlation equations for

functionals
Collision Integrals

Q22" molecular gases
1<T*<10
Q2" exp [0.46641 — 0.56991(In T'*)
4 0.19591 (In T*)2 — 0.03879 (In T*)?
+0.00259 (In T*)*].
T*>10
Q" = (p*)%2[1.04 + a,(In T*) "' + a,(In T*) 2

(Bla)

+a,(In T*)~3 +a,(In T*) ], (Blb).
where :
a, =0,
a,= — 33.0838 + (@ p*) "2[20.0862
+ (72.1059/a,0) + (8.27648/c0)?1,
@, = 101.571 — (a0 p*) ~2[56.4472
+ (286.393/a,4) + (17.7610/u,0)°1,
a,= — 877036 + (o p*) ~2[46.3130
+ (277.146/a,4) + (19.0573/2,,)?],
in which a,=In (V}/10) is the value of

a=In ¥V — In T* at the matching point of T'* = 10.
Q3° noble gases
T*<1.2
QD" = 1,1943(C*/T*)'?[1 + a (T*)'?
+ @ (T*)*? + ay(T*) + a,(T*)*?

+as(T*)°? +a,(T*)?], (Blc)
where
a, =0.18,
a, =0,
a; = — 1.20407 — 0.195866{C¢*) /3,

a, = — 9.86374 + 20.2221(Cs*) ~'/3,

TapLe Bl. Coefficients of Eq. (B4a) for the computation of the functional

By*.
Co ] Gy C3 Cy
Noble gases 0.74685 — 1.03840 0.31634 0.02096 — 0.01498
N,, CO,0,, NO 0.96843 — 1.34424 0.46405 — 0.00689 — 0.01358
CO, 0.82601 — 1.39073 0.68581 —0.12653 0.00543
N,O 0.86875 — 1.28642 0.50153 — 0.03949 — 0.00767
CH, 0.89921 — 1.25084 0.42071 0.00059 — 0.01384
CF, 1.06288 — 1.49408 0.55240 — 0.02979 — 0.01138
SF, 1.21852 — 1.91794 0.92850 —0.16763 0.00673
C.H, 0.09434 — 1.39738 0.60582 —0.07896 — 0.00238

0.98755 — 1.47580 0.61382 — 0.06880 —0.00484

C.H,
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as = 16.6295 — 31.3613 (C;*) /3,

= — 6.73805 + 12.6611 (Cs*)~ /2,

1.2<T*<10

Q?** = same as Eq. (Bla).

T*>10

022" = same as Eq. (Blb).

QD" ‘molecular gases

1<T*<10

QD" = exp[0.295402 — 0.510069 (In T'*)
+0.189395 (In T'*)?
—0.045427 (In T*)?
+0.0037928 (In T*)*].

T*>10

QUL — (p*)2a2[0~89 + b, (T*) ™2
+ By (T*) =% + be(T*)~"1,

(B2a)

(B2b)
where
b, = — 267.00 4 (a,op*) "2[201.570
+ (174.672/a ) + (7.36916/a,0)?],
by = 26700 — (a,o p*) ~2[19.2265
+ (27.6938/a,5) + (3.29559/,4)%] X 10°,
be= — 8.90X10° + (a0 p*) "2[6.31013
+ (10.2266/a,5) + (2.33033/a,4)%] X 10°,

in which a;,=1In(V;*/10) is the value of «
=1In V* — In T * at the matching point of T* = 10.

QD* noble gases

T*<1.2
QD = L18T4(C*/T*) ' P[1 4 by (T*)'13

+ by (T*)? 4 by(T*) + by (T*)*?

+ by (T*)3 4 h(T*)))], (B2c)
where
b, =0,
b, =0,
by = 10.0161 — 10.5395(C*) /3,
b, = — 40.0394 } 46.0048 (C,*)~1/3,

bs = 44.3202 — 53.0817 (C,*) /3,

b= — 15.2912 + 18.8125 (C,*)~'/3.

1.2<T*<10

QUD* — exp [0.357588 — 0.472513 (In T*)
+0.0700902 (In T*)2 + 0.0165741 (In T *)?
—0.00592022 (In T*)*]. (B2d)

T*>10

QD" = same as Eq. (B2b).
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Collision-integral ratios

Qhs+D* T* din QU9*

=l B3
Q@ s+2  dT* (B3a)

A* = Q(Z.Z)'/Q(l.l)*, (B3b)

B* = [5QU2" —4Q¥") /000"

—143c%—3(crr o L Q0T

3 d(T*)?
oy L
* * * a.ne
C*=0027/Q0" = | +TT%’ (B3d)
E*=QC7/Q00" =1 4 l;‘“’;—‘;;w—, (B3e)

F*=Q9%/0M0"~0.9543 +0.001247'~, (B3f1)
H*= (3B* 4 6C* —35/4)(6C* —5)~". (B3g)

The numerical expression for F * is an approximate correla-
tion from Ref. 1 (Sec. 10); the other expressions are defini-
tions and exact recursion relations.

Second Virial Coefficients

B*=B,* + B,*
B,*, molecular gases
1<T*<10
By* = — (T*)"exp(1/T*)[co+ ¢,(In T*)
+¢,(In T*)? 4+ ¢5(In T*)> + ¢,(In T*)*], (B4a)
where the coefficients c; are given in Table B1.
T*>10
B*=B[14+d,(InT*)"?
+d,(In T*)™* + dg(In T*)~°],
where
B=(p*)’[(a+ )+ (#/2)(a + y) + 2.40411],
a=lnV*—-InT*

¥ = 0.577215...is Euler’s constant,

(B4b)

and
d, = —15.9057 + (9.85958/B,,)
+ [(p*)*/B16? 1125.6607 (a0 + ¥)?
—9.73766(a,o + 7) + 42.2102]
+3.24589[ (p*)*/B1o 1’ [3(@1o + ) + 7 /2)7,

d, = 84.3304 — (61.9124/8,,)
+ [(p*)*/B1o* 1 — 227.258(ay0 + 7)°
+103.256(a;o + ¥) — 373.824]
—34.4187[ (p*)*/Bro IP[3(aso + 7)* + 77217,

J. Phys. Chem. Ref. Data, Vol. 19, No. 5, 1990
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dg = — 149.037 + (119.937/B,,)
+ [(p*)*/B1o* 1[483.571 (a1 + V)
—273.727(ayo + ¥) + 795.442]

+91.2423[(p*)/B10 1’ [3(a o + 1)* + 7/2]7,

in which S, is the value of S and a,, is the value of « at the
matching point of 7* = 10.

B,*, noble gases
T*<1.1
Bj* = — (T*)"%exp(1/T*)[1.18623 + 1.00824T *
+4.25571(T*) — 18.6033(T*)* + 20.4734(T*)*
— 8.71903(T*)° + 1.14829(T*)°].
L1<T*<10

(B4c)

By* = same as Eq. (B4a).
T*>10

By* = same as Eq. (B4b).
B, *, molecular gases

These nonspherical contributions are zero for the inter-
action of two noble-gas atoms, but not for the interaction of a
noble-gas atom with a molecule.

T*>1
B, * =B, *(uun) + B, *(u0) + B, *(60) + ...
+ B *(u, indu) + B, *(u6, indu)
+ B, *(6,indu) + ...B, *(C, anis)
+ ... 4 cross terms. (BS)

Explicit formulas for the various contributions of B, * are
given in Appendix C as power series in (7*) ™.

Appendix C: General formulas
Single Substances

Only the viscosity and second virial coefficient are
needed for use in mixture calculations.

Viscosity 7
1/2
,7=_5_(ka) S 1
16\ 7/ o20%
3
=14——(8E*—-T)~ (Cla)

fr=1+ T 6( )
Second Virial Coefficient B

BzzTﬂNAsz*. (C2)
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Mixtures
Viscosity
H, H, - H, x
H,y, Hy - Hy x
Hvl HVZ va xv
cee O
Mmix = — ul a i (C3)
H, H, - H,
H,, H, - H,
Hv] HVZ Tt Hw
where
H _x,-2+ vo2x X,  mmy, ( 5 _{_ﬂ)
) M k=1 T (m; +m)? \34,*  m; ’
ki
(C3a)
Hy (i) = — L ( : —1),
My (m 4+ m;)"\34,*
(C3b)
_5 l( 2m;m, )kT]"Z 1 ‘
N = 16 mi+m ) w UijZQij(z,Z)‘(ﬂj*) .
(C3c)

The expression (C3) is only a first approximation, but accu-
rate results can be obtained if the single-component viscos-
ities 7, are calculated according to Egs. (C1) and (Cla).!

The formula holds for binary as well as multicomponent,

mixtures.

Diffusion

Diffusion in multicomponent mixtures is described en-
tirely in terms of binary diffusion coefficients, D, ;,

=2 [(Zutm) ) r (i
ij 8 2m‘.mj T P Uijzﬂa'jl,l)‘(jﬂ,‘j*)
' (C4)
The higher-order correction term A, is a complicated func-
tion of composition, but since it is small the following ap-
proximate formula should be adequate:'?

a;.X: .
A =13(C*—5)—~L 2, C5

j (Ci; )1+b,~jx,»,- (C3)
where

g = 2172 Qijl'I'(T'ij*)
ij = 8[1 1 1.8(mj/m,~)]2 Qﬁ(Z,Z)t(z}*) ’

(C5a)

b;; = 10a,,[ 1+ 1.8(m;/m,) + 3(m;/m,)?] — 1,
(C5b)
X:

i

xij = . (CSC)
X; + X;

in which the subscript i denotes the heavier component and
subscript j denotes the ligher component of the i-j pair.
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Thermal Diffusion Factor

Thermal diffusion in multicomponent mixtures is com-
plicated,’ and we give here only the expression for a binary
mixture,

aT=(6Cij*_5)( xSy — X585,

x12Q1 + xzzQz + x,x,01,

) ( l + KT),
(C6)
where & is a correction term arising from the higher ap-
proximations of kinetic theory, and is usually negligibly
small in comparison with experimental uncertainties in a.
We have ignored - in the tabulations reported in this paper.
The other quantities in Eq. (C6) are
my ( 2m, )1/2 0,20, %P (T}*)
my+my) 0,0, (T%)
_ dmmydp* | 15my(my —m;)
'(m1‘+‘m2)2 2(m, +m2)2
_ 2 ( 2m2 )1/2 0“29‘| l(2.2)"(Tl=|:)
my(m, +my) \m, +my/  0,,°0, P (T),*)

X [(i - 2812*)"’12 +3my? + %mlmZAIZ*]’

S, =
my

) (Cé6a)

a

2 5

(C6b)
—_ 2(5 6
= 15(M) (——-—B *)
0 ", +m, 2 5 P

4m|mzA|2* (11 . _1_2_B12*>

(m, + m,)? 5

8(m, +m,) 0“20”(2.2)-(7-1*)

5(mlm2)'/2 75202, (T*)

05,0, " (T%) (C6c)

0570, N (Tp%) ’
and the expressions for .S, and @, are obtained from those for
S, and Q, by interchange of the subscripts 1 and 2. The sign
convention for ;- requires that subscript 1 denote the hea-
vier component (m,>m,).

Second Virial Coefficient

By = Z Z x;ij,.j,

(or)}
=1 /=1
2
B;; ="§TI"NAU.']:‘B.-_,'*(T,~_,‘*), (C7a)
Bij*= (BO*)ij+ (-an*);j~ (C7b)

The equations for the spherical functionals (B,*),; are those

given in Appendix B. The equations for the nonspherical
contributions (B,,*),; are as follows:

2 u.-*u-*)z
B *(uu),, = — = ———
o= 2 (222
[ 1 l_* ®\2
X J6+75—(#_T—lii—) J12+"'], (C8)
L ij
8.%9.%\?
an*(gg)ij__: __6_(;_)
5 T,f“
[ 6 [0:%6;*
X J10~4—9 T * Jis + o | (C9
L ij
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an*(lue)ij

*¥9.%\? *Q *\2
- _i("' ) ) [JS+ 16 [141 ("' ) )
5\ T,* 1820 T, *

ij

917/ 1, *6,* %G, *\2
) [ s

*9* *0* 2
[141 ('u’ ) + 1917/#‘ ; )] --],(cm)
7 T,J
an (:u’lndlu)ij
1 o *\?
- ~F(ET—;) [+ 1 *a*)?
ij
1 ﬂj*al_*)z
XJg+ ] ——|—/———
18 ] T ( T, *
X[(/-tj*)z-]xz'f'll(ﬂi*aj*)zjls‘f’"']’ (C11)
0_*2 K 2
B, *(Bind ), = ——L K.i)
455 T,*
9‘*2(1'* 2
+(’ ' )]J16+---, (C12)
T.*
432 ui*ﬁ,-*a,»*)z
Oindu);; = — _
ns (‘ll. n lu) 77 [( T‘”*
O *g *\2
_|_(lu’j TJ* )]JM“‘”" (C13)
C,
m (Céanls) _]_.(_(_6_.);!)
15 T*
2, 2,19 5 5
X K; +Kj +—5—"K',~ Kj J]Z-I-"', (C14)

#f*ﬂj*ffi*(fj*
B, *(uX0),; i=3 (—-—E'T—

.* k 0*9*
x[(‘u‘Tﬂi )J +§:( )JH+ -], (C15)
ij
72 [(lui*ei*aj*)2
T 385 T, %
Mj*gj*a’_*)z]
-+ ("‘"—_‘“_ J14+ Y
T,?
_i(#i*#j*)z
3 T,*

*2p ¥ K2y %
x[ai*aj* +l(‘_"__f_i‘L.) + ...]‘,—124_ e

30 T, *
(C17)

an * ()uilndﬂ X 9,ind,u),.j =
(C16)

B, *(uuX p,indp),; =

L)
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. 24 1
ij

8, %%a;* + 0,%°a
X(—T—)JML (C18)
i
6,%0.*(C¢*);;
an*(og XC(,anis),.j 2%_'__',_7_'(*—26)'.‘!_,([,(‘,‘]“ EEpE s
i
(C19)
B, *(u,indu X Caanis);; = — 125 [(;{' *) a*«,
Ui % \2
i
6.% \2
B *(6indu X Caanis),; = 2 [(_';) oK,
385 |\ 1,
a.* 2
+(TI *) “"*K"](Cﬁ*)ﬁ Chs (c21)
ij

Equations (C17)-(C21) represent the leading cross terms
that are indicated in Eq. (B5). The terms (B, *),; for like
molecular interactions are obtained from the above formulas
by equating / and j. The auxiliary functions J, (7};*) are
tabulated for

0.5<T*<10 and 6<n<30,

by A. Boushehri, E. A. Mason, and J. Kestin [Int. J. Ther-
mophys. 7, 1115 (1986) ]. These functions are slowly vary-
ing, so that interpolation in the tables is easy. For T* > 10 the
nonspherical contribution B, * is usually negligible com-
pared to the corresponding spherical contribution B,*.

Appendix D: Deviation Plots

In the deviation plots, the ordinate refers to the differ-
ence between the measured and calculated quantity, i.e., the
percentage quantity 100 (X, — Xeare )/ Xeare OF the differ-
ence (X meas Xcalc)

As discussed in Sec. 6, the deviation plots for the second
virial coefficient refer to the interaction coefficient B,,,
whereas the tables list B, ;, for the whole mixture.

The reduced thermal diffusion factor is defined as.

O = (7‘12Q| =+ x22Q2 -+ xleQlZ)

= .
xpS) — X35,
The calenlated curve for this quantity equals (6C,,* — 5).

Several points at a given temperature refer to different
mixture compositions.
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D1. Deviation plot for the viscosity of N,-O, mixtures.
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D3. Deviation plot for the viscosity of N,-CO, mixtures.
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D6. Deviation plot for the viscosity of N,-CF, mixtures.
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D9. Deviation plot for the viscosity of N,-C,H, mixtures.
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D12. Deviation plot for the viscosity of N,-Ar mixtures.
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D13. Deviation plot for the viscosity of N,-Kr mixtures.
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D15. Deviation plot for the viscosity of O,-CO, mixtures.
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D16. Deviation plot for the viscosity of O,-CF, mixtures.
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D19. Deviation plot for the viscosity of O,-He mixtures.
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D21. Deviation plot for the viscosity of O,-Ar mixtures.
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D?22. Deviation plot for the viscosity of O,-Kr mixtures.
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D24. Deviation plot for the viscosity of CO-N,O mixtures.
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D26. Deviation plot for the viscosity of CO-CF, mixtures.
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D27. Deviation plot for the viscosity of CO-C,H, mixtures.

1201
2
3
@ 1 f
c
Q
:, o
L)
o
u>) o o
° <
[ r °o, o
o
b
-2 - = —— L - —t
o 100 200 300 400 soo
Temperature K
O Ref. 72, PD
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D30. Deviation plot for the viscosity of CO-Ar mixtures.
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D33. Deviation plot for the viscosity of CO»-CH, mixtures.

J. Phys. Chem. Ref. Data, Vol. 19, No. 5, 1990

D36. Deviation plot for the viscosity of CO,-C;l11, mixtures.
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D37. Deviation plot for the viscosity of CO,-He mixtures.
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D38, Deviation plot for the viscosity of CO,-Ne mixtures.
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D39. Deviation plot for the viscosity of CO.-Ar mixtures.
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D41. Deviation plot for the viscosity of N,0-He mixtures.
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D45. Deviation plot for the viscosity of CH,-SF, mixtures.
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D48. Deviation plot for the viscosity of CH,-Ne mixtures.
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D49. Deviation plot for the viscosity of CH,-Ar mixtures.
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D51. Deviation plot for the viscosity of CF,-SF, mixtures,
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D52. Deviation plot for the viscosity of CF,-C,H, mixtures
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D53, Deviation plot for the viscosity of CF,-He mixtures.
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D54. Deviation plot for the viscosity of CF,-Ne mixtures.
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D55. Deviation plot for the viscosity of CF,-Ar mixtures. DS58. Deviation plot for the viscosity of SF-He mixtures.
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D56. Deviation plot for the viscosity of CF,-Kr mixtures. DS59. Deviation plot for the viscosity of SF¢-Ne mixtures.
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D57. Deviation plot for the viscosity of SF,-C,H, mixtures.
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D60. Deviation plot for the viscosity of SF,-Ar mixtures.
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D61. Deviation plot for the viscosity of SF-Kr mixtures.
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D62. Deviation plot for the viscosity of C,H,-Ar mixtures.
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D63. Deviation plot for the diffusion coefficient of N,-O,.
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D64. Deviation plot for the diffusion coefficient of N,~CO.
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D67. Deviation plot for the diffusion coefficient of N,-CH,.
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D68. Deviation plot for the diffusion coefficient of N,-SF,.
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D69. Deviation plot for the diffusion coefficient of N,-C,H,.
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D70. Deviation plot for thé diffusion coefficient of N,-C,H,.
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D71. Deviation plot for the diffusion coefficient of N,-He; first of two fig-
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D73. Deviation plot for the diffusion coefficient of N,-Ne.
s
e 2.8F
aX
A A
g x ‘A:Al Aa,x
_ x © x
Do X X
[1¢] X a
ot
tl>) x X 8 x
0-2.8t : x
[ I .1
X x
X x
- . R . . —a N . )
o 100 200 3oo 400 Bs00
Temperature K
ORef. 129, SD ARef. 111, PD
I Ref. 87, SD XRef. 118, SD
Y Ref. 109, PD
D74. Deviation plot for the diffusion coefficient of N,-Ar.
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D75. Deviation plot for the diffusion coefficient of N,-Kr.
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D76. Deviation plot for the diffusion coefficient of N,-Xe.
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D77. Deviation plot for the diffusion coefficient of 0,-CO.
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D78. Deviation plot for the diffusion coefficient of O,-CO,.
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D79. Deviation plot for the dittusion coefficient of O,-CH,.
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D81. Deviation plot for the diffusion coefficient of O,-He.
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D84. Deviation plot for the diffusion coefficient of O,-Xe.
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D87. Deviation plot for the diffusion coefficient of NO-Ar.
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D96. Deviation plot for the diffusion coefficient of CO-Xe.
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D99. Deviation plot for the diffusion coefficient of CO,-SF,.
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D97. Deviation plot for the diffusion coefficient of CO,-N,O.
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D108. Deviation plot for the diffusion coefficient of CH,-C,H,.
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D111. Deviation plot for the diffusion coefficient of CH,-Ar.
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D120. Deviation plot for the diffusion coefficient of C,H,-C,H,.
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D123. Deviation plot for the interaction second virial coefficient of N,-O,.
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Appendix E: References For Deviation Plots

Some experimental data were considered redundant or
superseded, and do not appear on the deviation and com-
parison plots or in the tollowing list of references. Additional
references for D, can be found in the review by T. R. Mar-
rero and E. A. Mason, J. Phys. Chem. Ref. Data 1, 3 (1972).
Additional references for B,, can be found in the compila-
tion by J. H. Dymond and E. B. Smith (Ref. 35). Additional
references for @, can be found in the review by E. A. Mason,
R. J. Munn, and F. J. Smith, Adv. At. Mol. Phys. 2, 33
(1966).
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