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ABSTRACT

Title of Thesis: Gaseous Diffusion Coefficients. A Comprehensive Criti-
cal Evaluation of Experimental Studies and Correlations of Results
Thomas R. Marrero, Doctor of Philosophy, 1970

Thesis directed by: Professor Edward A. Mason

Diffusion coefficients of binary mixtures of dilute gases are com-
prehensively compiled, critically evaluated, and correlated by new semi-
empirical expressions. Data for seventy-four systems are sufficiently
extensive and accurate to be recommended for the Nationsl Standard Ref-
erence Data System of the U. S. National Bureau of Standards. Deviation
plots are given for most of these systems. Almost every gaseous diffu-
sion coefficient which was experimentally determined and reported prior
to 1969 can be obtained from the annotated bibliography and table of
gas pairs.

A detailed analysis of experimental methods is given, énd interconm-
parison of their results helps establish reliability limits for the data,
which depend strongly on temperature. Direct measurements are supple-
mented by calculations based on knowledge of intermolecular forces de-
rived from indepeﬁdent sources--molecular beam scattering for high tem-
peratures, and London dispersion constants for low temperatures. In ad-
dition, diffusion coefficients for several mixtures are obtained from
experimental data on mixture viscosities and thermal diffusion factors.
Combination of all these results gives diffusion coefficients over a

very extensive temperature range, from very low temperatures to 10,000°K.




All data are corrected for composition dependence and for gquantum
effects. New semi-empirical equétions are derived for making such
corrections easily.

The correlated diffusion data are used to develop a corresponding-
states procedure for predicting diffusion coefficients on the basis of
fragmentary information. This procedure involves only two parameters,
and appears to be‘more accurate than any prediction scheme heretofore

proposed.
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1. INTRODUCTION

The purpose of this report is to recommend gaseous diffusion coeffi-
cients as Standard Reference Data for the National Bureau of Standards.
This survey of gaseous diffusion coefficients was prepafed under a program
for the critical evaluation of physical science data sponsored by the
National Bureau of Standards through the National Standard Reference Data

1,2

System. Short catalogues of measured diffusion coefficients have
previously appeared in the International Critical Tables,3 the Landolt-
BYrnstein Tables,4 and the Thermophysical Properties Research Literature
Retrieval Guide.5 Additional limited reviews are also available.6_10 In
the present survey gaseous diffusion coefficients are comprehensively
compiled and critically evaluated, including analysis for consistency with
theory and with other measured molecular properties. Such detailed eval-
uation is possible because of the existence of a highly developed theory
for dilute gases.

The scope of this survey‘is therefore limited to the dilute gas region.
In this region the density is such that the rates of transport of mass,
momentum, and energy are entirely controlled by binary molecular colli-
sions. In practice this means gases with densities approximately corre-

9 _ 1020 mole-~

sponding to standard conditions (i.e., of the order of 10l
cules per cm3). The emphasis here is on two-component (binary) mixtures.
Multicomponent diffusion can be accurately described in terms of the
binary diffusion coefficients for all possible pairs of gases in the mix-
ture. All the atoms or molecules considered are neutral species. The
mass transport processes outside the scope of this survey are as follows:

(1) diffusion of ionized particles (ion mobility), (2) mixture separa-

1



tions in a temperature gradient (thermal diffusion), (3) mixing due
to convection or turbulence, and (4) the permeation of gases through
liquids or solids. The sole interest is the mixing of gases caused by
composition gradients.

The gaseous diffusion coefficients recommended here as Standard
Reference Data are succinctly reported by means of semi-empirical
functions; temperature limits range up to 10,000°K and to a lower tem~
perature of the order of 100°K((Tables 12 and 13). There is a small
composition dependence in the diffusion coefficients which may be esti-
mated from parameters listed in Table 15. Figures 5 to 81 are deviation
plots, for 62 gas pairs, of experimental measurements from the semi-
'empiricalvequations; these graphs illustrate discrepancies in the data.

The procedure used in this report is as follows. At all possible
temperatures publisﬁed diffusion coefficient values were critically evalu-
ated on an individual gas-pair basis. The data assessment was determined
without any additional experimental measurements. From the rigorous kinetic
theory of gases an approximation was developed to make corrections for small
composition effects. Coefficients could then be normalized to a specific
mixture concentration for comparison and subsequent correlation. Diffu-
sion coefficients derived from other transport property measurements,
particularly mixture viscosities, were useful for the extension of values
to intermediate temperatures and for consistency checks. In the absence
of direct measurements, intermolecular forces from theory and from beam
experiments served to determine diffusion coefficients at very low and
elevated temperatures, respectively. Semi-empirical functions were con-
structed to precisely correlate the data over three decades of temperature

within the experimental uncertainty.

This report is divided into five major sections. It begins with a




chapter - Theoretical Background - which includes the diffusion coeffi-
cient definition and its theoretical expression according to the rigorous
kinetic theory of gases. The kinetic~theory foundations are mecessary for
the understanding of temperature and composition dependences, and quantum
effects. This chapter closes with equations for the determination of dif-
fusion coefficients from intermolecular forces and from other transport
properties. The principal experimental techniques are described next.
Methods of measurement are classified by the geometry of the apparatus and
their reliability is estimated. Procedures used to critically evaluate

the entire body of experimental data for accuracy, composition and temper-
ature dependencies are outlined under Treatment of Data. The analyses and
results related td the small composition dependence of the diffusion co-
efficient are entirely in this section. The semi-empirical correlation
equation was chosen on the basis of knowledge of how intermolecular forces
affect the temperature dependence of the diffusion coefficients. Previously
uncalculated values of low-temperature asymptotes of diffusion coefficients
are tabulated.

The fourth major section - Results - can be subdivided into four
areas. PFirst, diffusion-coefficient uncertainty limits are classified
according to temperature and gas pair. Second, the tabulation of corre-
lation parameters for recommended Standard Reference Data are listed. Then
a series of graphs shows the relative deviations between the recommended
coefficients and the data. An inspection of these graphs will readily in-
dicate that the unqualified selection of a diffusion coefficient from the
literature may be uncertain by at least several percent. The last part
of the Results section contains detailed remarks about data appraisals for
specific systems. The final major part of this report is the Bibliography;

two annotated bibliographies are given, one is all the experimental sources,




complete through 1968, according to author (gas pair and method are noted),
and the second is a supplementary listing of citations according to gas
pair. Practically all diffusion coefficients ever measured can be traced
through these bibliographies; however, for many systems the results are

too fragmentary or too uncertain to be recommended as Standard Reference

Data.
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2. THEORETICAL BACKGROUND

In this chapter the presentation of the theoretical background is pre-
ceded by the phenomenological definition of diffusion coefficients. Then in
outline form expressions for diffusion coefficients are derived by the
Chapman-Enskog procedure for a solution of the Boltzmann equation. Most
mathematical details of the derivation are omitted, and fhe discussion
accentuates the application limits of these rigorous kinetic-theory formulas.
More complete information is available in three monographs,l—3 and recent
developments appear in several articles.4_13 The emphasis here is on mole-
cular physics as a prerequisite to the understanding of accepted theoreti-
cal results which are necessary in order to achieve the following:

(1) suggest the mathematical form for the correlation of diffusion

coefficients as a function of temperature,

(2) correct diffusion coefficient measurements for composition

dependence,

(3) estimate quantum effects for low-temperature diffusion coeffi-

cients,

(4) calculate diffusion coefficients directly from knowledge of

intermolecular forces, and

(5) calculate diffusion coefficients from other transport properties.
2.1 Phenomenological Definition of the Gaseous Diffusion Coefficient

In a nonuniform mixture the diffusion coefficient is a proportiona-
lity constant between the molecular flux and the composition gradient of
a species. Diffusion coefficients are defined by phenomenological

6




equations for two-component and multicomponent mixtures.
a. Two-component Mixtures

In two-component mixtures, in the absence of temperature and pressure

gradients, external forces, and chemical reactions, the flux equations are

;11 = —nﬁlzzﬂxl , (2.1-1)

I

f

3, =l vx, . (2.1-2)

Each species (or component) is labelled by subscripts 1 or 2. The flux
densities arehgl and“g"2 (molecules/cmz—sec), the total number density is
n (molecules/cm3), and the composition gradients are in terms of mole
fractions Xy and Xy These equations hold only in the case of zero net
flux,'g1 +’£2 = 0. If the net flux is not zero, Egs. (2.1-1) and (2.1-2)
can be considered to hold in a coordinate system moving with the net flux,
that is, at a velocity equal to Qﬂl +‘£2)/n.

The diffusion coefficient3<f§2 andcfgl are positive constants with
units of cmz/sec. It is easy to show from Egs. (2.1-1) and (2.1-2) that
Dy, =4

diffusion in a binary mixture is described by a single diffusion coeffi-

1° becauseﬂgl +,£2 = 0 and Xy + Xy = 1 for a binary mixture. Thus
cient.

Molecular diffusion, strictly speaking, cannot occur under condi-
tions in which both the net flux and the pressure gradient are simulta-
neously zero. If the pressure is uniform, then in general fluxes are
different for different species, and the net flux is not zero. If the
net flux is zero, a small pressure gradient must exist in order to counter
the tendency for the different species fluxes to be different.14_16 For

instance, in a closed system the difference in the species fluxes causes

the number density and hence the pressure to increase on one side of the




system and decrease on the other side until the resulting pressure
gradient forces the net flux to be zero. If the fluxes were to remain
unequal in a closed system, then the pressure would continue to increase
on one side and decrease on the other side.

The pressure gradients in diffusing gas mixtures turn out to be very
small in magnitude, however; in fact, they are almost immeasurably small
except in capillary tubes, where they have been measured.l7m26 Because
of this, it is unnecessary to include in the flux equations any term di-
rectly proportional to a pressure gradient. The whole effect of any
pressure gradient is simply to modify the net flux, and this is the only
term that needs to be directly included.

The generalization of Egqs. (2.1-1) and (2.1-2) for nonzero net flux

is therefore simply

d& = nfEZVx + Xy J s (2.1-3)
3, = nﬁélez +x, ], (2.1-4)

where the net flux is J = J, + J,. Equations (2.1-3) and (2.1-4) define
A ] 2
the diffusion coefficient in a stationary coordinate system. It can be
easily shown, as before, that &, =j3
12 21

The preceding equations, which define binary diffusion coefficients,
are applicable to any fluid, and hold regardless of any dependence of the
diffusion coefficient on composition, pressure, or temperature. For di-
lute gases the pressure and composition dependences are especially simple-
the diffusion coefficient is inversely proportional to pressure and is

only slightly dependent on mixture composition. The temperature depen-

dence 1s more complicated. All these factors are treated in more detail

in subsequent sections.




b. Multicomponent Mixtures

The flux of a species in a multicomponent mixture is not convenient—
ly expressed in terms of composition gradients as in the foregoing equa-
tions for binary mixtures. The reason is that the multicomponent diffu-
sion coefficients thereby defined have an excessively complicated compo-
sition dependence which makes the calculation of a flux a formidable task.
A simpler set of equations for multicomponent diffusion is obtained by a
different arrangement of terms - the composition gradient of a species is

2,3,8,27

related to differences in fluxes of gas pairs. The outstanding

advantage of such a relationship is a description of multicomponent dif-
fusion coefficients for binary mixtures. These equations, credited to

Stefan and Maxwell, are

v n.n, J, Ji
A ~
e —«12 ,[—1n - ] , (2.1-5)
”“ j=1 n l%j j i

where i and j denote the species. For a mixture of v species there are

v equations, but only v-1 are independent. The diffusion coefficients
ig; depend primarily only on the nature of the species i and j, but are
not quite the same as the corresponding binary diffusion coefficients sz
(hence the prime). However, the difference between the oﬁgg and the‘fzj
lies only in their weak composition dependence, the exact value of .£§3
depending slightly on the composition of the whole multicomponent mixture
and not on just the relative amounts of i and j. The variation of the
binary iZj with composition is empirically a few percent at most, and is
of the same magnitude as the experimental uncertainties in the few avail-
able multicomponent tfz;, or even in most measured binary‘faj for thét
matter. Therefore it is reasonable on an empirical basis to take

Y
,f%, v i3 for multicomponent diffusion. This is also justified theo-
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&
retically, for in the first Chapman-Enskog approximation i%j‘andrﬁéj
. , . - 2,3,7
are identical and independent of composition.

The special case of a trace species diffusing through a uniform
multicomponent mixture is of interest for two reasons. It provides a
simple test of <E§j ﬁafgj, and makes possible the calculation of diffu-
sion coefficients of various species in air. First, denote the trace

species by 1 and assume the absence of a net flux Q& = (), then Egs.

(2.1-5) reduce to a single equation,

v X,
ot L ovEn (2.1-6)
If the trace diffusion coefficientcfg is defined to be the constant of
proportionality between‘g\l andﬂXxl, then
Loy I, (2.1-7)
iﬁ. i=2 aaij

wherezxz‘specifies the diffusion coefficient of the tracer in the multi-
component mixture. If EZj replaces .ﬁg} then Eq. (2.1-7) becomes an ex-
pression of Blanc's law.28 Detailed calculations29 of af?; andiaij for
this special case show that the deviations from Blanc's law are small for
ordinary gases. This further justifies the application of binary diffu-
sion coefficients to Eq. (2.1-5) for multicomponent diffusion. The
second case of interest, the calculation of diffusion coefficients of a
species in air (when direct measurements are unavailable or inadequate),
is especially convenient by the application of Blanc's law with available

binary diffusion coefficients of the species in nitrogen and in oxygen.
2.2 Molecular Theory of Diffusion

a. General Background
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This presentation of the molecular theory of diffusion briefly out-
lines some major points of the rigorous kinetic theory of gases. Kinetic
theory postulates transport due entirely to molecules in motion. In
diffusion the individual molecules themselves carry mass through the gas.
Since there are immense numbers of molecules moving about in a gas it is
to be expected that molecular encounters (or collisions) are of cardinal
importance in controlling the overall rate at which transport occurs.

The collisions in turn are controlled by the forces of interaction be-
tween the molecules. By the formulas of kinetic theory, knowledge of
these fundamental intérmolecular forces can lead to gaseous diffusion co-
efficients.

The importance of molecular collisions in diffusion can be illus~-
trated by some typical numerical values. At ordinary conditions of tem-
perature and pressure molecules in gases have molecular speeds of the
order of lO4 cm/sec, which is about the speed of sound. In contrast,
actual diffusion velocities Qﬂi/ni) are much less - about 1 cm/sec.

This great decrease in apparent molecular speed occurs because diffusion
is dominated by collisions which cause the molecular paths to be twisted
into tortuous shapes. The actual path of a molecule is approximately

lO4 times the net distance travelled during diffusion. For gases at or-
dinary conditions only binary collisions are important; ternary and
higher—-order collisions are very unlikely. Binary collisions, two-parti-
cle encounters, are characteristic of gases with the ratio of mean free
path to molecular diameter of the order of 100.

Transport phenomena -~ diffusion, viscosity, thermal conductivity,
and thermal diffusion - arise by deviations, however slight, from the

equilibrium molecular velocity distribution function known as the Maxwell
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distribution. At equilibrium conditions an isolated gas mixture has no
gradients in composition, pressure, or temperature; thus no fluxes.

Therefore to obtain transport coefficients on a theoretical basis know-
ledge of a nonequilibrium velocity distribution function is a necessary

requirement.
b. Theoretical Methods

Diﬁfusion coefficients can be calculated from a flux derived from a
molecular concept - the integral of molecular velocity over the nonequi-
librium velocity distribution function. The velocity distribution func-
tion represents the probability for a molecule to have a specific veloci-
ty and location at some instant. The changes in the velocity distribu-
tion due to molecular interactions must satisfy the nonlineér Boltzmann
integrodifferential equation. The basic problem of rigorous kinetic
theory is to solve the Boltzmann equation.

A solution of the Boltzmann equation was independently obtained by
Chapman and by Enskog. Both used a method of successive approximation,
and even though procedures by Chapman and Enskog differ in detail the
results are identical. The transport properties appear finally in the
Chapman-Enskog theory as solutions of infinite sets of simultaneous alge-
braic equations, and the transport properties can be expressed formally
as ratios of infinite determinants whose elements are the coefficients of
the algebraic equations. The coefficients of the equations are compli-
cated functions which depend onrthe species and the composition of the
mixture, and on integrals related to binary molecular interactions.

These sets of equations can be solved, fortunately, by rapidly converging

approximation schemes.




13

An outline of the Chapman-Enskog procedure is as follows. First the
velocity distribution function is expanded in terms of a perturbation
function added to the Maxwell (equilibrium) distribution. By the assump-
tion of a small perturbation, the expansion substituted back into the
Boltzmann equation leads to a linearized integrodifferential equation for
the perturbation.

The perturbation term is assumed proportional to gradients, and ex-
panded in a series; the series expansion coefficients are functions of
molecular velocities. The assumption of linearity in the gradient of
composition is precisely consistent with the preceding phenomenological
definition of diffusion coefficients; other transport coefficients may be
accounted for by additional appropriate gradients. The diffusion co-
efficient now appéars as an integral of the expansion coefficient over
the molecular velocities. The expansion coefficient satisfies a linear
integrodifferential equation obtained from the Boltzmann equation. This
equation is solved by a second series expansion in terms of squares of
molecular velocities., For the second expansion it is convenient, but not
necessary, to use orthoéonal functions because orthogonal properties lead
to subsequent simplification of the calculations. The orthogonal func-
tions usually used are Sonine polynomials. When this second expansion is
substituted back into the integral expression for the diffusion coeffi-
cient, it turns out (because of the orthogonality) that the diffusion co-
efficient is exactly equal to just one of the coefficients in the second
expansion. The problem now is to find the coefficients of the second ex-
pansion. To do this, the expansion is substituted back into the linear
integrodifferential equation, which is then solved by a moment method.

The result is an infinite set of algebraic equations in which the un-

knowns are the coefficients of the second expansion, and the coefficients
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of these unknowns are complicated multiple integrals over molecular veloc-
ties. These integrals result from the moment formation; most of the in-
tegrations can be carried out explicitly, but not all, until the law of
intermolecular force is specified.

The diffusion coefficient is thus equal to a single unknown in an
infinite set of algebraic equations. This set cannot be solved exactly
except in very special cases, and some successive approximation procedure
must be used. The set is systematically truncated in some plausible way
(two ways are commonly used, one due to Chapman and Cowling, and the other
to Kihara); the simplest truncation gives the first approximation to the
diffusion coefficient, the next step gives the second approximation, and
so on. In the first approximation the diffusion coefficient is indepen-
dent of composition; the second and higher approximations introduce compo-
sition dependence. Since the approximation procedure converges rapidly,
the third approximation for the diffusion coefficient is almost identical
with the second approximation.

The solution of the Boltzmann equation by the Chapman-Enskog pro-
cedure depends on the following assumptions:

Binary collisions. The Boltzmann equation itself has a fundamental

assumption - binary collisions. This assumption - that only two-molecule
interactions are important - limits the application of theoretical re-
sults to transport properties of dilute gases.

Small mean free path. The Chapman-Enskog solution assumes that the

dimensions of the gas container are large compared to the molecular mean
free path. In gases at extremely low densities molecules collide more
frequently with the walls of the container than with each other. When

molecular collisions with a container surface are significant, the theory

fails.
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Small perturbation. In the Chapman-Enskog theory the assumption of

a small perturbation function describes small departures from the equili-
brium velocity distribution function; in other words, at conditions
slightly away from equilibrium the transport property fluxes are linear in
the gradients.

Classical mechanics. Historically, classical mechanics was neces-~

sarily used by Boltzmann, Chapman, and Enskog; however, their theory can
be reformulated to account for quantum-mechanical effects. The modifi-

cation néeded is merely to replace an integration over classical impact

parameters for molecular interactions by an integration over deflection

angles involving the quantal differential cross section.

Elastic collisions. The original Boltzmann equation and its solu-

tion by Chapman and Enskog were limited to elastic collisions between
molecules interacting with central forces. Inelastic collisions occur
between molecules with internal degrees of freedom, and kinetic energy
is no longer conserved, although mass and momentum are conserved. Thus
diffusion and viscosity are not strongly affected by the presence of in-
ternal degrees of freedom, but thermal conductivity is. The theory may

be reformulated to account for inelastic collisions.

¢. Theoretical Results

In this section the Chapman-Enskog theoretical expressions for dif-
fusion coefficients are given, as well as the definition of collision in-
tegrals, and a number of complementary definitions related to binary mo-
lecular collisions. The extension of the collision integral formulas to
include inelastic collision effects is also given.

Approximation Scheme for Diffusion Coefficients. The higher approx-

imations for diffusion coefficients in a dilute gas binary mixture with
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species of type 1 and 2 are written
M

[,y = B,] £ (2.2-1)

0D

where LﬁiZ]liS the first approximation, accounts for the effects of

higher approximations, and M indicates the order of approximation. 1In

the first approximation for diffusion coefficients, f(l) = 1; the effect
of higher approximations is described by
eM @ -, -, (2.2-2a)
12
M@t ISP (2.2-2b)

where AlZ is the first correction term to Lfﬁz]l.

First approximation for the Diffusion Coefficient. The expression

for Lfgz lis

1/2
3 (ZTrkT) (_ 1 (2.2-3)

P T M, 5 @n/ e

12
where Hyp = mlmz/(m1 + mz) is the reduced mass of a pair of molecules,

m is the molecular mass of a species, k is the Boltzmann constant, and T

(1,1)
12

has units of area and is dependent on the temperature and the forces of

is the absolute temperature. The diffusion collision integral Q

molecular interaction of the gas. The collision integral for diffusion

is
s = Zan™ g“E‘E/kT E2s D (gyap, (2.2-4)

where E is the initial relative translational energy of two molecules in

. . . 1 2
a binary collision, E = Hy9V sV being the initial relative speed of the

molecular pair, and the diffusion transport cross section is

s () = 20 ;7 (L - cos YI(E)sin xdy , (2.2-5)
0

where I(y,E) is the differential scattering cross section. For classical

systems I(y,E)sinydy = bdb, where b is the impact parameter - the perpen-
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dicular distance between one molecule and the initial line of relative
approach of the other molecule. The classical scattering angle for a

pair of colliding molecules is

2
x =7 - 2b {“-95-[1 - (P) L4 y- 12 (2.2-6)

2 T E ’

where o the distance of closest approach, is given by

2 (?(r )

I
o

l~(—)

(2.2-7)

In Eq. (2.2-6) r is the internuclear separation distance, and {(r) is the
spherically symmetric intermolecular potential.

The expression for [£§2]1 in practical units is

M1+M2)l/2 T3/2
[ﬁaZ]l = 0.008258 ( MM @D , (2.2-8)
172 319}
12
where T is in degrees Kelvin, p is the pressure in atmospheres, Ml and
and M2 are the molecular weights in grams per mole, and Qié »1) is in

angstroms squared.
The first approximation for the diffusion coefficient is independent
of mixture composition.

Second Approximation for the Diffusion Coefficient. The second ap-

proximation for the diffusion coefficient is
[0,,1, = 9,1, +4,,) , (2.2-9

where

2
L oot 52 [ Py x Pz T %P1
12 2 :

Ql + x Q2 + x X2Q12

by, = 15 ¢

(2.2-10)

The P's and Q's are complicated algebraic expressions which contain

various collision integrals and are defined in Section 2.4; C12 is a col-

lision integral ratio given by Eq. (2.2-16). The first correction term
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A 19 is temperature dependent, and contains the small composition depen-

dence of the diffusion coefficient.

Accuracy of Formulas for the Diffusion Coefficient. How close

LgiZ]l is to iizﬁﬁiz]M depends on composition, molecular‘masses, and the
intermolecular forces of the gas mixture. By numerical comparison of
[£E2]l’ [£Ez]2, Lﬁiz]S, etc. for a variety of special cases, the accurécy
of LﬁiZ]l may be assessed.30 For the case of nearly equal molecular
masses SEZ]l‘iS probably accurate to within 2% regardless of the compo-
sition or intermolecular forces. If the molecular masses are very un-
equal and the heavy component is the trace species then LfEZ]l is
accurate to within 1%Z. If the light component is the trace then Lﬂiz]l
may be quite inaccurate; the worst case known is a mixture of rigid

spheres for which [

], is low by about 13%Z. 1In practical cases it is
12°1 77

probably safe to regard Dﬁi as accurate within about 57 for all gas

2]l
pairs, and Lﬁiz]z as accurate within 2%.

Pressure Dependence of Diffusion Coefficients. All theoretical

approximations for dilute-gas diffusion coefficients are inversely pro-
portional to density, or pressure. It can be shown by elementary kinetic
theory arguments that the molecular flux is independent of pressure for
binary collisiomns. The reason is that the number of flux carriers (i.e.,
the molecules) is directly proportional to their number density n, but
the number of particles that impede the flux by collisions is also pro-
portional to n. The two effects exactly compensate. If the associated
gradient is chosen so as not to involve n, then the constant of propor-
tionality must also be independent of n. Thus the coefficients of vis-
cosity and thermal conductivity are independent of density. But the pro=-
portionality constant for diffusion is arbitrarily chosen to be ni{z (for

historical reasons), so thatj312 itself must be inversely proportional to
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Collision Integrals for Elastic Collisions. The general equation

for collision integrals is

s+2_~1 ~ e—E/kT Es+l S(Z)

ﬁ(z’s)(w) = [(s+1) 1 (RT)" 7] (E) dE, (2.2-11)
0 .

with

1+ (—:L)ﬂ}’l
£)

(0 -
o (E) = [l - 2(1 +

JRART 6“ (1 - cos£x>1<x,¢,.E>sinxd$<, (2.2-12)
0

where £ and s specify weighting factors related to the mechanism of
transport by molecular collisions; X and ¢ are the polar azimuth angles
which describe the orientation of the final relative molecular velocity
to the initial relative velocity in a collision. From Eq. (2.2-3) it is
evident that for diffusion £ = 1 and s = 1; the viscosity and thermal
conductivity collision integrals have £ = 2 and s = 2. Other values of
£ and s occur only in the expressions for higher approximations.
Collision integrals are calculated for realistic intermolecular force
models only by difficult numerical integrations.

The definition of collision integrals as dimensionless reduced quan~
tities, that 1s, collision integrals divided by the analogous quantities
for rigid-sphere molecules, makes calculations of transport coefficients
more convenient. The reduced collision integral is defined as

A "'(/K,S)
g ks 59———-2—— , (2.2-13)

mTg
where ¢ is an arbitrary molecular size or range-of-force parameter. Nu-~
merical values of reduced collision integrals are usually about unity if
¢ is chosen in a reasonable way, and differences from unity refiect mole-
cular "softness'" for the selected intermolecular force model in compari~
son to an ideal rigid-sphere model.
In the higher approximations for diffusion coefficients, and in

other transport properties as well, several recurring ratios of collision
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integrals, or reduced collision integrals, are defined for calculation
convenience, namely

pF = {2 2% )L Dx (2.2-14)

3 = sl _4q(1s30% p(LD* ) 5 15y

S S TOLYICFED L (2.2-16)

AT A (2.2-17)

E* - 9(2,3)*
The magnitude of each of these ratios is approximately unity, and exact-
ly unity for rigid spheres.

Collision integrals and collision integral ratios are functions of
temperature and the parameters of the selected model for intermoiecular
forces. Since such models usually have at least two parameters, ome with
dimensions of distance and one with dimensions of energy, it is economi-
cal to tabulate collision integrals in dimensionless form, in which the
reduced collision integral is given as a function of a reduced tempera-

ture. Reduced collision integrals have already been defined; reduced

temperature is usually defined as

*
T = kT/e (2.2-18)
where € is the energy parameter of the potential (usually the depth of

the minimum) .

Collision Integrals for Inelastic Collisions. As previously men-

tioned, the kinetic theory of gas transport properties by the Chapman-
Enskog procedure applies strictly to molecules that have no internal
degrees of freedom. To extend the preceding equations to polyatomic and
polar molecules the theory of transport properties must account for in-
elastic collisions. This can be achieved only by a reformulation of the
Boltzmann equation in which the nonequilibrium velocity distribution
function must be specified for all the internal energy states of mole-

cules. A semiclassical treatment is used in which the translational
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molecular motion is described classically, as before, but the internal
motions are described quantum-mechanically. The formal kinetic theory of
transport properties that includes inelastic collisions in the Chapman-
Enskog scheme was originally developed for pure gases by Wang Chang,
Uhlenbeck, and deBoer,31 and by Taxman.32 Additional theoretical

work -9,13

has extended the theory to mixtures; the derived collision in-
tegrals correspond to the first approximations of the Chapman-Enskog
theory.

The available results for inelastic collision integrals are ﬁor the
most part formal in the sense that the integrations are too difficult to
carry out for realistic models, even with the fastest available computers.
But useful conclusions can be drawn from them without going through elabo-
rate calculations. These conclusions are stated at the end of this sub-
section.

The general equations for the diffusion and viscosity collision in-

tegrals are as follows:

—E ,"E 4. . _ 2 Y
5559 (ny < 2[(s+) 12 2 gty e 9t el e 283y sADKL Ly
aq’ ijkL 0 H
(2.2-19)
where
stii)kﬂ(E) = £2ﬂd¢ 6 (v2=yy cosx)I (x,¢,E)31nxdx s (2.2-20)
L
Vs ii)k (E) =-% 62 ds f 1 0665 B)sinxdx [y (v 2=y " 2cos *x) - %fYZ‘Y'2)2]=
(2.2-21)
P e e = (e e ) (2.2-22)
gk T “q'l qi "~ "q'j ’
2
w2 = E/kT (2.2-23a)
2o EKr (2.2-23b)
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in which the prime on y refers to the relative kinetic energy after a
collision and the species are denoted by q and q'. The various e's are
the energies of the internal quantum states of the species, divided by
kT. Zq and Zq. are the internal partition functions for the q and q'
species: Zq= Zexp(—eqi) and Zq' = 2exp(~€q,j). They appear only as
normalization factors in Eq. (2.2-18). The indices i and j denote the
i th and j th internal quantum states of the q th and q' th species be-
fore a collision, and k and £ the corresponding states after a collision.
The differential scattering cross section Iiﬁ(x,¢,E) describes collisions
between two molecules initially in internal states 1 and j which undergo
a collision and finally are in states k and £. In the collision integral
of Eq. (2.2-18) the superscript £ is primed so as not to be confused with
the £ th quantum state.

The collision integrals for inelastic processes reduce exactly to

collision integrals for elastic collisions when E' = E and the differen-

tial scattering cross section is the same as the elastic cross section,
i3
IJ

., =1 . for all i and j.
ij e

1

Inelastic collisions enter Q

1,1 only through the term yy'cosy; to

a first approximation vy ~ v' and the inelastic collisions have no effect.
For a second approximation y' can be written as y plus some terms in
Aeqq,, where Aeqq' = Y2 - y'2; the inelastic contributions are then of
the form y(Asqq,)cosX. For isotropic molecular scattering the correction
term vanishes, and even for nonisotropic scattering the inelastic contri-
bution is probably small unless there is some special correlation between

Ae  y and y. The 5(2’2)
qq

may also reduce to a manageable form, in the
first approximation Aeqq' << yz and the terms in quq' may be dropped.

For a second approximation, the terms in Asqq' vanish for isotropic

scattering.
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The determination of £§2 from mixture viscosity measurements is es~

*

pecially related to A12.

In these calculations the algebraic expressions
(see section 2.7) appear mathematically the same whether the molecular

collisions are elastic or inelastic. This is important because the only
%
12°

indicates only a small correction for inelastic colli-

effect depends on what value is substituted for A A first-order ex-

%

pansion for A12

sions, but good approximations are not yet available.
2.3 Temperature Dependence of Diffusion Coefficients

The temperature dependence of fﬁz according to the preceding ex-
pressions must be investigated in order to develop a general equation use-

ful for the correlation of diffusion coefficients. Almost the entire tem—

3/2

perature dependence is given by the factor [T /ﬁ(l’l)(T)] appearing in

(& .,1,; that is, -the higher approximations have only a slight effect.
12°1

Accordingly the temperature dependence of A is disregarded in the

12
following discussion. The temperature dependence of [{gz]l

culated if the law of force between two molecules is known. Details about

can be cal-

intermolecular forces will follow later in this section. Calculations
for plausible molecular force laws have shown that the derivative
d fn ﬁ(l’l)(T)/d £n T usually lies between O and -1/2, so that the deri-
vative (Bﬂn‘fﬁz/aﬂn T)p lies between 3/2 and 2. Thusjaiz should vary as
T3/2 to T2, and this is usually found to be the case experimentally.
These general features are depicted in Fig. 1.

This figure shows the derivative (aﬁnJgﬁz/aKn T)p, obtained from ex~-
perimental data and intermolecular force models. The simple molecular
model of ideal rigid spheres, sets a lower bound of 3/2 to the derivative,

independent of temperature. Actual gas pairs, however, have appreciably

greater values of the derivative than 3/2.
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The general characteristics of (9 Zilﬁaj/a £n T)p are as follows.
At extremely low temperatures the dominant interaction is the long-range
r_6 London dispersion energy, which causes ﬁ(l’l)(T) to vary as T_l/B.
At extremely high temperatures the dominant interaction is the (roughly)
exponential short-range repulsion energy, which causes ﬁ(l’l)(T) to have
a weaker temperature dependence than at low temperatures. Thus
€] kn‘ﬁiz/a In T)p is equal to 11/6 at low temperatures, and equal to a
smaller value, ~ 1.7, at high temperatures, the high-temperature value
being slightly dependent on temperature. In the intermediate temperature
region (9 £n5312/8 £n T)p is not monotonic, and exhibits a maximum where
both short-range and long-~range forces are significant.

In Fig. 1 the insert shows ﬂn(pfﬁz/T3/2) vs. £n T. This curve il-
lustrates the behavior to be expected from very low temperatures up to
about 104°K, and indicates the form of relationship needed to fit‘ﬁiz
data as a function of temperature. Possible quantum effects at very low
temperatures have been ignored in this illustration since they are im-
portant only for a few very light gases.

More quantitative information about the temperature‘dependence of
f&z requires additional details about intermolecular potentials. As is
well known, molecules attract each other at large separatian distances
and repel each other at small separations. In principle, quantum theory
provides a method for calculating the interaction between a pair of mole-
cules.33 The long-range interactions are dominated by London dispersion
forces, and can be calculated fairly accurately?ébut the short-range in-
teractions are too complicated to be calculated in any simple way. The

various interactions and their effect on«312 are considered below.
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a. Long-Range Interactions

These interactions behave asymptotically as (neglecting retardation
effects)
Q@) = - c/® (2.3-1)
where C is the London constant. According to classical mechanics the
collision integral has the form
gD o @t

T11/6

(2.3-2)
Thus as T - 0,«f§2 « classically, but at sufficiently low tempera-
tures quantum corrections become important. A general expression for the

(1,1)

quantum-mechanical Q as T»0 is not presently available.

b. Short-Range Interactions

Short-range interactions can be approximated by an exponential fumnc-
tion, and over a more limited range by an inverse power. These single-
term potentials have a simple algebraic form which permits the collision
integral to be calculated numerically; such results lead to values of f{z
at high temperatures, T X 1000 °K.

The expression for the exponential potential is

@ (r) =Cfo exp (-r/p) (2.3-3)

in which<¥g and p are empirical parameters., For this potential the
”(l,l) 35 . .
Q (T) has been evaluated™  over a wide temperature range by numerical

methods, and its temperature dependence found to be approximately
s« pea@ it . (2.3-4)

Thus at high temperatures diffusion coefficlents are expected to be pro-
3/2 2
/[en(d, /kT) 17

portional to T

The inverse-power repulsive potential can be written as
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) = K/x° (2.3-5)
where K and s are empirical parameters. For this potential the tempera-
ture dependence of the collision integral is exactlyl’2

5D oy o (sxxms . (2.3-6)

For this model the diffusion coefficients are proportional to T3/2 + 2/8.

¢. Intermediate-Range Interactions

At intermediate internuclear separation distances the potential is
not dominated by either attractive or repulsive forces. The potential
has a "well" whose detailed shape is not precisely known; descriptive ap-
proximations are frequently given by semi-empirical expressions which
interpolate between functions derived for solely attractive or repulsive
interactions. For spherical nonpolar molecules two such well-known ap-
proximations are,

Lennard-Jones (n-6)

n 6
_ Il 6rm rm
d(x) = *:g) ﬁ; §?~) - ﬁ;—) 1, (2.3-7)
and
Exp-6
6
(r) = &) {é {(l-r—-)]-(fﬂ) }, (2.3-8)

m
where ¢ is the depth of the potential energy well, r is the location of
the potential energy minimum, and n and o are parameters which reflect
the steepness of the repulsive forces. Such potentials give a complica-
ted relationship for the temperature dependence of the collision integral,
and no analytic expression can be given corresponding to intermediate
temperatures (about 200 °K to 1000 °K for most gas pairs). However,

Sutberland36 developed a simple relationship for rigid-sphere molecules
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with weak attractive interactions, and showed that

*
o D* g (2.3-9)
where S is a positive constant. The temperature dependence of(ﬁgz is

then

&, « Ha+sm (2.3-10)

which correlates experimental results well over moderate temperature
ranges. This form can also accurately represent collision integrals for
the Lennard-Jones (12-6) potential (within 0.2% for 1.4 < kT/¢ < 3.5).37
Another relationship, suggested by Reinganum,38 is

QLL* _ s/t (2.3-11)

or

« m3/2 -8/T
J3l2 /% e , (2.3-12)

which reduces to the Sutherland form for small values of S/T.
2.4 Composition Dependence of Diffusion Coefficients

In this section the theoretical results are given for the small com~
position dependence of gaseous diffusion coefficients. The composition
correction, iess than 5% for most gas pairs,»is needed to eliminate sys-
tematic discrepancies in the evaluation and correlation of £§2 measure-
ments. The composition correction term, AlZ’ is repeated here for con-

venience, and the P and Q terms are expressed as follows:

2 2 2

*
(6C12 —5) Xl Pl + X2 PZ -+ X1X2P12

by, = = > > , (2.2-10)

X1Qp + X, Q) + X X0,
where
org. 2 ne 2220 2

b o1 [ 2 11 ( 11 (2.4-1)
M ¥ ,» (2.

17 W, 00 ) (M, L@D* \o,

12
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2 *
M, M, 8M M A
P, = 15|54 : (2.4-2)
1™, (M. 4M.)
1 2
1/2  (2,2)% 2
g =2 [ M, 911 (011)
17 G ) (M Qié,l)* 51,
(2.4-3)
6/5 B OM. 2 + M. + 8/5M M A
x[(5/2-6/5 By ,)M) o T 8/5MMALL
2 AM M AT
Q.. = 15 [f;:fg} [-é - b g ] 2212 g5 12 g%
12 M, I, Y (M1+M2)2 5 B1o
(2.4-84)
(2,2)* (2,2)% 2 2
L8 (M) HL) gy 92 °11) : 022)
5 1/2 _(1,1)% 1,1)% Lo o ‘
Q1) o a7 12 12

. The relations for P, and Q2 are obtained from those for P

2 and Ql by an

1
interchange of subscripts. The subscript "11" denotes molecular inter-
actions between two type 1 molecules, and so on. The Chapman and Cowling
relations for the Q's have been presented, not Kihara's.39
The above complicated formulas for A12 are tedious to use, and

; ; , 40-42
attempts have been made to simplify the expressions. The results
are semi-empirical approximations, one of which42 takes a form that de-

termines the most sensitive parts of A,, from experiment and the remainder

12
from theoretical calculations. An improved semi-empirical approximation

for Alz is developed in this report; details appear in Section 4.1}.
2.5 Quantum Effects on Diffusion Coefficients

Quantum effects become significant when the de Broglie wavelength,
A = h/uv, approaches the size parameter o. Thus the ratio A/ov is a
measure of quantum effects, and gases behave classically for A/o << 1. In

%
kinetic theory it is common practice to use the deBoer parameter A ,
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NERVITIC T R (2.5-1)

which is simply A/o for a colliding pair of reduced mass y and kinetic
energy equal to the depth, ¢, of the potential well. The larger the
value of A*’ the more important are the quantum effects at a given re-
duced temperature, T* = kT/e. This is illustrated in Table 1, which is
based on calculations for the Lennard-Jones (12-6) potential.43 A gas
behaves classically at all temperatures for A* = 0; typical values of
A* are as follows: 0.35 for Ne-Ar, 1.3 for He-Ne, 1.5 for H2~D2, and 2.9
for 3He—4He. From Table 1 it is evident that quantum deviations in fgz
can be quite large for light gases at low temperatures. However, the
collision integral ratio A:z has deviations of only a few percent, so
that reliable values of<352 can be computed from accurate wiscosity
measurements even when quantum effects are important, as explained in
more detail in Section 2.7.

The only modification necessary for quantum effects is the replace-
ment of the integration over classical impact parameters by one over the

quantum mechanical differential cross section. The quantum transport

cross section as given by a scattering phase-shift analysis,

I = | £Go] 2, (2.5-2)
£() = §%E~%=é2£+l)[exp(2i6£)~l]P£(cosX) . (2.5-3)

in which 6£ is the phase shift, f£ denotes the angular momentum quantum
number, and ¢ is the wave.number of relative motion, equal to

2quv/h = 2¢/). The phase shifts are obtainéd by the solution of the
radial wave equation. Pz(cosx) is a Legendre polynomial in cos y, and
£(y) is the scattering amplitude. When Eqs. (2.5-2) and (2.5-3) are sub-
stituted into Eq. (2.2-12), the integrations can be carried out to yield

the following expressions for the diffusion and viscosity (or thermal
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conductivity) transport cross sections:

sy = 207 (41) sin®(s,,.-8,)

: 0178 s (2.57)
~0)

facH

and

2 L+1) (£+2
s @ - Z sy otn” (g8 - (2:5°5)

The summations are over all integral values of £ from 0 to » for distin~
guishable particles, but only over the even or odd integral values for
indistinguishable particles (in which case the summation is multiplied by
a normalization factor of 2).‘ In order to describe observable processesf
S(l) must always refer to distinguishable particles, but S(Z) can refer
to either. These formulas apply only to the case of elastic collisions;
corresponding formulas for inelastic collisions have never been derived.

It is often desired to adjust measurements of<f§2 for a set of iso-
topes to a common molecular weight basis. This is especially important
for hydrogen isotopes (HZ’ D2, T2, HD, etc.) for which there are many
measurements for different isotope pairs. The diffusion coefficient has
a mass dependence which may involve three factors. First, the principal
dependence ofﬁaiz on mass is the proportionality to the inverse square
root of the reduced mass of the gas pair. A second mass dependence

factor is in the composition correction term A but this is almost al-

12°
ways negligible. The third dependence is in the diffusion collision in-
tegral, which in the quantum case depends on mass through the deBoer
parameter A*. In order to make the necessary computations a potential
model is assumed, and the diffusion collision integral is then obtained
for both isotopic mixtures; for the Lennard-Jones (12-6) potential

43,44

quantal collision integrals have been published ~° as a function of

the deBoer parameter and reduced temperature in convenient tabular form.
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(1,1)* (AA, T ) is taken to

For any two mixtures a simple ratio of Q
adjust the data according to Eq. (2.2-8). Since this procedure is model-
dependent, it is reliable only when the adjustment is small.

It is sometimes useful to express the exact formulas of Eqs.(2.5-4)
and (2.5-5) as semiclassical expansions, in which the leading term is
the classical formula and the quantum corrections appear as a series in
powers of Planck's constant (or A*). Explicit expressions have been éb—
tained for the first two quantum corrections,45 but little use has yet

been made of these results. Most numerical calculations to date have

used the exact formulas in terms of phase shifts.
2.6 Determination of Diffusion Coefficients from Intermolecular Forces

In this section expressions for diffusion collision integrals are
presented which lead toﬁaiz at conditions unavailable by direct experi-

1)

ment. The expressions for Q L are given only for long-range and

short-range interactions; for intermediate-range interactions, the 5(1’1>
are not given because the corresponding values of<f§2 are available by
direct experiment. Information about long-range interactions is obtained
from molecular polarizabilities; oscillator strengths, and other optical
data; a summary of the various results has been published.34 The short-
range interactions are based on molecular beam scattering experi-

46-48

ments. For both ranges of interaction the specific data sources

used in this report are listed in the Bibliography, Sections II and IiI.V
a. Diffusion Collision Integrals for Long-Range Interactions

. . -6 . ; .
The collision integral for the London r =~ attractive potential is

=711 /3, (2.6-1)

(1,1)

s——l(lsl)

. , .. . . . 2.5 =
in which C is the London constant in atomic units (e"a O)and Q has
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units of angstroms squared. Equation (2.6-1) gives the classical-
mechanical low-temperature asymptote for the first approximation of the
diffusion coefficient, that is, [£§2]l as T ~ 0.

The accuracy of the available London constants is within 5% for
most gases, and at worst 10% for gas pairs containing xenon.34 By Eq.
(2.6-1) the first approximation for the diffusion coefficient is inverse-
ly proportional to the 1/3 power of the London constant; thus the errors
in.[i{zll due to errors in C are less than 4% for all gases considered.
Numerical values are given in Section 5.2,

The valid range of temperature for the low-temperature asymptote is
difficult to estimate accurately, but this range may be approximated és
féllows. First, the upper limit is given by the condition at which the
London dispersion energy ceases to dominate interactions. From Fig. 1
this is estimated to occur at reduced temperatures S 0.2, Second, the
lower limit is determined by the magnitude of quantum effects. These
effects depend strongly on the deBogr paraneter A* and reduced tempera-
ture in a complex manner, and no éimple estimate seems possible for the
lower limit of temperature for Eq. (2.6-1). For gas pairs with large
values of therdeBoer parameter, quantum effects are quite significant at
T* < 0.2, as shown in Table 1. This suggests that Eq. (2.6~1) is of
only qualitative value for A* > 1 and T* < 0.2. At A* = 1 and T* z 0.1,
Eq. (2.6-1) is useful only to a 10% level of uncertainty. For A* = 0.5
and T* Z 0.02 the low-~temperature asymptote is accurate to within 3%, and

* ca s 43
for A < 0.5 it is even better.
b. Diffusion Collision Integrals for Short-range Interactions

The diffusion collision integral expressions for short-range inter-

actions in terms of the exponential and inverse power models are as
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follows. The exponential potential, Eq. (2.3-3), gives

ﬁ(l,l) - 2 2

4dra” p I(l,l) (2.6-2)

oy ;
in which a ig%z/kl)and I(l 1) is an integral available from tables35 as
L]

a function of a. The inverse power potential, Eq. (2.3-5), gives
51,1 _ n(%)z/s r3-2/8) AP (), (2.6-3)

in which r(3-2/s) is the gamma function of argument (3-2/s) and A(l)(s)
is an integral, independent of temperature and available in tables49’50
for different values of s.

Tﬁe reliability of diffusicn coefficients calculated from molecular
beam experiments is estimated as follows. First, the consistency ofcﬁgz
by molecular beam results and by direct diffusion experiments can be
checked at about 1000°K, a temperature at which these results overlap.
The agreement is within a few percent for the gas pairs He-Ar, He-Nz,
and Hz—Ar. Other gas pairs do not have sufficient data for such a com-
parison. Second, the uncertainties of the potentials can be evaluated
by comparison (1) with reliable theoretical calculations, (2) with po~-
tentials obtained from different apparatus in the same laboratory and
from different laboratories,-and (3) with potentials derived from other

- 1
transport property measurements at elevated temperatures.46 48,5

The
potentials are determined from molecular beam scattering experiments
which have been done only at two independent laboratories: Amdur et al.
at the Massachusetts Institute of Technology, and Leonas et al. at the
Moscow State University. This information has a level of reliability
that varies with the type of gas. The noble gas pairs have uncertainties
in the potentials that range from about 10 to 30%. Gas pairs with

diatomic molecules have higher uncertainties, about 20 to 45%, and for

polyatomic molecules even higher uncertainties, 30 to 60%.
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The diatomic and polyatomic molecules have less reliability than the
noble gases because nonspherical characteristics of molecules are not
completely taken into account in the derivation of the potential from the
experimental scattering observations. In addition, for the dissociated
gases H, N, and 0, there are only a few molecular beam measurements,
which are relatively difficult to obtain; for these mixtures uncertain-
ties in the potentials range from about 30 to 60%. However,

these rather large uncertainties in the potentials appear only as much
smaller uncertainties in the calculated diffusion coefficients. This is
clearly evident from Eq. (2.6-3) for the inverse power potential, since
its collision integral is proportional to a fractional power of the
potential parameters.

The valid temperature range for diffusion coefficients calculated
for short-range interactions can be predicted as follows. The potentials
derived from molecular beam scattering experiments are reported with an
applicable internuclear separation range. These are obtained directly
from the minimum and maximum values of the measured scattering cross
sections.46 In order to calculate the upper and lower limits of the
temperature range, the minimum and maximum values of the separation
range, respectively, are assumed to be approximately related to the col-
lision integral as ﬁ(l’l) i wrz. Since the collision integral is also
given in terms of the potential parameters and temperature by Eqs.(2.6-2)
or (2.6-3), a temperature range can easily be computed. The accuracy of

the predicted temperature limits has two significant figures at most.
c. Combination Rules

Often no direct determinations are available for the intermolecular

potential of a particular gas pair, but the potentials for the individual
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species may be known. Various semi-empirical combination rules are
available for the prediction of potential parameters for a 1~2 inter-
action from those for the 1-1 and 2-2 interactions. Such rules work well
enough to allow the prediction ofﬁaiz to a level of uncertainty in the
order of 10%.

The combination rules for the long~range and short~range inter-
actions are as follows. For long-range interactions, theory indicates a
geometric-mean rule for the London dispersion coefficient,

_ 1/2 }
Cyp = (G Cpy) . (2.6-4)

2 .
This rule has been tested5 and found to be quite accurate. Theory also
suggests, but more weakly, a geometric-~mean combination rule for the
, , 53
short-range interactions;

Exponential Potential

= 1/2
€12 = HG) 11(R) 55! ’ (2.6-32)
-1 _1, -1 -1 )
and
Inverse-Power Potential
K. = (k. k)2 (2.6-62)
12 11 22 ’ g
1 -
S1p = 2(sll + 822) . (2.6-6b)

These rules have been directly tested by means of the molecular beam

scattering experiments, and the results are quite satisfactory.sé’”s6

2.7 Determination of Diffusion Coefficients from Other Transport

Property Measurements

In this section procedures are described for the determination of
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inz from other transport property measurements according to results of

5

the Chapman-Enskog theory. These procedures are virtually independent

of knowledge of the molecular interactions, and are an alternate route to

the reliable prediction ofi3i2
a., Viscosity

The Chapman-Enskog first approximation for the viscosity of a bi-
nary mixture can be expressed57 as a quadratic equation in the diffusion

coefficient:

(o850 % + ()b +(@H] e Ay, + Ald = 0, (2.7-1)

in which
a = (%% )2(n ~N,=n,) /NN (2.7-2)
172 mix '1 2 172 ’ *

- 2 2
b = 2x,x (M ) RT[n (xl nytxy ”1)””1”2]/”1“2 , (2.7-3)

6 -1 2.2 2. 2
¢ = gxy ¥, (M M) "RT[n 4. Gy "M ng+x) "M,y )
) , (2.7-4)
d = é-(2x x RT)2n /M. M | (2.7-5)
5 172 mix’ 12 ’ *

where.R is the gas constant (82.0567 cm3—atm/mole °K), n is the viscosity
in g/cm-sec, Nmix denotes the mixture viscosity, and the subscripts have
their usual meaning. The determination ofiyiz requires experimental data
for mixture composition, the molecular weights and viscosities of the
pure components, and the mixture viscosity of the gas pair. The only
non—-experimental quantity required is the collision integral ratio AIZ.
The variation of A* with temperature is only a few percent in the inter-

12

mediate temperature region, is relatively independent of the choice of a
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realistic intermolecular potential model; and is insensitive to inelastic
collisions (Section 2.2, part c¢) and quantum effects (Section 2.5). Thus
the determination °f'Eaz from viscosity measurements essentially elimi-
nates the need for accurate information about molecular interactions.

For a mixture of a gas with itself the binary mixture expression,

Eq. (2.7-1), reduces to

= 0¥ -

in whichlﬁil is known as the self-diffusion coefficient.
The determination ofjaiz from viscosity measurements has been de-

rived from first approximation formulas. On this basis the diffusion co-

efficients calculated cannot be the true values of~£§2, which have a
small composition dependence. The diffusion coefficients calculated can-
not be exact Lﬁiz]l because experimental‘viscosity data are used.58
However, the diffusion coefficients calculated from experimental binary

* mixture viscosity data are nearly equal tolaiz at a mixture composition
corresponding to the heavy component in trace amounts, as shown by
numerical computations of the higher Chapman-Enskog approximat:ions.lO
The uncertainty in this conclusion was found to be 1es§ than any error

in available diffusion coefficient measurements.

The reliability ofiﬂiz calculated from mixture viscosity measure-
ments is almost the same as obtainable by¢fa2 measurements with the best
modern techniques, as shown Ey the following analysis. First, assume
that A;Z is known exactly. On the basis of an error propagation analysis
of Eq. (2.7-1), the calculation procedure forJaiz can introduce a loss
in accuracy by as much as a factor of five.57 However, reliable viscosi-

ty measurements are obtained with inaccuracies of 1/10% at about room

temperature and about 1/2% at 1000°K. These uncertainties are approxi-
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mately 10 times less than in direct<E&2 measurements at the correspond-
ing temperatures, Second, remove the restriction of a perfectly known
Aiz in order to obtain the total uncertainty of calculatediaiz. For
spherical or homonuclear diatomic molecules at intermediate temperatures

*
A12 is reliable to about 1%; non-spherical or polar gases have slightly

*

%
larger uncertainties in A12' Uncertainties in values of A12 will be di-

*
that is, a 1% error in A corresponds to an

12? 12

error of approximately 1% in‘Eaz. Thus the total uncertainty in diffu-

rectly reflected in

sion coefficients calculated from accurate viscosity measurements is
about 2% at room temperature, an uncertainty comparable to the available

direct‘faz measurements.
b. Thermal Conductivity

The first approximation of the Chapman-Enskog theory for the thermal
conductivity of binary mixtures can be used to compute values ofi3i2.59
The procedure is similar to that used for diffusion coefficients calcu-
lated from viscosity data, but the values calculated from thermal con-
ductivity measurements are not as reliable as available f{z meésurements
for two reasons. First, the relationship between thermal conductivity
andiﬁlz is slightly more sensitive to temperature and molecular inter-
actions; that is, the applicable relationship has the collision integral
%

*
ratio B,,, as well as A12

12 Second, the accuracy of thermal conductivity

data is only equal to, and often less than, that ofi312 measurements,
and the experimental errors propagate by a factor of as much as five
through these calculations. Thus thermal conductivity is a transport
property from which only mediocre estimates ofJ3i2 are possible at pre-

sent.
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c¢. Thermal Diffusion Factor

The Chapman-~Enskog theoretical first approximation for the thermal
diffusion factor of binary mixtures may give reliable values of.f{z.
The thermal diffusion factor describes how a gas mixture separates under
the influence of a temperature gradient. Diffusion coefficients can be
calculated from the strong composition dependence of the thermal diffu-

sion factor, o But, the available measurements of the composition

60
T

dependence of a,, have rather large uncertainties, which lead to mediocre

T

values OESBiZ at present. Another procedure relates the temperature

dependence ofJaiz to that of a,,, and the derived relationship is combined

T
with a single measurement °f‘£ﬁz to produce diffusion coefficients over
a wide temperature range.61 From this procedure the accuracy ofi312 is
good, because uncertainties in the measurements appear only as much
smaller uncertainties in the calculated diffusion coefficients. 1In
principle the calculations are applicable generally,'but have been
limited to gas pairs with MZ/Ml << 1 and a trace concentration of the
heavy component. The procedure has involved iterative type calculations
which are deécribed next.

An "experimental' value of (6 C:Z—S) is compared to the auxiliary
theoretical expression

(6C1,=5) = 2[2-(5 £nl9%,], /0 £n D1, @D

*
in which the "experimental" (6 C12—5) is derived as follows:

(6 ciz—s) = oap[(1 + .<2)(—52/Qz)]'l ,  (2.7-8)

2
My plf,])

(M1+M2) [nz]lRT ?

15 My (M) MM, %« 5
7 7 ta- 7 41073
(1,4,) (M)

"S5y =3

(2.7-9)
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M p[ﬁi]
10 M 211 2 2 8 *
Q, = == (M. %+ M.% +SMMA )
23 (M1+M2)2 [ 1,RT 1 o Ty MpMyh,
(2.7-10)
=1 ert e Z 2 8E ~7)[L - 3(5-4B" ) (6C" -5)"*
kg = gz (BEy=7)" + 57 (1 - Ml)( 29”7V = 7(5-4B1 ) (6C ,=5) 71
(2.7-11)
8E~ -7 ~ 2[1 - (3 £n n./d £n T 2.7-12
Ezz_ {\" [ _( nnz n )p]' (’— )

In these equations the subscript 2 denotes the light component and 1 the

heavy, Ko is a small correction term, and for Q2 the Kihara expression

*

12
dependent of temperature and the potential model. The values of LEEZ]l

is used in this case. As previously discussed, A ig virtually in-
and [nz]l can be interpreted as '"experimental first approximations'.
In Eq. (2.7-8) the denominator is weakly dependent on temperature, but
the major temperature dependence is in s and this is obtained from

experiments. The substitution of Eqs. (2.7-9) to (2.7-12) into the
%

12
For the first

right-hand side of Eq. (2.7-8) gives the "experimental™ (6 C,.-5) value

principally in terms of the temperature dependence of e

iteration step (-SZ/QZ) and K, are assumed independent of temperature,

the temperature at which they are evaluated is conveniently taken to be

*
12

stituted into the differential equation Eq. (2.7-7), and the subsequent

the same as for the experimentalé912. This value of (6 C,.-5) is sub-

integration completes the first iteration cycle. The constant of inte-
gration is evaluated from one isothermal measurement ofi?iz. The result
is a relationship for the temperature dependence of fﬁz'over the range

for which measurements of ap are available. The second iteration step

uses values of [fﬁz]l from the first cycle together with experimental

values of [nz}l to evaluate the temperature variation of (—SZ/QZ); Ky

can be assumed independent of temperature. The second set of (—SZ/QZ)

*

gives new values for (6 C12

-5), and new values of LB&Z]l by the inte-
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gration of Eq. (2.7-7). The LﬁiZJI of the second set are usually almost
identical wi£h the first set, but a third iteration step can be used as a
check, if desired. The diffusion coefficients calculated are as reliable
as most direct measurements of fazg at present this means about a few
percent.

In some cases the calculation procedure can be simplified, and made
to involve the thermal-diffusion factor in a more direct way, but this
method was not used for any results in this report.

The determination of'ﬁaz from thermal diffusion data is, strictly
speaking, limited to noble gas pairs. The equations are based on mon-
atomic molecules which are free of internal energy. The theoretical ex-
pressions can be used for polyatomic gases when the translational energy
contribution is much greater than that of intermnal energy factors which

contribute to aT.
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3. EXPERIMENTAL METHODS FOR DIFFUSION COEFFICIENTS

The purpose of this chapter is to assess reliabilities and limita-
tions of the various experimental methods used for determinations of
gaseous diffusion coefficients. The critical evaluation of<f&2 neces-
sarily requifes a comprehensive appraisal of experimental methods, which
has not been prepared before. The various methods are outlined in
Section 3.1 in order to give an overall perspective of the types of
apparatus and the reliabilities of results. In Section 3.2 five major
methods are described and their systematic errors considered. A major
method means one that has been frequently used by different investigators
and has well-known experimental uncertainties; The results of four of
these five methods have generally contributed to Standard Reference Data,
but one technique - the evaporation-tube - has had disappointing results
;and is included as a major method only because it has been used more
gften than any other. In Section 3.3 brief descriptions are given for
six methods which have not been used very often, but which have suffi-
ciéﬁt results available so that their reliability may be estimated. )
These are called minor methods and the results have made small contri-
butions to Standard Reference Data. The final section of this chapter
contains remarks about seven miscellaneous methods which have not con~
tributed to Standard Reference Data, but which are of general applicabili-
ty or of unusual inventiveness. Every experimental method ever used is
not included in these groups, but those omitted are considered unim-
portant.

The discussion of each method includes a comprehensive list of

46
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references to specific studies; these listings contain the reference
information for the discussion of each method unless special footnotes
are given in the text.

Several of the experimental methods have been previously described
in specialized surveys.l_6

The first significant measurements of diffusion in gases were made
by Thomas Graham, starting in 1829, His ingenious experimentation in-
cluded observations of gaseous diffusion in closed-tube and two-bulb

apparatuses. ’

These techniques were later developed into the most
reliable methods, by modern standards, for the determination of dif-
fusion coefficients. 1In addition Graham used what is now called the
capillary-leak method and an equivalent to the diffusion bridge. How-
ever, Graham never calculated a diffusion coefficient, and actually
most of his work preceded the mathematical statement of the law of

diffusion by Fick in 1855.9 From some of Graham's later observations,

reported in 1863, the first accurate &

o Were calculated by Maxwell in
10,11

1867. Until recent times most of Graham's work in diffusion had
been overlooked.ll

In the 1870's two experimental methods, the closed tube and the
evaporation tube, were developed; their results include almost all values
of4312 up until World War II. Then several other methods (two-bulb
apparatus, point source, diffusion bridge, dissociated gases, and gas
chromatography) were developed because of interests in isotope separa-
tions, combustion processes, and theoretical studies of intermolecular
forces which were in need of values Of‘EEZ over an extensive range of
temperatures. The availability of radioisotopes made measurements for

many gas pairs easier., In addition a number of other techniques have

been occasionally used over the last half century. The experimental
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methods are classified in Table 2, and the reference sources can be found

in Bibliography I.
3.1 Outline of Experimental Methods

Table 2 serves as an outline of the assessment of methods that
follows. The reliabilities given are based on reproducibilities and on
intercomparisons of«fﬁz by various methods. At present the reliability12
is not exactly known for each method; these measurement techniques are
amenable to possible refinements. The determinations of £§2 are con-
sidered good when uncertainties are within about 27%, although for a given
apparatus the reproducibility of results may be better than 1%. A vast
majority of available data does not have this level of either reproduci-
bility or reliability. Determinations of 332 are considered of average
quality when uncertainties are within about 5%. These magnitudes indicate
that accurate determinations of diffusion coefficients are rather diffi-
cult, even with the best of modern instrumentation.

The major and a few minor methods are schematically illustrated in
Fig. 2, classified according to overall geometry of apparatus and time
behavior of the diffusion process. The apparatuses listed under the
first two columns have no carrier gas flow‘in the zone where diffusion
takes place. The two apparatuses in the third column have diffusion

occurring within a flowing gas stream.
3.2 Major Experimental Methods
a. Closed Tube

In 1870 the closed-tube method was developed by Loschmidt, who

carefully determined fﬁz for 10 gas pairs at temperatures of 252° to
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293°K. The essential characteristic of this method is a variation of
mixture composition with time and position throughout a long tube closed
at both ends. The gases of the mixture are initially separate in the
closed tube, then interdiffuse at constant temperature and pressure. The
diffusion time is controlled by an opening mechanism at the middle of the
tube. The composition changes are measured as a function of time, either
continuously or after a definite period of diffusion.

Determinations of faz by the closed-tube method are usually quite
reliable. The results have been obtained at temperatures from 195° to
478°K. This range indicates an indirect disadvantage - determinations at
more extreme temperatures have not been made because of difficulties that
arise from the construction and the operation of a thermostat around a
long tube (about 1 meter) with moving parts.

The reported determinations are listed in Table 3 in chronological
order., There are various versions of the closed-tube apparatus, but de-
tails of these refinements are omitted here.

The basis of all closed-tube determinations is a solution of the

one~-dimensional time-dependent diffusion equation,
ox, /ot =fF (Bzx /822) (3.2-1)
1 12 1 i :

whereﬂi2 has been assumed independent of mixture composition and posi-

tion. In Eq. (3.2-1) x. is the mole fraction of component 1 in the bi-

1

nary mixture, and t and z are time and axial distance, respectively.

For the initial and boundary conditions,

|
o

X, = X 0<z<L/2, t=

X, = X L/2 < z< L, t=

§
o

axl/az = 0 z=0and z =1L, t >0,
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the solution of Eq. (3.2-1) is

L o B 2
. (2.8) ! - . uy . 2(X1 =%, ) Z o (2@ + 1)t/ i (2n + 1)z
1 2 1 17 T 120 (2n + 1) L
(3.2-2)
and the relaxation time is
T = I,Z/n%,a’12 , (3.2-3)

where L is the total length of the closed tube. A few additional assump-
tions were taken to obtain Eq. (3.2~2), namely a uniform cross section
and symmetry about the midplane at L/2. Equation (3.2-2) may be simpli-
fied in accordance with the technique used for composition analysis; the

simplified expressions are readily available elsewhere,3’6’l3’14

as well
as from the original articles of Table 3.

The determination of ﬁaz requires measurements of composition,
temperature, pressure, geometrical factors, and time. The uncertainties
of these measurements are usually much less than the reliability of the
results; thus the reliability is apparently dependent on other factors.
Occasionally, however, poor methods of composition analyses have led to
inaccurate results.

Other possible uncertainties of the closed-tube method are as
follows. Errors due to convective mass flux are possible. To avoid con-
vection from buoyancy effects, the lighter gas should always be placed in
the top half of vertically mounted apparatus. If the closed tube is in a
horizontal orientation, a ''spillage' convective flux may occur; that is,
the higher density component in one half may spill across the diffusion
"interface'" into the lower portion of the other half, and the low density

component would then flow into the upper portion of the opposite half of

the closed tube. Spillage is not significant if the diffusing component
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is a tracer. At the start of diffusion, convection effects are also
possible because of the movements of the opening mechanism; this has
been investigated,15—l7 and the reproducibility of results from run to
run indicates that the effect is small. Convection effects are also
possible because of nonuniform temperatures axially along the tube. The
design and operation of closed-tube apparatus should eliminate all pos-
sible convection effects.

A significant uncertainty, even though not limited to the closed-
tube method, is the small dependence of<832 on the mixture composition.
The diffusion coefficient was assumed independent of mixture composition.
Equation (3.2-1) rewritten to express the composition dependence of f{z
is

ox /ot =& (0%, /025 + (ax,/92) 28 [ox) . (3.2-4)

1 12 1 1 127771
If one of the components is a tracer then the composition gradient,
Bxl/Bz, is very small, and the uncertainty essentially zero. If two
pure gases fill each half of the closed tube, then both the gradient or
the composition dependence of £G2 may be significant., However, for the
case of the closed tube, the exact integration of the diffusion equation
with a composition-dependent3312 has not been performed. The uncertainty
of results caused by the composition dependénce of«eiz depends on the
duration of the experimental run, the gas pair investigated, and the ini-
tial composition of the mixture. Calculated values ofiaiz would

apparently depend on the length of the experimental run. This has been

investigated,ls’18

and the variation of:ﬁlz is small for diffusion times
between 10 minutes and about 2 hours. To a first approximation the
composition of the mixture may be taken equal to a uniform mixture of the

, . s ‘o 17
components, or the arithmetic mean of the initial conditions.

The uncertainty in determinations of=@12 caused by the assumption of

a one~dimensional diffusion equation has not been estimated.




52

Additional uncertainties may be caused by the Dufour effect. The
Dufour effect is a small temperature transient that occurs when two gases
interdiffuse, and may occur even with ideal gases. The uncertainty in
Xﬁz caused by the Dufour effect can be made small by suitable choice of
apparatus geometry,l7 but most experimenters have apparently simply ig-
nored the problem. If the mixture were nonideal then diffusion would be
accompanied by heats of mixing or pressure changes.

The closed-tube determinations of 2&2 often have repro&ucibilities
better than 1%, and the measurements have been reported accurate to 1 to

3%. However, independent determinations of‘ﬁi for the same gas pair

2
indicate that this method has a reliability no better than 27%. These
comparisons are presented in deviation plots given in Section 5.3. To

achieve greater reliability a major effort involving careful variation of

many experimental parameters would probably be necessary.
b. Two-Bulb Apparatus

The two-bulb method was developed by Ney and Armistead in order to

determine the self-diffusion coefficient of UF their results were

6°
published in 1947. Two bulbs, or chambers, are connected by a narrow
tube through which the diffusion occurs. After an initial transient, the
composition in the bulbs varies exponentially with time, and fﬁz can be
found from the relaxation time.

The determinations of:f{z by the two-bulb method have been made over
a temperature range of 65° to 400°K, with one datum available at 473°K.
This range of temperatures is v50°K larger than results obtained by the
closed-tube method. In general, measurements at different temperatures

are easier to make with the two=-bulb apparatus because its relative com-

pactness facilitates thermostating, and its opening mechanism can be
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designed without moving parts. These conveniences, however, are only
operational advantages; the ultimate accuracies oféaiz are probably the
same as determined by both the closed—tube and two-bulb methods.

Studies by two—-bulb apparatus are listed in chronological order in
Table 4. This listing shows that the method has been widely used in
recent years. The meticulous studies by van Heijningen et al. are es-
pecially noteworthy because the results attained are probably the most
reliable measurements ofjaiz to date, within 17, over a temperature range
of 65° to 400°K.

As for the closed tube, the simple theory for the two-~bulb apparatus
involves the assumptions of constant pressure and temperature, constant
2&2, and one-dimensional diffusion. It also involves the following
additional assumptions:

(1) Quasi-stationary state - the flux of a component is

constant along the connecting tube. Since‘ﬁq_2 is assumed

constant, this implies a linear variation in composition in

the tube.

(2) The connecting tube volume is much smaller than either

bulb volume. This is related to the quasi-stationary-state

assumption.

(3) The composition gradient is entirely contained in the

connecting tube.

With all these assumptions introduced into the diffusion equation for one

component, Eq. (2.1-1), a simple solution can be obtained of the form
Ax(t) = Ax(0) exp (-t/71), (3.2-5)

where Ax(t) is the composition difference ai t = % and at time t in one

bulb, Ax(0) is the composition difference between t = © and t = 0, and 1

is the relaxation time. The component subscript 1 has been dropped from




the notation. The relaxation time is

l 2

-ﬁﬁz (—) (Vf’vz) , (3.2—6‘)

where A is the cross-sectional area, L the length of the tube connecting

the bulbs, and V., and V2 denote the bulb volumes. From measurements as

1
a function of time of the composition in one bulb, or altermnately the
composition difference between the two bulbs, the relaxation time is ob-
tained from Eq. (3.2-5). Corrections to the relaxation time for the above
assumptions are as follows.
. . . . . 19 |

The quasi-stationary state assumption is unnecessarily severe; it

is sufficient to assume only that the mean flux in the tube is proportion-

al to the effective mean flux at the two ends of the tubes. On this

basis a correction factor K for the relaxation time may be derived,

ViVs
T = ('—)( ), 3.2-7)
912 vitY, (
where
AL 1-8 + 8 | B}
l+3v el (3.2-8)

with B = Vl/VZ' This approximate solution assumes that the composition

analysis is performed in bulb V., and that AL/Vl is small. Deviations

1
from a quasi-stationary state show up as values of K unequal to unity.

The deviations from the quasi-stationary state are due to the fact that
the bulbs are not infinitely large compared to the connecting tube. To
minimize these deviations the apparatus should be constructed such that

the volume of the tube is very much less than the volume of either bulb.

For bulbs of equal size K = 1 + AL/6V, where V is the volume of a bulb.
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Transient effects arise from the finite time required to establish
a constant gradient across the entire length of the tube.20 These trén—
sients can be avoided by waiting some time to elapse after the start of
mixing. WNormally, the transients decay rapidly, and they completely dis-
appear within a few minutes.

The assumption that the composition gradient is all in the connecting
tube requires an end correction. This correction is required because the
gradient does not truncate immediately at either outlet of the tube. The
extension of the gradient into the bulbs is corrected for by a small in-
crease in the actual length of the tube. The end correction is given by

Leff =L+ bR , (3.2-9)

where Leff is the effective length of the tube, R is its radius, o is a
numerical constant whose value depends on the geometrical configuration of
the end of the tube, and the factor 2 accounts for both ends of the tube.
The value of o is obtained from an analogous case for sound passage in a

21,22

tube. Typical values of o are as follows: o = 0,58 when the con-

necting tube end is in free space, o = 0.82 when the end is flush with a
flat surface, and o A 0.82 when the end is flush with the inside surface
of a spherical bulb. The value of o = 0.82 has been invariably used in
the analysis of two-bulb apparatus experiments, but this is not always
correct. The choice of an incorrect o value has led, in a few studies,
to systematic errors of the érder of 1%.

Most two-bulb apparatus are constructed with the connecting tube of
uniform bore; if not so, then the ratio L/A is taken to mean Zj(Lj/Aj)
for each element of length Lj and cross section A..23
In addition to the above corrections, observations may require con-

24,25

nections for Knudsen flow, which can occur during diffusion in narrow
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capillaries at low pressures,'where the mean free path is not negligible
compared to the diameter of the connecting tube.

The determinations of:eaz by the two-bulb method have uncertainties
similar to those of the closed tube, but with less chance of convective
effects because of the narrowness of the connecting tube. In several two-
bulb investigations, errors from non-negligible sample volumes are poésiw
ble because samples of the mixture were removed from the apparatus during
the diffusion run. The inaccuracies of two-bulb measurements have been
reported to be between 1 and 3.5%. Except for results by van Heijningen
et al. the reliability of data by this method is considered no better than
2%. This is the same as for the closed tube. The two-bulb method is
capable of yielding reliable ivf provided care is taken to optimize the

12

geometry of the apparatus and to make corrections.
c. Point Source

The point-source method was developed especially for thé determin-
ation of diffusion coefficients at high temperatures. In 1958 Walker and
Westenberg fully reported the first results by this method, in which a
trace amount of gas is steadily introduced through a fine hypodermic tube
into a carrier gas flowing in the same direction. The tracer spreads by
diffusion through the carrier gas, which has characteristics of steady-
state laminar flow with a flat velocity profile. The mixture composition
is measured by means of a sample probe located at various distances down-
stream of the tracer inlet.

Point source determinations of<312 are available from room tempera-
ture up to 1944 °K.

Studies by this method are listed in chronological order in Table 5.

A few special remarks are as follows. Walker and Westenberg used electri-
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cal heat and attained temperatures up to v 1200 °K; Ferron et al. used
combustion heat (mixtures containing HZO or CO2 were studied) and reached
higher temperatures, up to 1944 °K,

The basic equation for the point-source method is

2

8% 13, 3my _ 3x _ _
o) [322 + o5y D] - U@ o ,  (3.2-10)

where x denotes the tracer component, U is the carrier velocity, z is
the axial distance from the point of injection, and r is the radial co-
ordinate measured from the axis. The appropriate boundary conditions are:
lim x= 0 ,
R~»w
= 0

(Bg/ar)r -0 s and

the normalization condition
, 2
Q = lim 47R iiiz(ax/aR> ,
R~->0
2 2 2 , . :

where R = r + 2z and Q is the volumetric flow rate of the tracer.
Equation (3.2-10) involves the usual assumptions of constant temperature

and pressure, and the composition-independence ofvﬁi Additional assump-

9
tions are as follows:
(1) Steady~state conditions of flow.
(2) Axial symmetry of the tracer concentration in the carrier gas.
(3) One-dimensional flow.
(4) TFlat velocity profiles across a cross section normal to the
direction of flow, i.e., U(r) = constant.
(5) Equal velocities for the carrier and tracer gases.

(6) Absence of convection effects.

(7) Absence of chemical reactions. This assumption is particularly
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noted, even though applicable to all major methods, because
point-source measurements at high temperatures may be ac-
companied by reactions between the components or the com=
ponents and surfaces of the diffusion apparatus.

The solution of Eq. (3.2-10) is

x = (Q/4nREY,) exp [-(R-2)U/28]. (3.2-11)

A concentration profile can be used to determine ﬁgz,

fixed axial distance z samples of the stream are taken as a function of R,

that is, at a

A plot of 2n(xR) versus (R-z) should be linear with slope —U/ZS{Z, and
measurements of the carrier velocity U lead to values of.f&z. Alternately,
the stream can be sampled at points on the axis, z = R, and values of

£g2 calculated from

‘ﬁiz = Q/4n(®__z , (3.2-12)

where (x)maX is the concentration of the tracer at points on the z axis.
This axial decay method has the advantage of not requiring knowledge of
.U, and of requiring significantly fewer composition measurements. The
more difficult concentration profile method can serve as a check on the
consistency of both the theory of the experiment and the results.

The instrumentation errors of the point-source method have been es-
timated by Ferron et al. to be about 5%. This estimate was based on an
approximate analysis of errors arising from measurements of flow, sample
probe position, composition, and temperature., These experiments are
probably not as reproducible as those by Walker and Westenberg, who per-
formed experiments at lower temperatures and with a more precise technique
for composition analysis.

In addition to the instrumentation errors, the possible causes of un-

certainty for the point-source method are:
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(1) Unequal flow rates between the tracer and the carrier gases.
(2) Dbifference in density between the tracer and the carrier.
(3) Variations in the steady-state flow rate of the tracer, or
carrier,
(4) - Skewness of the mixture velocity profile.
(5) Temperature gradients in the stream.

A priori estimates of uncertainties caused by such effects are difficult

to make; but these effects have been empirically investigated.26’27

The re-
liability of point-source measurements of fgz is best estimated by compari-
sons with the results by other methods. Such comparisons show deviations
of up to 4% for 10 gas pairs at about 300 °K. The deviations are slightly
greater at 1000 °K by comparison of point-source results and those calcu-
lated from short-range interaction forces obtained by molecular-beam
scattering experiments (Section 2.6, part b). The general reliability of

iaz by the point-source method is considered to be better than 5%, or

average.
d. Gas Chromatography

The gas-chromatography method is a flow method in which a trace
amount of gas is injected as a pulse into a carrier gas flowing through a
long hollow tube. The dispersion of the pulse is caused by the combined
action of molecular diffusion and the parabolic velocity profile of the
carrier gas. As the pulse emerges from the tube outlet, measurements of
the dispersion - characterized by a Gaussian distribution function - lead
to values ofcﬁlz.

The advantages of the gas-chromatography method are as follows.
Determinations of £Eé can be completed in a matter of minutes and vapor-

gas mixtures can be studied. Once the carrier gas is at temperature and




60

pressure, the injection of a number of sample pulses into the gas is
possible, with the result that several samples may be simultaneously
dispersing in the tube. The dispersion characteristics of the pulse can
Vbe obtained by one simple measurement of its variance. A vapor-gas de-
termination of<@&2 is practical because of the small amount of sample
required to make a pulse. These advantages are operational,only.

Determinations ofiﬁiz by gas chromatography are available between
temperatures of 77° and 52§°K. These studies are listed in chronological
order in Table 6, all of which are based on the instrumentation and
certain aspects of the convential theory of gas chromatography. In 1960
four independent manuscripts, which described the method, were submitted
for publication: Bohemen and Purnell (23 June); Fejes and Czaran (20
July); Giddings and Seager (3 August), and Bournia, Coull, and Houghton
(8 November). Of these authors, only Giddings et al. have continued to
publish new determinations of<ﬁiz.

Packed chromatography columns have been used, on occasion, to deter-
mine £&2. A packed column has a complex geometry because of the inter-
stitial flow volume. Since the geometry and the pulse velocity profile
are not well defined in packed columns, their use for determinations of
absolute values of f&z is rather uncertain.28

Qutside the scope of this report, but worthy of mention, is the
following. Gas chromatography is well suited for high~pressure determin~
ations ofjjlz because the column actually consists of small-bore tubing
which is easily pressurized. High-pressure studies in other apparatuses
ordinarily require the fabrication of relatively expensive pressure

vessels.

Before gas-chromatography apparatus was applied to the determinations
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ofgiiz, the theory had been developed for diffusion phenomena in the
) 29—
flow of flu:i.ds.’9 34 The basic equation for the gas-—chromatography method
is
azx 13 3% X X
&312[322 + ;'Sg(rgg)] - U(r) 5z = 5t ° (3.2-13)
where x is the mole fraction of the pulse component, U is the velocity of
the carrier gas, z is the axial distance, r is the radial coordinate of
the tube, Ro is the constant radius of the tube, and t denotes time. The
boundary conditions are:

(Bx/ar)r -0 = o,

R
o

(ex/3r)  _ p =0 .
The initial condition depends on the pulse shape at the injection point.

As for the point-source method, gas—-chromatography involves the assump-

tions of constant pressure and temperature, constant f&z, one-dimensional
flow, and axial symmetry. Additional assumptions are as follows:

(1) The carrier flow velocity is laminar with a parabolic profile;

i.e., U(x) = Zﬁ[l-(r/Ro)zl,where U is the average velocity.

(2) Convection effects are absent.

(3) The initial pulse of sample may be well approximated by a

delta-function.

Subject to these conditions and assumptions, the solution of Eq.
(3.2-13) is given by

—(z—ﬁt)2

1
T2 exp [o—Li— ] , (3.2-14)
4£7fft

_ N
X =T (WEfot)
ZNRO n

where x denotes the mean mole fraction of sample in a cross section, n is

the total number density, N is the number of molecules of the pulse in-
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jected into the carrier gas at z = 0, t = 0, and isz denotes the effec-

tive diffusion coefficient,
=D+ r 2T jus Y (3.2-15)
eff 12 e} 12 : )

The first term on the right-hand side of Eq. (3.2-15) accounts fér the
dispersion of the pulse caused by diffusion in the axial direction. The
second term is known as the Taylor diffusion coefficient, and accounts for
the dispersion of the pulse caused by the parabolic velocity profile, as
modified by diffusion in the radial direction.

The experimental procedure is to observe the concentration X as a
function of time at the end of the tube (z = L); Eq. (3.2-14) for this

case is

= 1 = 2
= N £f£, Ut - = -(1-Ut/L
20 = & deE ) 7 g (AU (50
UL 4g7eff)(§£)
= L
UL
where V =TTR02L is the tube volume. This is a skewed, not Gaussian, dis-
tribution, but if<f1ff/ﬁL : 0.01, the distribution becomes nearly
Gaussian.34 The reason is that Ut/L must be nearly unity whenxfsz/ﬁL is
small, or else i(t) becomes too small to measure accurately. In the ap-

proximation that Ut/L N 1, Eq. (3.2-16) becomes a Gaussian, with variance

t given by

el A2 e (3.2-17)
L L

A simple way to determine the variance is to measure the peak width at

half height, wl/2’ related to 1 as

2(20m2) 2 -

i

Wy . (3.2-18)

The calculation ofiiaz from a measured value of w requires solution of

1/2

a quadratic equation, which has two roots; one root corresponds to the
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physical value ofﬁﬁiz when U = (48)1/253;2/R0, and the other root when
U > (48)1/%£§2/R0. An experimental check is that calculated values of
the physical &gz nmust be independent of U,

In addition to the normal instrumentation errors for flow, tempera-
ture, etc. the gas-chromatography method has an appreciable error contri-
bution from the measurement of the peak width at half height of the dis-
persion profile. Values of V192 have been obtained with precisions of
about 1%, but in terms of f&z this level of precision is degraded because

of the quadratic relationship between w andjaaz.

1/2
Possible uncertainties of gas chromatography are as follows:

(1) Entrance effects caused by the injection of a finite volume
of sample into the carrier gas. It is in principle impossible
to inject a delta function of sample into the carrier, though

in practice the time of injection may be quite short and the
sample volume small. Entrance effects can be accounted for

by a short correction tube of precisely the same diameter as the
regular long-—tube.35 The use of both a long-tube and a short-
tube also corrects for effects of stagnant volumes éssociated
with injection and detection devices, and connections along the
tube. Inétead of two columns, two detectors in one column may

36,37 In other studies

be used to eliminate entrance effects.
ingenious sample injection devices have been used. The sample
volume should be less than about 1% of the tube volume.

(2) Nonsymmetrical dispersion characteristics caused by
disturbances to the velocity profile. These disturbances may
be due to variations in the carrier gas flow rate or to rough

tube surfaces. Some tubes are made in coil form, and bending

the tube tends to produce higher velocities on the inside radius
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than the outside radius. The magnitude of this effect depends

on the radius of curvature of the coil. At the detector the

concentraticn curve may be skewed for values of fiff/ﬁL z 0.01.

(3 Small pressure drops caused by viscous flow in lohg tubes

and by interferences to flow due to detector(s) immersed in the

stream.

(4) End effects caused by the detection of the sample dispersion

characteristics. Detector elements may disturb the concentration

profile, may not measure point values of the concentration

profile, but a finite amount of sample, and may not give a linear

response to concentration.

The inaccuracies of determinations ofcfaz by gas chromatography have
been reported to be about 1 to 2%. The reliability of these results is
best estimated by comparisons With}}iz by other methods. At a temperature
of 300°K comparisons show deviations up to 4%, with an average deviation
of about 2%. At temperatures up to 500°K the deviations are within 57%.
Thus, results by gas chromatography are considered to have the same over-
all level of reliability as the point-source method, that is, uncertain-

ties within 5%.
e. Evaporation Tube

In 1873 Stefan developed the~evaporation—tube method, which is useful
for determinations of fﬁz for vapor—-gas mixtures. The method has been ex-
tensively used by other investigators, and until recently these studies
have produced almost all the values of.faz for vapor-gas mixtures. The
idea of the method is simple. The evaporation rate of a ligquid which
partially fills a tube is controlled by diffusion through the stagnant

gas which f£ills the rest of the tube. The diffusion coefficient can
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be determined from observations of the (slow) loss of liquid from the
tube at constant temperature and pressure.

In this method the liquid to be volatilized is placed at oﬁe end
of a vertical tube, the other end of which is open. The tube is a
cylinder of uniform cross section, and usually with the approximate di-
mensions of 5 to 10 mm in diameter and 10 to 20 cm in length. From the
gas—liquid interface, vapor diffuses through the gas to the mouth of the
tube. At the interface the mixture composition depends on the vapor
pressure of the liquid. Across the tube outlet gas flows and carries the
vapor away. The rate of liquid loss is observed over long periods of
about half a day in order to determine values of(faz.

The same procedure is applicable to the volatilization of a solid
in place of a liquid in the evaporation tube.

The evaporation-tube method involves a simple experimental technique,
but the studies are restricted to narrow intervals of temperature which
are strongly dependent on the volatility of the substance to be tested.
The evaporation-tube results for<f&2 are available for hundreds of
different gas pairs. The studies are listed in chronological order in
Table 7. Of these publications, which comprise more than 70 articles,
about one~third have been published since 1960.

The simple theory for the evaporation~tube method involves the usual
assumptions of constant pressure and temperature, constant<f&2, one-
dimensional diffusion, axial symmetry, and the absence of convection
effects., It also involves additional assumptions as follows:

(1) Quasi-steady-state conditions. This assumption means that the

composition gradients between the liquid level and the tube out-

let are constant. Since the rate of evaporation is slow the gas-

vapor column in the tube changes little in height, and even though
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there are steady losses of liquid due to evaporation the diffusion

path can be approximated as constant. A constant liquid level

could be maintained, for example, by adding liquid to the eva-

poration tube at a rate equal to losses due to evaporation. Under

quasi-steady-state conditions the flux of vapor is constant.

(2) Gas insolubility. The gas does not dissolve into the liquid.
It follows from these assumptions that the gas in the tube is stagnant
(zero flux); that is, the net flux in the tube consists only of vapor.
The fundamental diffusion equations, Egqs. (2.1-3) and (2.1-4), then be-

come

j =-n ﬁlz(axl/a 2) +x, (I H,) (3.2-19)
J. =0 R (3.2-20)

where subscript 1 denotes the vapor and subscript 2 the gas. The boundary
conditions of the system are that the vapor concentrations are constant

at the gas-liquid interface, (X)O,and at the outlet of the tube (X)L.

In Eq. (3.2-19) the vapor velocity profile has been implicitly assumed

to be flat, in accordance with the assumption of one-dimensional diffu-

sion. The integration of Eq. (3.2-19) gives
l—(x)o

I = (nﬁlz/L>zn[m3—£] , (3.2-21)
where the axial distance is measured from the gas-liquid interface, z = 0,
and at the tube outlet z = L. The experimental procedure does not require
knowledge of the vapor composition as a function of distance, but only
the net loss of vapor from the tube. Since the liquid level or the dif~-
fusion path length actually changes slowly, the flux of wvapor can be
related to this change by

(dL/dt) = JlM/Nop (3.2-22)

lig ’
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where M is the molecular weight of the liquid, NO is Avogadro's number,
and pliq is the density of the liquid. 1In order to obtain a final ex-
pression useful for the calculation of f&z, the following additiomal
assumptions are made:

(1) The vapor concentration at the gas-~liquid interface, (x)o,

corresponds to the equilibrjium vapor pressure at the liquid

surface temperature.

(2) The vapor concentration at the outlet of the tube, (x)L,

is zero. This means that the carrier gas (supplied free of vapor)

removes all the vapor away from the outlet.

(3) The gases and vapors are ideal, so that compositions may

be expressed in terms of partial pressures.

Under these assumptions, and when Eq. (3.2~21) is substituted in Eq.

(3.2-22) and integrated, the expression for53;2 is

o (Lzz‘le) RT, Pliq PPy

2(t2—tl) P

where p is the total pressure, P is the vapor pressure, R is the ideal
gas constant, and subscripts 1 and 2 on L and t denote the initial and
final times for the observations of the evaporation losses during an
interval of diffusion. In some studies the weight loss of liquid is mea-
sured instead of the change in height.

The quasi-steady-state condition will be approached within 1% for
diffusion times greater than L2/2f%2; to satisfy this condition experi-~
ments are usually run for several hours.39

The calculated values of\ﬁaz should be corrected for end effects
caused by surface tension at the gas-liquid interface and turbulence at
the tube outlet. End effects are related to the accurate determinations

of the length of the diffusion path. The principal factor is turbulence
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which arises from interference by the end of the tube to the carrier gas
flow. To avoid the effects of turbulence the gas flow rate can be em-
pirically adjusted - not too great to cause large eddy currents, and not
too small to cause a non-zero vapor concentration at the tube outlet.

The presence of eddy currents will effectively shorten the diffusion path
length. An end correction can be made by a graphical procedure. The
calculated values Ofsﬁlz are plotted as a function of the reciprocal of

the observed length of the diffusion path L; the corrected values of

y!

) o are taken at the extrapolated point, 1/L = 0.

In addition to the normal instrumentation errors, the possible un-
certainties of the evaporation-tube method are as follows. The evalu-
ation of the term zn[(p—ps)/p)] indicates that small changes in pressure
and temperature will cause large uncertainties i11f%2.38 Significant
variations in barometric pressure and in system temperature may occur
since evaporation~tube experiments usually run for many hours. For
example, if the partial pressure P is 25 Torr then for variations of
ilO Torr in total pressure the variation of Zn[(p—ps)/p)] is 1.47% for
total pressures at about 1 atmosphere. The variations of the liquid sur-
face temperatures may be even more critical because of the sensitivity of
the vapor pressure to small temperature changes. For precise results the
variation in temperature of the liquid should be no greater than t0.1°K.

Other possible uncertainties for the evaporation-tube method are as
follows:

(1) Convection effects caused by the direction of vapor diffusion.39

For example, water-air values Of‘ﬁgz may differ by about 2% depend-

ing on whether the water is placed in the bottom or at the top of the

tube. Additional convection effects are dependent on the diameter

of the evaporation-tube, and a possible error of 4% is indicated
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if the diameter of the tube is large.
(2) Nonequilibrium conditions may exist because of excessive rates
of evaporation and super-cooling at the surface of the liquid.
(3) The contamination of the liquid by trace amounts of impurities
may significantly effect the evaporation rate. In a study of water-
air, for example, any traces of oil in the air could accumulate on
the surface of the water. Another contamination process is due to
gases dissolved in the liquid. 1In one case this effect éaused
differences of about 5% in values of‘ﬁlz.4o This shows that liquids
should be degassed prior to their use.
(4) The equilibrium values used in the formulas for(ﬁzz may them-
selves have significant uncertainties, especially equilibrium values
that have been found in handbooks where the reliability of the data
has not been specified.
(5) Many vapors are non-ideal gases, and any deviations from ideal-
gas behavior affect the accurate specification of the mixture com-—
position.41
(6) The assumption of a flat velocity profile is not strictly
correct, since a parabolic profile develops as the vapor moves away
from the gas-liquid interface. However, the maximum effect is
only 1.4% in deviations of the radial concentration from a uniform
(flat) value.42’43
At best, the reliabilities oféﬁiz by the evaporation-tube method are
several percent. The following cases are illustrative. In thirteen in-
dependent studies for the system water-air, the standard deviation is
7.5% at 298°K, and at higher temperatures the scatter in the data is even
greater.4 In another review of f&z for water-air, four of twelve studies

were dropped from the calculation of the average value because they seemed
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obviously in error.39 There are only a few other gas pairs, HZ_HZO and
benzene~air, which have several independent measurements useful for the

estimation of reliability. These results are also disappointing.
3.3 Minor Experimental Methods

In this section the six minor methods listed in Table 2 are briefly
discussed. The minor methods could probably yield more reliable values
of¢Ea2 by further developments of each. The studies using these methods
are listed in Table 8,and this listing contains the reference information

for this section unless special footnotes are given in the text.
a. Open Tube

If the top of a gas container is opened, the gas will diffuse into
the surrounding atmosphere, and analysis of the composition of the remain-
ing gas after a known time permits the determination of faz. In 1882
the first such measurements were independently made by von Obermayer and
by Waitz. The theory of the experiment was described by Stefan in

1871.45 Detailed analyses of the method and these early studies have been

46,47

published. The open-tube method has recently been revived and im-

proved by Frost.
b. Back Diffusion

Harteck and Schmidt in 1933 performed the first low-temperature
determinations ofﬁaiz, down to 20°K, for a mixture of para-hydrogen in
normal hydrogen. The method is an ingenious steady-state flow technique
in which one component diffuses upstream against the second flowing com-

ponent. The composition at one or more upstream points can be used to

determinei%iz. Back diffusion can be used for diffusion measurements at
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extreme temperatures, low or high, as well as for '"tagged'" molecules.
The description of the original method has been translated, in part, into

English.2
¢. Capillary Leak

The capillary-leak method is suitable for measurements of §E2 over a
large range of temperatures because it involves no moving parts. In 1942
this method was first used by Klibanova et al. to determine £§2 at high
temperatures, up to 1533°K. 1In 1967 De Paz et al. determined the self-
diffusion coefficient of Ar at low temperatures, down to 78°K. Except for
the results by De Paz et al., the precision and reliability of'ﬁaz ob-

tained by the capillary-leak method have been poor.
d. Unsteady Evaporation

An alternate evaporation-tube method was developed by Arnold in
1944, His purpose was to obtain a quantitative basis for calculations of
unsteady-state véporization of a liquid into a gas, a process of indus-~
trial importance. The equations obtained also furnished a basis for re-
latively quick determinations of(gaz for vapor-gas mixtures. Measure-
ments could be made in minutes, not in hours as required by the Stefan
evaporation tube. The reliability of the unsteady-evaporation method is
probably slightly better than for the evaporation tube, but more meaning-
ful comparisons are not possible because of the meager data available. A
somewhat similar technique was used earlier by Mackenzie and Melville
with bromine vapor. Other unsteady-evaporation studies are also listed

in Table 8.

e. Diffusion Bridge
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This is a steady-state flow method in which two gas streams flow
across opposite ends of a hollow capillary tube or opposite faces of a
porous septum, and the emerging streams are analyzed. The flow rates are
controlled, and adjusted to produce any desired pressure difference across
the capillary. The ends of the capillary are generally maintained at
equal total pressures, thus in the capillary, or septum, there is unifﬁrm
pressure and no viscous flow. The advantage of the diffusion bridge is
that no valves are required ih the zone of the apparatus where diffusion
occurs, so that the method is amenable to operation over wide temperature
ranges.

The diffusion bridge has been used only once with a capillary, to
obtain absolute values of.faz down to 1.74°K. This work was done by
Bendt in 1958,

The diffusion bridge has been used frequently with a porous septum,
to obtain relative values of<f32 up to 882°K, These studies require the
calibration of the porosity of the system by means of independently pub-

lished values ofjaiz.
f. Dissociated Gases

Direct measurements of the diffusion of highly reactive species such
as free radicals and valence-~unsaturated atoms are difficult, but are
needed for basic understanding of many phenomena in chemical reactions
and at high temperatures. There are a variety of techniques, both of the
flow and non-flow types, that have been used to measure the diffusion of
H, N, and O atoms in different gases. The results forcfaz extend over a
temperature range of 202° to 873°K. Dissociated gases were first studied
in 1959 by Wise and by Krongelb and Strandberg. The technique by Morgan

and Schiff minimizes uncertainties due to chemical reactions; the complete
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neglect of reactions in calculations of f&z introduces less than 1% error.
The results for dissociated gases, as might be expected, are not very re-
producible; the results are scattered by about 10% or more for many gas
pairs.

In some cases there are indirect methods available for the determina-
tion of§312 for dissociated gases which probably give more reliable re-
sults than the present direct methods. For example,<fgz for H - H2 can
be obtained from measurements of the mixture viscosity,48 and-f{z for‘

N - N2 and 0 - Ozat T > 1000°K can be obtained from molecular-beam

. . . A . 4
scattering experiments and semi-empirical quantal calculations. 9
3.4 Miscellaneous Experimental Methods

This section briefly describes several miscellaneous methods that
have been used to determine values ofiaiz. A list of these studies is
given in Table 9, and this listing contains the reference information for
this section unless special footnotes are given in the text. The listing
is not comprehensive, as a complete enumeration of all miscellaneous
methods used at some time or another would be both futile and boring.

The miscellaneous methods listed have both general applicability and ex-

perimental ingenuity.
a. Droplet Evaporation

Observations of the rate of evaporation of a small sphere of volatile
material may be utilized to determine vapor-gas &{2. The applicable
theory is similar to the evaporation tube. Droplet evaporation studies
have been made for water, for heavy organic chemicals, and for iodine in

air.
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b. Dufour Effect

When different gases mix, a small temperature gradient is set up;
this is called the Dufour effect or the diffusion thermoeffect. The
asymptotic time decay of the temperature gradient can be used to deter-
mine fﬁz, and results are available for about 10 gas pairs at 293°K.
These results have varied agreements, within 10%, with'fﬁz obtained by

the major methods.
c. Thermal Separation Rate

The inverse of the Dufour effect is thermal diffusion, in which an
imposed temperature gradient causes the components of a mixture to
separate. The rate at which an initially uniform mixture separates under
an imposed temperature gradient can be used to determine<f§2. The results,
however, are not very reliable. The principal uncertainties arise from
averaging the temperatures of the imposed temperature gradient and geo-

metrical factors of the apparatus.
d. Kirkendall Effect

In solids, the net drift of inert markers placed near a diffusion
interface is called the Kirkendall effect. A similar effect exists in
gases, and the speed of the marker motion can be used to determine‘gﬁz.
The marker is located in a tube connected in parallel to a two-bulb ap-
paratus. A value of§3i2 has been obtained for He-Ar at 303°K, which is
in excellent agreement with directly determined‘faz.

Smoke particles suspended in a diffusing gas mixture can also be
50,51

used as Kirkendall markers.

The diffusion pressure-effect, discussed in Chapter 2, Section 2.1,
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part a, is closely related to the Kirkendall effect. It could therefore

also be used to determine values ofiﬁ

197 but this has not yet been done.

e. Sound Absorption

‘The passage of a sound wave through a gas mixture produces a local
partial separation of the components, caused mostly by pressure diffu-
sion. The remixing by diffusion is out of phase with the sound wave, and
the absorption of an ultrasonic wave in avgas mixture is stronger than in
either pure component. The excess absorption depends onéggz, which in
principle can then be determined.52 This method has been tested on the
gas pair He—Ar up to temperatures of 5000°K. The agreemenﬁ of these re-
sults with other available data is good at 300°K, but poor between 1255°
and 4990°K. These measurements are difficult to perform and the results

at high temperatures are scattered.
f. Cataphoresis

A dc-discharge in a gas mixture causes a partial separation of com-
ponents. The phenomenon, which also occurs in solutions, is called cata-
phoresis. The separation disappears by diffusion after the discharge is
stopped, énd:f{z can be calculated from the rate of disappearance of the
separation. At present this method has been used only for the gas pairs
Ne-Ar from 300° to 650°K; the results are in good agreement with other

direct measurements.
g. Resonance Methods

The principle of all resonance methods is to 'tag' some of the mole-
cules in a gas, and then follow their dispersion due to diffusion. The

tags used have been such things as the orientation of nuclear spin
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(nuclear magnetic resonance), the population of magnetic sublevels in

the ground state (optical pumping), or a metastable excited electronic
state (mercury band fluoresence). The names in parentheses indicate the
groupings for the studies listed in Table 9. The nuclear magnetic re-
sonance technique has been used to determinejaiz at very low temperétures,
down to 20°K for mixtures of ortho- and para-hydrogen, and down to 1.13°K
for the self-diffusion coefficient of 3He. The optical pumping technique
has been used to determine:ﬁlz of alkali metal vapors (Na, Rb, and Cs) in

various other gases.,
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4. TREATMENT OF DATA

In this chapter are outlined the procedures used to evaluate the
entire body of experimental data, and the derivation of semi-empirical
approximations for the composition dependence and temperature dependence
oféaiz.

The original data, published over the last one hundred years, were
compiled by author and by gas pair. Bibliography I lists the references
to experimental studies by author, and the gas pairs investigated and the
experimental methods are noted. A cross-listing Of‘EEZ by gas pair is
given in Table 16, in which the temperature range is also noted. In
addition, there are bibliographies for short-range and long-range inter-

action data, and for measured mixture viscosities.
4.1 Reliability Estimates

The critical evaluation of the reliability OfJBiZ from direct
measurements included the following factors:

(1) experimental method,

(2) reproducibility of.)‘.:)i2 by different experimental methods or

laboratories,

(3) precision and number of measurements from a given laboratory,

(4) temperature dependence measured.

For indirect measurements, the reliability 0f33i2 coﬁsidered the re-
ported accuracy of other transport property data of mixtures - viscosity,
thermal conductivity, and thermal diffusion factor - and of molecular
beam measurements. Whenever collision integral ratids were employed in

80
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intermediate calculations of<f32, their reported accuracy was considered
as well as the choice of the potential model.

For all measurements, the results of the more recent studies were
not assumed to be necessarily more accurate than those from earlier
studies. All the data for each gas pair were carefully inspectedAfor dis~
crepancies and systematic errors with the aid of large-scale graphs. from
these it became apparent that the small composition dependence oféaiz had
to be taken into account, and that compact means of summarizing values of
&az over large temperature ranges were necessary.

The assignment of reliability estimates to experimental data always
involves a large measure of subjective judgment.l-—3 Even after con-
sideration of such things as reproducibility and internal consistency, ex-
ternal consistency for different types of apparatus and for different |
workers in different laboratories, and so on, the final decisions are
nevertheless based heavily on the judgments of the evaluators. An attempt
has been made to be conservative, in order that there shall be a high
probability that the "true' value of a diffusion coefficient lies within
the specified range of uncertainty., An attempt has also been made to be
fair and not arbitrarily downgrade good measurements, but is is quite
possible that a particular<f§2 may be more accurate than is implied by

the specified uncertainty limits which are given in Chapter 5.
4.2 Correction for Composition Dependence

Even though the magnitude of the composition dependence of¢faz is
relatively small, from O to 5% for all gas pairs considered, the effect is
sometimes greater than the uncertainty of experimental measurements. The
formulas for the composition dependence according to the second approxi-

mation of the Chapman-Enskog theory (Section 2.4) are cumbersome to use,
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especially when thousands of data points must be considered. A simpler
and more convenient formula of sufficient accuracy can be developed as
follows.
The entire composition dependence of¢£gz is contained in the small
term A12’ given in Section 2.4, which depends on both temperature and com-
vposition. The major complication of the Chapman-Enskog expression for

A is its composition-dependent part (containing the P's and Q's).
P P g

12

. 4 -
Previous work indicates that the composition dependence can be adequate-

ly approximated by the formula,

Y ccee k- 5y? L 4.2-1
Big v e(6CH = 5) Trbx, (4.2-1)
where ¢ is a numerical constant between 1 and 2, Xy is the mole fraction
of the heavy component, and a and b are
a = 2=(-s,/q,) (P, /S.) (4.2-2)
10 2772 171 ’ )
b= (=8,/Q,)(Q;/8)-1 . (4.2-3)
The Sl and 82 occur in the expression for the thermal diffusion factor
(see Section 2.7), which is related theoretically to Alz.4 This formula
. MY
is most accurate for Ml >> Mz; the lower accuracy for M1 gy M2 is not

important, however, because A is negligible in such cases.

12
The expressions for a and b can be further simplified. It is obvious

that

b+ 1= lOa(Ql/Pl) . (4.2-4)

Substitution for Pl and Ql from Eqs. (2.4-1) and (2.4-3) yields

5 6 * 2 8 %
Ql/Pl = (~2~ 5312) + 3(M2/Ml) + g A12 (MZ/Ml) .(4.2-5)
An adequate approximation for the present purpose is to take Bl; = 5/4

*

12 N 1.1, which yields

(Kihara approximation) and A




83

b+ 1=10a(l+1.8m++3m>) , (4.2-6)
where
m = MZ/Ml <1 . (4.2=7)
For small m, the major variation of a comes from the factor (—SZ/QZ) and

can be represented by the simple expression
o (l’l)
v 21/2 912

8(1 + 1.8 m° a,, %%

a (4.2-8)

The factor (1 + 1.8 m)2 is an empirical representation of the various mass
dependences, but the rest of the expression comes from theory. The
collision integrals in a may be obtained either by calculation from a
potential model or from experimental values oftfgz and Nys the viscosity

of the light component, whereby Eq. (4.2-8) may be written as
/2 nZRT

1
a 3(1 + m)

X (4.2-9)
20(1 + 1.8 m)> POMy

The quantities a and b vary only weakly with temperature, and can usually
be taken as constant.

The complete result for A is thus given by Eqs. (4.2-1), (4.2-6),

12

%
(4.2-7), and (4.2-8) or (4.2-9). The value of C12 in Eq. (4.2-1) can be

calculated from the Lennard-Jones (12-6) potential, and depends only on

the temperature and the value of ¢ the results are not too sensitive to

12°
the choice of the potential and the precise value of €19 used. The value
of ¢ is unity according to the Chapman-Enskog second approximation; since

this approximation seems to underestimate A12’ it is better to take 7 from

experiment if accurate data are available. Values of 7, a,b and ¢ are

12
listed in Table 15 of Chapter 5.

Figure 3 shows a comparison of values of A calculated from the semi-

12

empirical approximation with values calculated from the Chapman-Enskog ex-

pression. Two mass ratios are shown, which represent reasonable values
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for ordinary gas pairs like He-Ar and Ne-Ar; the potential parameters
used in the calculations correspond to these two gas pairs. A high re-
duced temperature of kT/e12 = 10 is used, for which AlZ is large. The
results for A12 are in agreement within the uncertainties of experi-
mental measurements.

Values of the empirical constant g have been determined from
measurements of the composition dependence of<312 for only fourteen
systems (counting H2 and D2 as the same); namely, the ten noble-gas
pairs,5 HZ-NZ,6 HZ—Ar and H2-002,4 and He—N2.7 These are the only systems
for which enough accurate data on composition dependence exist to
justify assigning ¢ a value other than 1.0. As can be seen from Table
15 of Chapter 5, the empirically determined values of ¢ do lie between
1 and 2, as expected. An advantage of the semi-empirical formula is
that improved experimental information on the composition dependence of
5&2 can be easily accommodated by adjustment of values of .

Experimentalfﬁi2 data were adjusted to refer to an equimolar compo-

sition according to the relation

1+ AlZ(Xl = 1/2)
L+ A

L, =1/2) =, | 1, (4.2-10)

12(%¢)
wheresaiz(x 12

were calculated from Eq. (4.2-1) with the constants given in Table 15

1) was the value measured at mole fraction X1 and the A

of Chapter 5. An equimolar basis is a reasonable compromise between
composition extremes, and required a minimum number of adjustments of

the data.
4.3 Correlation for Temperature Dependence

The temperature dependence of-ggz can be correlated by a semi-
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empirical equation which is applicable over a wide range of temperature.
The theoretical background for the correlation, in terms of intermole-
cular forces, has been presented in Section 2.3; the equation itself is
an empirical composite of terms corresponding to various types of con-
tributions to the intermolecular forces. The equation correlates the
temperature dependence of<f§2 within the experimental uncertainties of
the experimental results with at most four adjustable parameters, and
can be put into simplified form for data with low reliability or with
limited temperature range. |

The background is briefly as follows. Many previous correlations
of the temperatﬁre dependence of £§2 have been published.B_34 These
correlations have usually been restricted to fairly narrow temperature
ranges between about 200° and 500°K, because of the lack of data at low
and high temperatures. But recent results on«faz by direct measurements
and by calculations from molecular~beam scattering experiments have
significantly extended the temperature range, which now extends roughly
from about 10,000° down to 80°K, or lower.

In Fig. 1 the insert shows the characteristic temperature dependence
of pfgz. Over a narrow range of temperatures a plot of ﬁn(pigz) versus
n T is essentially linear, as would be expected for an inverse-power
potential, but over a large temperature range such a plot shows curva-
ture. At low temperatures the curvature is caused by the increasing
influence of the long~range attractive potential. At high temperatures
the curvature is caused by the increasing '"softness'" of the repulsive
potential at small separation distances, as would be expected for an

exponential potential.

The foregoing features can be fitted by an equation of the form,
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sn(pf,) =en A+senT - zn[zn(qg/kT)]Z
~(s/T) - (s'/1%) , (4.3-1)

where A, s,g?o, S, and S' are empirical constants, and k is the Boltzmann
constant. The double logarithm term is taken from Eq. (2.3-4) and re-
presents an exponential repulsion potential. The value of ﬁz is taken
from independent molecular-beam experiments,35 and is not adjustable;
however, its precise value is not critical for correlation purposes, be-
cause errors in ?o are compensated for by values of s. The values of s
are equal to or slightly greater than 3/2, as expected from theory. The
terms containing S and S' are Sutherland-Reinganum terms, as in Eq.
(2.3-11), and account for the attractive potential. For most gas pairs
S' is not needed and can be taken as zero.

In many cases the values ofj3i2 are not sufficiently precise to
require the use of the double logarithm term in Eq. (4.3-1), and an

adequate representation is given by

zn(pfgz) =gnA+s T~ (S/T) . (4.3-2)

All the data could be correlated within the range of estimated experi-~
mental uncertainties by combinations of Eqs. (4.3-1) and (4.3-2).

An advantage of Eqs. (4.3-1) and (4.3-2) is that they are linear in
all the adjustable constants (A, s, S, and S'), so that least-squares
calculations are easy. A disadvantage 1is that the Sutherland-Reinganum
terms for the effect of the long-range attraction do not permit the
equations to be used at very low temperatures, where the London dispersion
energy dominates. At present, no measurements Of‘EEZ seem to fall in

this range, however. The equations are usable only for kT/e > 1, and

12

should never be extrapolated to low temperatures. At very low tempera-

tureScegz has the asymptotic (classical) form,
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_ 1176
pf, = AT , T+0 (4.3-3)

where A is easily calculated if the London constant C is known.36 The
reliability of Eq. (4.3-3) bas been discussed in Section 2.6, part a.
The values of the constants for Eqs. (4.3-1), (4.3-2), and (4.3-3)

are given in Tables 12, 13, and 14, respectively, of Chapter 5. Details

on their determination are presented in Chapter 5.
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5. RESULTS

In this chapter the recommended values ofJ?iz for Standard
Reference Data are presented. The reliability estimates of. these f%z
are given in Section 5.1, Then, in Section 5.2, the constants are
listed for the correlations of4£EZ as a function of temperature and of
composition. 1In Section 5.3 the deviations between data and the re-
commended values of<ﬁi2 are illustrated by graphs. The detailed remarks
on the critical evaluation of data for weighted least-squares calcula-
tions are given in Section 5.4.

This chapter summarizes the most reliable experimental results for
binary gaseous diffusion coefficients. Gas pairs for which only limited
or uncertain data exist are not included here, but these experimental

measurements may be retrieved with the aid of Table 16.
5.1 Uncertainty Limits

The sources of reliable values ofjjiz are roughly as follows. For
all gas pairs the most accurate results are at approximately 300°K, be-
cause of the existence of a large number of independent measurements by
the most reliable experimental methods. Both closed-tube and two-bulb
measurements are usually available at temperatures from 200° to 500°K,
and several additional two-~bulb measurements exist at lower temperatures.
The temperature limits oflﬁaz from direct experiment have been extended
in both directions by the use of data on mixture viscosities, or, in a

few instances, on thermal diffusion factors. These derived values of

f&z have slightly less reliability than those near room temperature. The

90
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magnitude of the extended temperature range is variable, and depends on
the particular gas pair. For several gas pairs data are available to
about 1000°K, and in a few instances to higher temperatures, but less
than 2000°K, from the point-source method. Values off3i2 from 1000° to
10,000°K are derived mainly from molecular-beam measurements, which
generally have the least reliability.

The gas pairs included as recommended Standard Reference Data
systems can be grouped into three categories of reliability, as shown in
Fig. 4. A gas pair in Group I, for instance, has uncertainty limits of
tl% iangz at 300°K; the uncertainty increases to tS% at 1000°K, and to
th% at 10,000°K. The temperature dependences of the uncertainty limits
are shown in Fig. 4, and the gas pairs assigned to each group are listed
in Table 10. The borderline systems are assigned to the higher group,
but are noted by a question mark. Table 10 lists the gas pairs in terms
of one common member in a series of gas pairs; this leads to some dupli-
cation but is helpful for quick reference.

A miscellaneous group of gas pairs is also included because of
possible special interest, and their uncertainty limits are listed in
Table 11. The miscellanecus group contains mixtures with one component
water, carbon dioxide, or dissociated gas (H, N, or 0).

The gas pairs of Group I have the most reliable values ofiaiz for
two principal reasons. TFirst, results below 400°K are based on the very
careful measurements of van Heijningen et al.. Second, at high tempera-
tures, the values of Eﬁz derived from molecular-beam scattering experi-
ments for the noble gas pairs are more reliable than for diatomic or
polyatomic gases, as discussed in Section 2.6, part b. In Group I the

gas pairs Kr-Xe and HZ—N2 are borderline systems, even though one is a
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noble gas pair and the other has more reliable data than any other ex-
cept for He-Ar, because at temperatures above 1000°K they have uncertain-
ty limits corresponding to Group II. This is due to the relatively large
amount of scatter in the Kr-Xe results from molecular-beam measurements.
For H2—N2 the potential was determined by use of the combination rules
(Section 2.6, part c), not by direct molecular-~beam measurements.
Additional uncertainties arise for diatomic molecules which are not
rigorously treated in the theoretical model.

The gas pairs of Group II have values ofcfaz which have been con-
sistently verified by several independent studies and by different
apparatus. There are, however, four borderline systems in Group II.

Three of these, He-0,, H,-Ne, and N2—Ar, do not have as many reliable

22 72

measurements as the other gas pairs of Group II. The fourth gas pair,
Hz—Kr, is a borderline system because the uncertainty limits are esti-
mated to be t&% at 90°K and tSZ at 500°K, which are limits slightly
greater than the levels specified for Group II. Another gas pair, He-CO,
is included in Group II because it has diffusion characteristics similar
to He—Nz, or almost identical values of.ﬁgz.

The gas pairs of Group III have a relatively small number of re-
liable measurements of=312 at about room temperature. At temperatures
above 1000°K the values °f‘f§2 have relatively large uncertainties be-
cause large discrepancies exist in the molecular-beam measurements used
to calculate values of<f§2, or because the beam measurements have been
obtained from only one laboratory. Usually there are two laboratory
sources for beam results.

The uncertainties in the miscellaneous systems are rather variable,
as can be seen from Table 11. The uncertainties for H,0-C0O, look

2 2

peculiar, but the higher accuracy at high temperatures is due to the



93

existence of data by the point-source method.
5.2 Correlation Parameters

This section gives the correlation parameters for values ofJﬁiz as
a function of temperature and of composition.

The diffusion coefficients were correlated as a function of tempera-
ture in accordance with the semi-empirical reference equations discussed
in Section 4.3. The empiricallconstants for Eq. (4.3-1) are listed in
Table 12, and for Eq. (4.3-2) in Table 13; there are seventy-four gas
pairs in all. For Tables 12 and 13 the values of‘faz were adjusted to
refer to equimolar mixtures, with two exceptions. First, systems in-
volving air refer to trace diffusion through a large excess of air (see
Section 2.1, part b). Even when direct measurements were available for
air, most of the constants were generated from the corresponding values
ofjaiz for N2 and O2 according to Blanc's law. In this way more
reliable data are used as the basis of the reference equations; the
direct measurements were always compared to results by Blanc's law and
found to be in agreement. Second, systems involving dissociated gases
have data that are obtained from measurements of a trace atom diffusing
through a mixture, or from calculations ofJﬁiz based on molecular-beam
measurements. Since the uncertainties in both cases are greater than
the composition dependence of igz, it was unnecessary to adjust these
data to an equimolar composition.

In Tables 12 and 13 the gas pairs are ordered as follows: (1)
mixztures of noble gases with noble gases arranged according to atomic
weight of the lighter component, (2) mixtures of noble gases with other

gases arranged according to the atomic weight of the noble gas, (3)
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other mixtures arranged according to the molecular weight of the lighter
component, and (4) dissociated gases. Except for 3He—l*He and HZ—D2
isotopic mixtures are not included, since the self-diffusion coefficient
is merely proportional to the viscosity.

The results given in Tables 12 and 13 cannot be extrapolated to
low temperatures, for the form of Eqs. (4.3-1) and (4.3-2) is unsuitable
when the long-range London dispersion energy dominates the interaction
(see Section 2.6, part a). In such a case, values of<f§2 may be obtained
from the classical asymptote, Eq. (4.3~3). The correlation constants
for the classical asymptotes are given in Table 14; a total of twenty-
four gas pairs are listed which have London dispersion constants avail-
able.

If estimates of3312 are required outside the temperature range of a
reference equation, then care must be taken when extrapolations are made.
At temperatures greater than 10,000°K, extrapolations are safer to make
than at very low temperatures because of the form of the equations.
However, at elevated temperatures an extrapolation will neglect the
effects of inelastic collisions and internal excitation of molecules.
When extrapolations have to be made at iower temperatures, both the
reference equation and the low~temperature asymptote should be used to
obtain two predictions offaiz at a given temperature. The larger vélue
calculated is the better estimate Of'ﬁEZ' This procedure neglects
quantum effects, and unfortunately asymptotic constants are only available
for about one-third of the gas pairs with recommended Standard Reference
Data.

1f values of 19 are required at pressures unequal to 1 atmosphere,
then the reciprocal pressure relationship of fﬁz is usedjas discussed

in Section 2.2.
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The values of:f&z can be adjusted to a nonequimolar composition by
the method developed in Section 4.2. The values of the constants of
Eq. (4.2-1) are given in Table 15, using the same order of listing as
described above for Tables 12 and 13. Included in Table 15 are a number

of gas pairs in which D2 replaces HZ' Omitted from this table are mix~-

tures with dissociated gases and several systems for which the molecular
weights of the gases are so close that the composition dependence is

negligible. These systems are He-D,, Ar-CO N,-CO, N -0,, CO-0

2> 72 2 72 2’

Table 15 is convenient for making rapid esti-

" CO-air,

COZ—NZO, and CO

2_C3H8'
mates of the composition dependence ofjﬁiz, or for correcting data to a
specific composition, reliable to within the uncertainties of the ex-~

perimental measurements.
5.3 Deviation Plots

The experimental diffusion coefficients are compared with corre-
lated values of53l2, and deviations are presented in a series of graphs,
Figs. 5 to 81. Their sequence is in general accordance with the listing
of gas pairs in Table 10. There are no deviation plots for the mixtures
with dissociated gases and for several other gas pairs which have only
meager data available. The deviation plots do not present all the data
for a given gas pair; results obtained from miscellaneous experimental
methods or published in graphical form have been omitted.

The deviation plots show general features of experimental values of
fﬁz as follows. First, the overall consistency of the data is rather
good, although some reported values of £§2 show considerable scatter.
Second, careful appraisal of the experimental data is necessary to obtain

the most reliable estimate of £§2‘ A random selection of a value of

ﬁaz from the literature could easily yield a result with an uncertainty
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of 5%, even though the original article would probably claim much less.
Third, the results by the closed-tube and two~bulb methods are more con-
sistent than others, and show no evidence of any systematic disagreement.
This can be illustrated by the results for He-Ar and HZ-N2 which are
given in Figs. 6,7,18 and 19. Fourth, most values ofcfgz at temperatures_
above 1000°K are available only indirectly, that is from molecular-beam
measurements. Fifth, in the approximate temperature range of 500° to
1000°K the point-source method has provided almost all the reliable data.
Sixth, results from gas—chromatography measurements only supplement
results by other methods for the gas pairs listed in Table 10; however,
gas—chromatography measurements give the only reliable data for many
other mixtures. Finally, it has obviously been difficult to make any
diffusion coefficient measurement with an uncertainty less than 1%.
Detailed remarks on the deviation plots are as follows. A positive
deviation means that an experimental value ofteiz is greater than a
value calculated from the reference equation. All values have been
corrected to equimolar composition. Each deviation point has been plotted
with a precision greater than 0.1% by means of a Calcomp pletter (model
563). When a number in parentheses 1is placed by a point, then this
number specifies the magnitude of the deviation (which happens to be
greater than the ordinate scale). The abscissa usually covers the
temperature range from 63° to 10,000°K, but lower temperatures appear on
a few graphs for 3He—4He and H2—D2. Along the abscissas,hash marks
(22) have been used to condense the temperature scale at elevated
temperatures. Because of this break in the scale, points from similar
sources are not connected by lines between 1000° and 10,000°K, as is

done at lower temperatures.

For each gas pair the reference equation for:fgz recommended as
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Standard Reference Data is given with the deviation plot. These
equations are exactly the same as in Tables 12 and 13. Occasionally,
below an equation the parenthetical statement "(same as ...)'" appears.
This means that the diffusion characteristics of two gas pairs are so
similar that one equation is suitable for the correlation of the data

of both. Results by the closed-tube method are noted as 'Loschmidt
tube'. The values of E&z calculated in this report from molecular-beam
scattering experiments are referred to by one of the two laboratory
sources, namely '"Beam data of Amdur, et al." for data from the
Massachusetts Institute of Technology, and "Beam data of Leonas, et al."
for data from the Moscow State University. There are parenthetical notes
in the legend, some of which indicate the following: (1) a prime author
whose results were available only as reported by others; (2) two-bulb
apparatus which has been used to produce both "relative'" values ofcﬁaz
and the usual "absolute" values (relative values of i{z are obtained by
calibrating the apparatus against a mixture with known.fﬁz); (3) stan-
dard deviations that indicate significant internal scatter, as published;

(4) the type of radioactive species used in some experimental determina-

tions; (5) the basis of some wvalues of<912, for instance, mixture viscos-

ity.
5.4 Detailed Remarks

This section presents the detailed remarks on the critical evalua-

tion and the correlations of<£& Reasons are given for the assignment

9
of a gas pair into a particular category of reliability. Enough informa=-
tion is reported to allow the recovery and the verification of the

reference equations; most of this information is presented in Tables 17

to 25. 1In these tables the sources of data noted by an asterisk are
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for values of<ﬁaz selected from large-scale graphs by eye. A selected
value is a reasonable estimate in a small temperature region; that is,
no published value of EHZ was considered extraordinarily superior to
other available measurements.

The general order of the detailed remarks is as follows. The
remarks are divided into four sections corresponding to the four relia-
bility groups of Table 10. The discussions contain the following in-
formation: (1) weights for values of £§2 used in the least—~squares cal-
culations of the reference equations, (2) intermolecular potentials ob-
tained from molecular-beam experiments which were used to calculate ﬁ?;
at elevated temperatures, and (3) special comments.

For this chapter, most references are to be found in the Biblio-

graphy by author, and are not given at the end of the chapter.
a. Group I (Deviation Plots, Figs. 5 to 20)

Weights and Potentials. Similar weights were assigned to values of

Egz to correlate the data of Group I. The accurate measurements (at
equimolar composition) of van Heijningen et al. (1966,1968) were weighted
unity; almost every other determination of 5{2 was disregarded at tem-

peratures below 400°K for the ten noble gas pairs and H,- N At 1000°

2 2°
~and 10,000°K selected values, which were based on molecular-beam measure-
ments, were weighted 1/5 and 1/10, respectively; these values are listed
in Table 17. These. are logarithms of f{z which were read from the large-
scale graphs and used directly in the calculations. At 1000°K, the
selected diffusion coefficients were obtained by extrapolation of £§2
calculated from beam results down to room temperature, and extrapolation

of data between 295° and 400°K up to elevated temperatures. The selected

values of<312 were taken to lie between these two extrapolations. At
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10,000°K, the selected values approximate the mean Of‘f§2 based on the
molecular-beam measurements of Amdur et al. and Leonas et al.

The above weighting policy had a few exceptions as follows. First,
for He - Kr the weight of the datum at 295°K was increased from unity
to two; otherwise the calculated deviations would have exceeded the un~
certainty\limits of Group I. An additional point at 77°K Qﬂ;z = 0.0607)
was used in the least-squares calculations, and it was weighted 3/10.
This value of f&z was obtained from calculations based on the temperature
dependence of the thermal diffusion factor by Annis et al. (1968) and
normalized to the 295°K datum by van Heijningen et al. (1968). Second,
for H,- N, an additional datum at 562°K (log T = 2.750, 1oglOﬁI2 = 0.365)
was included with a weight of 1/3 in the least-squares calculations.

This point was used in order to improve the interpolation between the
highest temperature (295°K) result by van Heijningen et al. (1966) and
the selected point at 1000°K.

At temperatures greater than about 1000°K, values of faz were based
on intermolecular potentials obtained from molecular-beam scattering ex-
periments. Leonas et al. performed beam experiments for each of the ten
noble gas pairs, and also determined potentials for H,~ H, and N,- N

2 2 2 2

which lead to an Hz— N2 potential by application of the combination rules

given in Section 2.6, part c. Independent molecular-beam measurements

have also been made by Amdur et al. for He - Ar, Ne - Ar, and the pairs
He - He, Ne - Ne, Ar - Ar, Kr - Kr, and Xe - Xe. By application of the
combination rules, this information also yielded potentials for all the
noble gas pairs. Amdur et al. also measured potentials for He - H, and

2

He - NZ’ from which the qu N2 potential was obtained. 1In Table 18 the

potential functions are listed which were used to calculate the deviation
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points shown on Figs. 5 to 20.

Special Comments. The lower temperature limits for He - Ne and

Ne - Ar might have been extended to temperatures beyond the results
established by van Heijningen et al. For He - Ne a datum was available
at 20.4°K, and for Ne - Ar a datum at 65°K; both values of fﬁz are based
on mixture viscosity (Weissman and Mason, 1962 b) .After consideration of
the reliability of the viscosgity data, of A;z, and of the need for a
quantum correction, these values of £§2 were not used to extend the lower
temperature limits of the reference equations for these systems.

The systems Kr - Xe and H2- N2 are borderline because of the greater
uncertainties in their molecular-beam potentials.

In two-bulb measurements for noble gas pairs there are apparent
systematic errors in results by three independent investigators:

(1) van Heijningen et al. (1968),

(2) Malinauskas (1965, 1966, 1968),

(3) Srivastava (1959), Srivastava and Barua (1959), and Srivastava

and Srivastava (1959).

The magnitudes of the errors are usually a few percent or less, and are
discussed relative to the more accurate work by van Heijningen et al.
The results by Malinauskas are slightly lower for the lighter gas pairs
(He - Ne, He - Ar, He - Kr, He - Xe, and Ne ~ Ar) and higher for the
heavier gas pairs (Ne - Kr, Ne - Xe, Ar - Kr, Ar - Xe, and Kf - Xe). A
cause for this trend could not be found. The results by Srivastava are
all below those by van Heijningen et al., except those for He - Xe, which
are high. The lack of internal scatter in these measurements by
Srivastava is presumably due to smoothing the data.

An interesting result for the gas pairs of Group I is that values

of igz by direct measurements are in reasonable agreement with f{z
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determined from other transport properties, as shown in Table 19. Here
direct measurements by van Heijningen et al. (1966,1968) are compared
with£912 calculated from mixture viscosity and thermal conductivity data,
reported by Weissman and Mason (1962 b) and by Weissman (1965). For
Table 19 the deviations were extracted from results given in the devia-
tion plots for Group I. A relative index of reliability has also been
computed, which is defined as the average absolute deviation of the re-
sults by van Heijningen et al. divided into the average absolute value of
the other deviations, and it is given in the bottom row of Table 19.
These results indicate that 532 can be well predicted from other transport
property data at about room temperature. The diffusion coefficients
calculated from the most accurate mixture viscosity data available
(Kestin et al.) appear to be better than they should; that is, the
viscosity-derived £§2 are really less reliable than the direct measure-
ments of¢912 because the uncertainties in the A*lZ values are no less
than 1%Z. The other mixture-viscosity sources yield<f§2 only as reliable
as the Group III uncertainty limits. However, diffusion coefficients
calculated from available mixture thermal conductivities fall outside the
range of Group III, or the average deviation is greater than 3% at about
300°K. This occurs because thermal conductivity measurements have much
larger uncertainties than viscosity data, and not from any inadequacies

of the theoretical formula.
b. Group II (Deviation Plots, Figs. 21 to 46)

Weights and Potentials. The equimolar values of<f§2 and their

weights used in the least-squares calculations are presented in Table 20.
The potential functions obtained from molecular-beam measurements are

summarized in Table 21. A few systems have direct molecular-beam measure-
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ments, but most gas pairs of Group II have potentials that were obtained
by the combination rules. The calculated potential functions are listed
on the left~hand side of Table 21, and the potentials from direct mole-
cular-beam measurements are listed on the right-hand side. No potentials

are given for He - CO,, H, - air, H, - CO,, and N2 -~ (0, because when

22 72 2 2 2
this work was done, there were no molecular-beam measurements available
with air or COZ'

The potentials by Amdur et al. for He - CO, He - 02, and H2~ CO were
calculated by combination rules from measurements obtained in different
apparatuses. The potential energy ranges for these measurements were
not the same. Thus, the derived potentials are applicable over a smaller
temperature range, and are also considered slightly less reliable than
results obtained from a single apparatus.

The potential for 3He - 4He was taken the same as for 4He - 4He, and
that for Hz— D2 the same as for HZ_ Hz; ﬁhat is, potentials were assumed
identical for isotopic pairs. This is only an approximation, but is

sufficiently accurate for the present purposes.l’

Special Comments. For the seventeen gas pairs of Group II special

comments are as follows.

3 4 . A ; . . o
He ~ 'He. This gas pair is exceptional because its assignment into

Group II is based mainly on the reliability of values of f&z calculated

from visco?éty measurements. In some instances, viscosity data for

4He - 4He (Becker and Misenta, 1955; Coremans et al., 1958 a; Rietveld

et al., 1959) were used along with the appropriate reduced-mass correction

% #
factor and quantum-corrected values of A and Q(l’l) . At high tem-

12
peratures values of<£&2 were calculated from the 4He viscosity data by

Kalelkar and Kestin (1969). The direct measurements of§7i2 by Bendt

(1958) are in good agreement with the low-temperature results calculated
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from viscosity. There are other direct measurements for 3He - 4He by
DuBro (1969), which are not shown on the deviation plots because they
were unavailable until recently. DuBro used a two-bulb method and
covered the temperature range of 76.5° to 344°K. The average absolute
deviation of his results from the reference equation is 2.6Z%.

In the temperature range of 14.4° to 90°K the form of Eq. (4.3-1)
was not sufficiently flexible for curve~fitting purposes; that is, the
data (obtained from mixture viscosities) were considered more accurate
than‘the uncertainty specified for a Group II system in that temperature
range. For temperatures between 14.4 and 90°K a simple power function
was calculated by the method of least squares, in which 27 points were
weighted equally. The result fits the data with an average absolute
deviation of 1.1% and a standard deviation of 1.4%.

He - NZ‘ This gas pair has many reliable measurements by different
major experimental methods which allow it to be a Group II system, see

Figs. 23 and 24.

He - CO and H, - CO. The diffusion coefficients of He ~ CO and
&

H2 - CO can be well approximated by those for He - N2 and Hz— N2 (Group

9 are isosteric molecules and He - NZ

and Hz— N2 have more reliable measurements than do He - CO and H2 ~ CO.

A comparison of the reference equations with the reliable measurements

I), respectively, because CO and N

by Ivakin and Suetin (1964 a,b) for He - CO and H, - CO shows deviations

2

less than about 2%. The H2 - CO system was not assigned to Group I, as

is Hz— NZ’ because of possible uncertainties due to the lack of measure-

ments at low temperatures and asymmetry between the CO and N2 molecules

which may lead to small differences between the potentials.

He - 02. This gas pair is a borderline system of Group II. He - 02

was assigned to Group II on the strength of the two~bulb measurements by
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Paul and Srivastava (1961 a) and the consistency of its<£az with those

of He - N2 and He ~ air.

He ~ air and H, ~ air. These two gas pairs are grouped together
L

because their reference equations have been calculated by application

of Blanc's law, Eq. (2.1-7); that is, He - air was obtained from He ~ N2

and He - 02, and H2 - air from H,- N, and H,- 0 The reliable determi-

2 72 2 72

nations of:fﬁz have been by the closed-tube method; namely, for He - air

the room temperature point by Fedorov et al. (1966) and for H, - air the

point by Ivakin and Suetin (1964 b). Each of these direct measurements
is in excellent agreement with the specified reference equations. However,
since Blanc's law introduces a small uncertainty into the results, the

H,- air system was not assigned to Group I along with H_ - N,, but to

2 2 2’
Group II.

Each lower temperature limit for the reference equations of He - air

and H, - air has been set by data of He - O2 (244°K) and H

2 - 0, (252°K),

2

respectively. But the lower temperature limit for He - N, is 77°K, and

2

for Hz— N2 it is 65°K. 1In order to estimate‘ﬁiz for He - air at lower

temperatures, if necessary, it is suggested that the ratio of«fgz for

He -~ O2 to He - N, at room temperature be taken as a constant, independent

2

of temperature, and a similar procedure used for H,- air. By applying

2
this ratio the correlation range can be extended for He ~ 02 and H2 - 02,
as well as He - air and Hz— air to the lower temperature limits for He -
[+ — 0
N2 (77°K) and for H2 N2 (65°K).
He - CO.,. The few closed-tube measurements by Holsen and Strunk

2

(1964) and by Ivakin and Suetin (1964 b), plus one two-bulb measurement

by Annis et al. (1969), established He -~ CO, as a Group II gas pair.

2

H,— He. This gas pair is in Group II primarily on the basis of re-

2
liable closed-tube measurements by Amdur and Malinauskas (1965), by
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Rumpel (1955), and by Bunde (1955).

32:“§g. This gas pair is a borderline Group II system because only
one set of direct measurements of§312 is available, obtained by the two-
bulb method (Paul and Srivastava, 1961 c).

E2:;é£. There are many independent determinations of<fiz for HZ— Ar,
but with a number of significant discrepancies, see Figs. 32 and 33.
The most reliable results are probably by Westenberg and Frazier (1962).
The usually reliable closed-tube measurements by Ivakin and Suetin
(1964 b) seem to give too steep a temperature dependence forf312. The
only direct molecular-beam measuremen; for Hz— Ar gives a potential which
is suspected to be too great (Colgate et al., 1969). Thus the molecular-
beam potential for Hz— Ar was obtained by application of the combination

rules, see Table 21.

H.- Kr. The gas pair H

H - Kr was placed in Group II on the basis of

2
the measurements by Fedorov et al. (1966) and Annis et al. (1968). The
temperature dependence of the thermal diffusion factor (Amnis et al.,
1968) was used to extend the correlation temperature range from room
temperature down to 77°K. WNear the temperature limits of the reference
equation the data may not be as reliable as the Group II uncertainty

limits, thus H,- Kr is considered a borderline system.

2

‘Ez— D2. Most of thetfgz for Hz— D2 have been calculated from vis-

cosity measurements of the H_, isotopes or mixtures thereof, see Figs. 36

2
and 37. At low temperatures the viscosity-derived f&z are considered
more reliable than the direct measurements. None of the direct measure-
ments of fﬁz were actually used for curve-~fitting purposes. In the
least-squares calculations the value of s of Eq. (4.3-1) turned out to

be 1.4883 which was rounded to 1.500 to agree with the theoretical lower

limit for the rigid-sphere model, and the remaining correlation con-
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stants were determined on the basis that s = 1.500.

EQ:—QQZ' The moét reliable results for this gas pair are closed-
tube measurements by Loschmidt (1870 b), Boyd et al. (1951), and Ivakin
and Suetin (1964 b). The results by Vyshenskaya and Kosov (1959) extend
to 1083°K, but these have not been used to establish the upper tempera-
ture limit of the reference equation because the data were not considered
sufficiently reliable, see Fig. 41. The viscosity-derived f{z reported
by Weissman (1964) were normalized to the datum by Boyd et al. (1951)
because the points seemed systematically high by about 5%.

N,- Ar. The N,- Ar gas pair is in Group II on the basis of the

2 2

measurements of Paul and Srivastava (1961 b) and one point-source measure-
ment of Westenberg and Walker (1957); however, these results cover only

a small temperature range, so that this is a borderline system.

EQ— CO. On the basis of two-bulb measurements by Winn (1950) and

closed-tube measurements by Amdur and Shuler (1963), the gas pair N,- CO

2
was placed in Group II. Since N2 and CO are isosteric molecules, the
N2— N2, CO - CO, and N2— CO data could all be used for«ﬁiz. Determina-

tions of £§2 from molecular-beam measurements have been published by

Belyaev and Leonas (1966) and Amdur and Mason (1958) for N, - N2, and are

2
in excellent agreement with the present calculations, see Fig. 44,
The viscosity—derived«ffl2 reported by Weissman and Mason (1962 b) seemed
systematically low, thus the published results were normalized to the
datum at 319°K by Amdur and Shuler (1963).

ﬁQ:_QQQ. This gas pair is a Group II system on the basis of the
measurements by Boyd et al. (1951), Walker and Westenberg (1958 a), Walker
et al. (1960), and Pakurar and Ferron (1964,1966). The results of
Vyshenskaya and Kosov (1959) drop well below the recommendediyiz at high

temperatures; a similar trend was evident for Hz— COZ'
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¢. Group III (Deviation Plots, Figs. 47 to 75)

Weights and Potentials. The equimolar values Of‘£€2 and their
weights used in the least-squares calculations are presented in Table
22. The potential functions obtained from molecular-beam measurements
are summarized in Table 23. Since there were no molecular-beam measure-
ments available for systems with air or C02, no potentials are iisted

for the systems air - (Ar, CH4, co, SF6) and CO2 - (Ar, CO, 02, air,

NZO’ SF6). The potentials for most of the Group III gas pairs required

the application of the combination rules. At present, Leonas et al.

have not performed beam experiments with CH, and SF_, but both of these

4 6’

gases have been used in experiments by Amdur et al. Thus there are no
independent confirmations of the potentials of gas pairs containing

CH4 or SF6. The directly measured potential for He - CH, was used to

4

derive a potential for H, - CH4; but the CH4— Ar potential was used for

2

the heavier gas pairs with methane; CH, - (N2,02,8F6). If the He - CH

4

4 NZ’ etc., inconsistent results would

4
potential had been used for CH

have been obtained. Apparently the small helium atom "sees' some of the
structure of the CH4 molecule, and the He - CH4 potential is not generally
suitable for combination-rule calculations based on the assumption of
spherically-symmetric potentials (Mason and Amdur, 1964). The combina-
tion-rule potentials by Amdur et al. for HZ— 02, CH4_ 02,

and N2— 02 were obtained from two different apparatuses. Such results

€O - Kr, €O - 0,,

from "mixed'" apparatus are reliable over a smaller temperature range
than potentials obtained from the same equipment.

Special Comments. For the thirty-two gas pairs of Group ITI the

special comments are as follows.

Ar - CH,. The closed~tube measurements by Arnold and Toor (1967)
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were considered sufficiently reliable to establish Ar - CH4 as a

Group III system.

Ar - CO. The consistency of the closed-tube measurement by Ivakin
and Suetin (1964 a) and £{2 by molecular-beam measurements with the
results for Ar - N2 (Group II) were the bases for placing Ar - CO into
Group III.

Ar - 02. This gas pair has only one set of direct measurements of
SEZ available, obtained by thg two-bulb method (Paul and Sfivastava,
1961 a).

Ar - air. There are no direct measurements available, and the results
were calculated by Blanc's law.

Ar - C02. The more reliable measurements for Ar - CO2 are by Ivakin
and Suetin (1964 b) and by Pakurar and Ferron (1964,1966). The results

by Pakurar and Ferron appear to have an unusual amount of scatter, which

is due to difficult point-source measurements at temperatures above

- 1000°K.
Ar - SFS' This gas pair has only one set of direct measurements of

jzz, obtained by the closed-tube method (Ivakin and Suetin, 1964 b).

Hy- Xe. The two-bulb measurements by Paul and Srivastava (1961 c)
and the Eﬁz from mixture viscosity data calculated by Weissman and Mason
(1962 b) are considered equally reliable.

H,- CH, . The closed-tube measurements by Boyd et al. (1951) and
by Arnold and Toor (1967) agree within about 1%. These results are at
room temperature; values of<€52 at temperatures up to 523°K were ob-
tained from mixture viscosity data by Weissman and Mason (1962 b).

EQ:“QQ. The reference equation essentially splits the difference
between the high-temperature results by Walker and Westenberg (1960)

and by Weissman and Mason (1962 b). For this gas pair the usually
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reliable point-source results by Walker and Westenberg are considered
possibly somewhat high. This conclusion is based on a comparison with
the results of HZ— N2 (Group I), which are expected to be similar.
Spontaneous ignition occurred at about 920°K in the point~source measure-
ments.
EQ— SF,. The most reliable measurement for this gas pair is by
Boyd et al. (1951); other reliable determinations by the closed-tube
method are by Strehlow (1953) and by Ivakin and Suetin (1964 a,b).
535;;323. The reliable direct measurements ostiz are primarily from
recent open-tube studies by Frost (1967) and by Rhodes and Amick (1967).
CH,— N,. The two-bulb measurements by Mueller and Cahill (1964)
were considered sufficient to place this gas pair into Group III.
Q§4:_Q2. The only direct measurements available are those of Walker
and Westenberg (1960) by the point-source technique. Spontaneous

ignition occurred at about 1020°K. The results are not inconsistent

with those of the similar system CH, - N

4 2°
CH, - air. There are no direct measurements available, and the results
were calculated by Blanc's law.
CH, - SF This gas pair has only one set of direct measurements

b’
of.ﬁ{z, obtained by the closed-tube method (Manner, 1967).

E@' Ne, This gas pair has reliable values of £§2 only from mixture
viscosity measurements by DiPippo et al. (1967).

§2_ Kr. This gas pair has only one set of direct measurements of

.312, obtained by the two-bulb method (Durbin and Kobayashi, 1962).

N,~ Xe. This gas pair has only one set of direct measurements of

2
$E2’ obtained by the two-bulb method (Paul and Srivastava, 1961 b).

§2— 02. The most reliable results are the closed-tube measurements

by Lonius (1909) and the values calculated from mixture viscosity by
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Weissman and Mason (1962 b). The results reported by Giddings and
Seager (1962) are omitted from the deviation plot, Fig. 63, because of
difficulties with the mixture composition analysis.

'E2:—§E6° The most reliable direct measurements are by Ivakin and
Suetin (1964 b), obtained by the closed-tube method.

CO - Kr. This gas pair has only one set of direct measurements of
i{z, obtained by the two-bulb method (Singh et al., 1967). Since CO
and N2 are isosteric molecules, the reference equation for N2— Kr was
used for CO - Kr, and the data agree, see Fig. 65.

CO - 02. Since CO and N2 are isosteric molecules, the reference

equation for N, - 02 was used for CO - 02. The most reliable results are

2
considered to be from mixture viscosity (Weissman and Mason, 1962 b).
However, this judgment implies that the usually more reliable measure-

ments by Loschmidt (1870 b) and by Walker and Westenberg (1960) are

somewhat high.

CO - air. There are no direct measurements available, and the re-

sults were calculated by Blanc's law.

CO - COZ‘ Since CO and N2 are isosteric molecules, the reference

equation for N2- 002 (Group II) can be used for CO - COZ; a slightly more

precise correlation, however, is given for CO - CO, based only on its

2
direct measurements. The direct measurements for CO - CO2 are in the
temperature range of 282° to 473°K. The use of the Nz— CO2 reference

equation will extend the higher temperature limit to 1800°K, which is a
significant advantage.
Co - SF6. This gas pair has direct measurements of i&z which were
obtained by the closed-tube method (Ivakin and Suetin, 1964 a,b).
92:~992' The reference equation is based primarily on results of

point-source measurements (Walker and Westenberg, 1960); at room tem-
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perature the results by closed~tube studies give slightly higher values
of<E§2 (Loschmidt, 1870 b; Wretschko, 1870).

92— SF,. This gas pair has reliable closed-tube measurements by
Ivékin.gg_gl. (1968), which, however, probably have somewhat too great
a temperature dependence for ﬁ%z over 297 to 408°K.

€0,- air. Even though there are many direct measurements available,

the reference equation for CO,- air was calculated from Blanc's law.

2
Of the direct measurements, the most reliable are considered to be closed-
tube measurements by Loschmidt (1870 a,b), by Coward and Georgéson

(1937), and by Holsen and Strunk (1964). The open-tube measurements by
Klibanova et al. (1942), which cover the temperature range of 290 to
1533°K, are not considered as reliable as results by Blanc's law with
data from the point-source method measurements by Walker (1958) and by
Pakurar and Ferron (1964, 1966) for N - CO,, and by Walker and Westenberg

2 2
(1960) for 0,- CO,.

2 2
992:_§2Q. This gas pair has several closed-tube measurements which
agree within about 27 at room temperature (Loschmidt, 1870 b; Boardman
and Wild, 1937; Wall and Kidder, 1946; Amdur et al. , 1952); values of
iﬁz from mixture viscosity were used to extend the temperature range to

550°K. The placement of CO,- NZO into Group III, and not Group II, was

2
decided upon because of the limited temperature range of the direct
measurements and the uncertainties irxfaz obtained from mixture viscosity
for cylindrical molecules.

992— SFE' This gas pair has reliable closed~tube measurements by
Ivakin and Suetin (1964 b).

SFE~ He. This gas pair has a few direct measurements, of which those

by Ivakin and Suetin (1964 b) and by Fedorov et al. (1966) are considered

to be the most reliable.
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SFS—air. There are no direct measurements available, and the re-

sults were calculated from Blanc's law.
d. Miscellaneous (Figs. 76 to 81)

Weights and Potentials. The values of4312 and their weights used

in the least-squares calculations are presented in Table 24. Except for
mixtures with dissociated gases the values of £&2 are at equimolar compo-
sition. The data for mixtures with dissociated gases were not corrected
to equimolar composition because the experimental uncertainties are
greater than the composition dependence oflfaz. The potential functions
obtained from molecular-beam measurements are summarized in Table 25,
which are available only for the mixtures with dissociated gases and not
the other systems of the miscellaneous group. This information may be
helpful for the prediction of=f§2 at high temperatures, but the poten-
tials were not used to calculate points for deviation plots as was done
for the other gas pairs in Groups I, IL, and III. There are no devia-
tion plots for mixtures with dissociated gases because of the large

uncertainties in the data available.

Special Comments. For the fourteen gas pairs of the miscellaneous
group the special comments are as follows.

gzgzgz. This gas pair has direct measurements obtained only by the
evaporation~tube method. The most reliable results are considered to
be by O'Connell et al. (1969), in which the HZO diffused downwards through
Nz. In the other studies the HZO was located below the NZ’ or the lighter
component below the heavier, which would have possible adverse effects
due to convection. Because values offﬁiz are available only from evapo-

ration~tube studies, it may be noted that the temperature range is

limited, 282° to 373°K.
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E29:92' The correlation consists of two power functions QB&Z = ATS)
each applicable over a specific temperature interval, and which pass
through a common datum. The generation of this type of correlation is
explained as follows. At high temperatures, 390° to 1070°K, the point-
source measurements are considered to be reliable (Walker and Westenberg,
1960); however at low temperatures, 308° to 352°K, the HZO—-O2 evaporation-
tube studies are considered too uncertain. But, at low temperatures,
data by 0'Connell et al. (1969) for HZO—N2 were systematically increased

by 1% to obtain values Of(EEZ for H20—02. This slight adjustment was

based on calculations for transport properties of polar-gas mixtures.3
But all results for H20-02 could not be well correlated by a single
equation, either in the form of a Sutherland equation, Eq. (4.3-2), or the
more complex correlation function of Eq. (4.3-1). The simplest reliable
curve-fit of the data is two power functions, one each for the low- and
high-temperature ranges. The equation at high temperatures was obtained
by least-squares calculations of the point-source measurements. This
equation was forced to pass through a point at the intermediate tempera-
ture of 450°K, obtained from an extrapolation of the low-temperature
equation.

H,0-air. The reference equation for this air-system is the only one
in this report which was not determined by Blanc's law. The reason is
have too muéh scatter, and

that the available data for HZO—N and HZO-O

2 2

a verification of a correlation by Blanc's law from direct measurements

for HZO—air would not be significant. The reference equation for HZO—air

is based on the synthesis of results by O0'Connell et al. (1969) for H O—N2

2

and by Walker and Westenberg (1960) for HZO—OZ. Since air is approxi-

mately 807 N2’ the reference equation for HZO—-N2 extrapolated to 450°K,

was assumed directly applicable at low temperatures. For temperatures
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between 450° and 1070°K, the reference equation for H20—O2 was systema-
tically reduced 1%. The more reliable direct measurements are shown in
Fig. 78. The large deviations are due to expected uncertainties in

results obtained by evaporation-tube studies. There are many other ex-

perimental determinations for H,0-air, which are listed in Table 16.

2
EQQ:QQQ. This gas pair has reliable direct measurements by Ferron
(1967), obtained by the point-source method over the temperature range
of 1058 to 1640°K, and evaporation-tube studies at about 310 to 350°K,
obtained by Schwertz and Brow (1951) and by Crider (1956). 1In the least~
squares calculations the value of s of Eq. (4.3-2) turned out to be
1.473 which was adjusted to 1.500 to agree with the theoretical lower
limit for the rigid-sphere model.
ggzzﬁg. This gas pair has limited data, consisting of a two-bulb
measurement at about room temperature plus information on the tempera-
ture dependence of the thermal diffusion factor which was used to
c:alculatecf)i2 between l95°‘to 625°K.

Co,-C

——2-338' The closed-tube measurements by Wall and Kidder (1946)

and the values of(faz from mixture viscosity by Weissman (1964) are
considered sufficient to include this system.
Mixtures with dissociated gases were all correlated by power

functions of the form & AT®. The reference equations were calculated

12
from two points, one at about room temperature, and the other at tempera-
tures greater than 1000°K. Deviation plots are not given for mixtures
with dissociated gases. The special comments emphasize the discrepancies
among the various values of £§2 obtained by different experiments.

H~-He. This gas pair has only one direct measurement by Khouw et al.

(1969), obtained at 275°K. The values of(fqz obtained from molecular-

beam measurements by Amdur and Mason (1956) and by Belyaev and Leonas
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(1967 b,c) were essentially averaged; the difference in'ﬁ&z between
these results is approximately 257 at all temperatures.

H-Ar. The direct measurements by Wise (1959) and by Khouw et al.
(1969), near room temperature, differ by about 10%. At elevated tempera-
tures, values of1312 are available only from one potential, (Mason and
Vanderslice, 1958), and these results when compared with the reference
equation are high by about 25% at 2000°K and low by about 20% at 10,000°K.

H-H For this gas pair the most reliable values oijiz are con-

9
sidered to be from mixture viscosity (Browning and Fox, 1964). The other

determinations of<31 are considered to be less reliable (Wise, 1961;

2
Weissman and Mason, 1962; Khouw et al. 1969; Sancier and Wise, 1969).
The relative measurements by Wise (1961) are at temperatures from 293
to 719°K. At room temperature, the discrepancies are within thZ. The
recommended values of=312 above 1000°K are based on molecular-beam
measurements. These results were derived from measurements by Amdur et
al. and use of the combination rules, which were considered to be much
more reliable than the direct beam measurement by Belyaev and Leonas
(1967 b,c). The latter yieldoﬁl2 which are too high in comparison with
both the low-temperature data, and results of other beam measurements.

N—Nz, O—Nz, 0-0 For these gas pairs, with similar diffusion

9
characteristics, the results by Morgan and Schiff (1964) are considered
to be the most reliable. For 0—02, at about room temperature, the
measurements by Krongelb and Strandberg (1959) and by Walker (1961) are
within 10%Z (below) those by Morgan and Schiff; the measurements by
Yolles and Wise (1969) and by Yolles et al. (1970) are about 207% below
those of Morgan and Schiff. The results by Walker may be low due to the
neglect of chemical reaction effects. At temperatures between 1000° and

10,000°K the differences between.ﬁﬁz from molecular-beam measurements for
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N—NZ, O-Nz, 0-02 (Belyaev and Leonas, 1966 c¢) were so small that these
results were grouped together.

0-He, O-Ar. There are two direct measurements for each of these gas

pairs. In comparison with the results by Morgan and Schiff (1964), which
are considered the more reliable, the results by Yolles and Wise (1968)
are low by about 357 for O-He, and high by about 30% for 0-Ar. The
values of f&z at elevated temperatures were based on a single laboratory

source for the potentials (Leonas et al.).
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Table 2.

Name

Closed Tube
Evaporation Tube
Two-Bulb Apparatus
Point Source

Gas Chromatography

Open Tube
Back Diffusion

Capillary Leak

Unsteady Evapora-

tion
Diffusion Bridge

Dissociated Gases

Droplet Evapora-
tion

Dufour Effect

Thermal Separa-
tion Rate

Kirkendall Effect

Sound Absorption

Cataphoresis

Resonance Methods

Classification of Experimental Methods

Primary Investigator(s)

Major

Loschmidt (1870 a,b)

Stefan (1873)

Ney and Armistead (1947)

Walker and Westenberg (1958)

Giddings and Seager (1960)a
Minor

von Obermayer (1882); Waitz (1882)

Harteck and Schmidt (1933)

Klibanova et al. (1942)

Arnold (1944)

Bendt (1958)

Reliability

Good
Poor
Good
Average

Average

Average
Average
Poor

Fair

Average

Wise (1959); Krongelb and Strandberg (1959) Poor

Miscellaneous

Langmuir (1918); Katan (1969)

Waldmann (1944)

Nettley (1954)

McCarty and Mason (1960)
Holmes and Tempest (1960)
Hogervorst and Freudenthal (1967)

See text




Table 2. (Continued)

2 1In 1960 four independent gas chromatography studies were submitted

for publication; for details see Section 3.2, part d.



Table 3. Determinations of faz by the Closed-Tube Method.?

Author (s)
Loschmidt
Wretschko

von Obermayer

Rutherford and Brooks
Schmidt

Lonius

Wintergerst

Harteck and Schmidt
Boardman and Wild
Coward and Georgeson
Hirst and Harrison
Braune and Zehle
Groth and Harteck
Heath et al.

Groth and Sussner
Wall and Kidder
Hutchinson

Boyd et al.

Timmerhaus and Drickamer

Amdur et al.

Date
1870 a,b
1870

1880,'82 b,
'83,'87

1901
1904
1909
1930
1933
1937
1937
1939
1941
1941
1941
1944
1946
1947
1951
1951

1952

Author (s)
Strehlow
Bunde

Rumpel

Amdur and Schatzki
Suetin et al.

Suetin and Ivakin
Amdur and Shuler
Holsen and Strunk
Ivakin and Suetin
Suetin

Amdur and Beatty
Amdur and Malinauskas
Cordes and Kerl
Ljunggren
Reichenbacher et al.
Fedorov et al.

Kosov and Abdullina
Arnold and Toor
Manner

Ivakin et al.

a Complete reference information is given in Bibliography I.

Date

1953

1955

1955

1957,

1960
1961
1963
1964
1964
1964
1965
1965
1965
1965
1965
1966
1966
1967
1967

1968

'58

a,b



Table 4. Determinations of‘ﬁaz by the Two-Bulb Method .?

Author (s)
Ney and Armistead
Winn and Ney
Winn
Hutchinson
Winn
Schifer et al.
Visner
Winter
DeLuca
Schifer and Moesta
Andrew
Schifer and Schuhmann
Saxena and Mason

Schifer

Srivastava and Srivastava

Srivastava
Srivastava and Barua
Miller and Carman
Paul and Srivastava
Weissman et al.
Zmbov and KneZfevid
Durbin and Kobayashi
Paul

Srivastava and Paul

Date

1947
1947
1948
1949
1950
1951
1951
1951
1954
1954
1955
1957
1959
1959
1959
1959
1959
1961
1961
1961
1961
1962
1962

1962

a,b

a,b,c

Author (s)

Srivastava and Srivastava

Srivastava

Golubev and Bondarenko

Sch¥fer and Reinhard

Srivastava and Srivastava

Wendt et al.

Bondarenko and Golubev

Mason et al.,
Miller and Carman
Mueller and Cahill
Watts

Brown and Murphy
Malinauskas

Mason et al.

Watts

Chakraborti and Gray
Kosov and Novosad
Malinauskas

Paul and Watson
Saran and Singh

Srivastava and Saran

van Beijalngen et al.

v, / . . e
Vucic and Milojevic

Singh et al.

Date

1962
1962
1963
1963
1963
1963
1964
1964
1964
1964
1964
1965
1965
1965
1965
1966
1966
1966
1966
1966
1966
1966
1966

1967

a,b

a,b



Table 4. (Continued)

Author (s) Date
Annis et al. , 1968
Malinauskas | 1968
Mathur and Saxena 1968
Singh and Srivastava 1968
van Heijningen et al. 1968
Annis et al. 1969
DuBro | 1969

Malinauskas and Silverman 1969

Vugks et al. 1969
Weissman 1969
Humphreys and Mason 1970

a Complete reference information is given in Bibliography I.




Table 5. Determinations oftfaz by the Point-Source Method. a

Author(s)

Westenberg and Walkerb

Walker

Walker and Westenberg
Walker et al.
Westenberg and Frazier
Ember et al.

Pakurar and Ferron
Walker and Westenberg
Ferron

Walker and Westenberg

Date

1957

1958

1958 a,b,'59,'60
1960

1962

1962,'64
1964,'65,'66
1966

1967

1968

Complete reference information is given in Bibliography I.

Preliminary note about the development of the point—source method.



Table 6. Determinations of £az by the Gas-Chromatography Method.?

Author(s) Date
Giddings and Seager 1960
Bohemen and Purnell 1961
Bournia et al. 1961
Fejes and Czarén | 1961
Giddings and Seager 1962
Knox and McLaren 1963
Seager et al. ‘ 1963
Barr and Sawyer 1964
Knox and Mclaren 1964
Evans and Kenney 1965
Fuller and Giddings 1965
Huber and van Vught 1965
Chang 1966
Arnikar, g}_g&,b 1967 a,b
Fuller and Giddings 1967
Giddings 1967
Hargrove and Sawyer 1967
Giddings 1968
Zhukhovitskii et al. 1968
Arnikar and Ghule 1969
Fuller ct al. 1969
Wasik and McCulloh 1969

a Complete reference information is given in Bibliography I.

" packed chromatography column.




Table 7. Determinations ofJ312 by the Evaporation-Tube Method®

Author (s)
Stefan
Baumgar tner
Guglielmo

Winkelmann

Stefan

Gribojedoff

Houdaille

Naccari

Mache

Naccari

Vaillant

Pochettino

LeBlanc and Wuppermann
Mack

Summerhays

Trautz and Ludwig
Trautz and Ries
Ackermann

Gilliland

Trautz and MUller
Chambers and Sherwood

Schirmer

Date
1873
1877 a,b
1881, '82
1884 a,b,c
'85,'88,
'89
1889,'90
1893
1896
1909
1910
1910
1911
1914
1916
1925
1930
1930
1931
1934
1934
1935
1937

1938

Author (s)
Brookfield et al.

Klotz and Miller

Goryunova and Kuvshinski

Gush

McMurtie and Keyes
Hippenmeyer

Schwertz and Brow
Cvetanovicd and LeRoy
Kimpton and Wall
Schlinger et al.
Cummings and Ubbelohde
Rossié

Lee and Wilke

Bose and Chakraborty
Carmichael et al.
Cummins and Ubbelohde
Cummings et al.
Narsimhan

Raw

Crider

Call

Clarke and Ubbelohde

Richardson

Date

1947

1947

1948

1948

1948

1949

1951

1952

1952

1952

1953

1953

1954

1955

1955

1955

1955

1955

1955

1956

1957

1957

1959

a,b
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Table 7 (Continued)

Author(s) Date
Altshuller and Cohen 1960
Hudson et al. 1960
Jorgeson and Watts 1961
Reamer and Sage 1963
Grieveson and Turkdogan 1964
Heinzelmann et al. 1965
Kohﬁ and Romero 1965
Stevenson 1965
Brockett 1966
Mehta 1966
Ben-Aim et al. 1967
Byrne et al. 1967
Galloway and Sage 1967
Getzinger and Wilke 1967
Krol et al. 1967

Mikhailov and Kochegarova 1967

Nafikov and Usmanov 1967
Pryde and Pryde 1967 “
Yuan and Cheng 1967
Khomchenkov et al. 1968
Lugg 1968
Mrazek et al. 1968
O0'Connell et al. 1968
Spencer et al. 1969

Complete reference information is given in Bibliography I.



Table 8. Determinations of<612 by Minox Experimental Methods.?

Author(s)

a. Open Tube
von Obermayer
Waitz
von Obermayer
Toepler
Foch
Barus
Currie
Frost
Kaufmann
Rhodes and Amick
Zhukhovitskii et al.

b. Back Diffusion
Harteck and Schmidt
Van der lleld and Miesowicz
Spier

c. Capillary Leak
Klibanova et al.
Kosov
Vyshenskaya and Kosov
Kosov and Karpushin

e Paz Eﬁ.ﬁl‘

Date

1882 a
1882
1883,
1896
1913
1924 a
1960
1967
1967
1967

1968

1933
1937

1939,

1942
1957
1959,
1966

1967

'87

,b

'40

'65

Author(s)

d. Unsteady Evaporation
Mullaly and Jacques
Mackenzie and Melville
Arﬁold
Fairbanks and Wilke
Nelson
de Nordwall and Flowers
Nikolaev and Aleskovski¥
Petit
Grob and El-Wakil

e, Diffusion Bridge
Buckingham

Wicke and Kallenbach

Weisz

Bendtb

Scott and Cox
Evans EE_EEQ
Wicke and Hugo
Scott and Dullicn
Evans et al.

Coates and Mian

Henry ct al.

Date

1924
1932,
1944
1950
1956
1958
1964
1965

1969

1904
1941
1957
1958
1960
1961
1961
1962
1962,
1967

1967

133

'63




Table 8. (Continued)

~Author(s) Date
Mian 1967
Reist 1967
Zhalgasov and Kosovb 1968
Ellis and lolsen 1969
Hawtin et al. 1969
Schneider and Schifer - 1969

f. Dissociated Gases

Krongelb and Strandberg 1959
Wise 1959, ‘61
Walker 1961
Young ' 1961
Morgan and Schiff 1964
Yolles and Wise 1968
Khouw et al. 1969
Sancier and Wise 1969
Yolles et al. 1970

Complcte reference information is given in Bibliography I.

b The investigations by Bendt involved an apparatus with a capillary,

and by Zhalgasov and Kosov a bundle of capillaries; all other diffusion-

bridge apparatuses used porous septums.




Table 9. Determinations of faz by Miscellaneous Experimental Methods .?

Author (s) Date Author (s) Date
a. Droplet Evaporation Mason 1961
Langmuir 1918 e. Sound Absorption
Topley and Whytlaw-Gray 1927 Holmes and Tempest : 1960
Houghton 1933 Carey et al. 1966
Bradley et al. 1946 Carey et al. 1968
Bradley and Shellard 1949 f. Cataphoresis
Birks and Bradley 1949 Freudenthal 1966
Bradley ' 1951 Hogervorst and Freudenthal 1967
Bradley and Waghorn 1951 g. Resonance Methods |
Katanb 1969 (Nuclear Magnetic Resonance)
b. Dufour Effect Luszczynski et al. 1962
Waldmann 1944,'47  Lipsicas 1962
Mason et al. 1967 Hartland and Lipsicas 1963
¢. Thermal Separation Rate Luszczynski et al. 1967
Nettley : 1954 (Optical Pumping)©
van Itterbeek and Nihoul 1957 Franzen 1959
Lonsdale and Mason 1957 Bernheim 1962
Saxena and Mason 1959 McNeal 1962
Weissman et al. 1961 Anderson and Ramsey 1963
Wendt et al. 1963 Legowski 1964
d. Kirkendall Effect Ramsey and Anderson 1964

McCarty and Mason 1960 Bernheim and Korte 1965
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Table 9. (Continued)

Author (s) Date
Gozzini et al. 1967

(Mercury Band Fluorescence)

Coulliette 1928
Biondi 1953
McCoubrey 1954
McCoubrey and Matland 1954
Matland and McCoubrey 1955
McCoubrey and Matland 1956
a

Complete reference information is given in Bibliography I.

This is a clever combination of a uniform-pressure experiment with a
porous membrane and the evaporation-tube method; the motion of an
evaporating liquid bead in a tube is used to determine the diffusion

coefficient.

A recent review article has been published by Violino (1968).



Table 10. Grouping of Systems According to Uncertainty Limits ofcfaz.

Group I He- (Ne,Ar ,Kr,Xe)

Ne- (He ,Ar ,Kr ,Xe)

Ar-(He,Ne,Kr ,Xe)

Kr-(He,Ne,Ar,Xe?)

- ?
H2 N2.

Group 1II 3He - 4He

He—(Hz,N CO,OZ?,air,COZ)

2’

Hz—(He,Ne?,Ar,Kr?,D CO,air,COz)

2°
- ?
N2 (Ar.,CO,COz)

Group III Ar-CH, ,C0,0,,air,C0,,5F,)

HZ-(Xe,CH

2,

4°9275%¢)

CH4—(He,Ar,H2,N2,02,a1r,SF6)

Nz—(Ne,Kr,Xe,CHé,OZ,SFé)

CO—(Ar,Kr,Oz,alr,COZ,SFG)

0,Co

02—(Ar,H2,CH4,N2, SF6)

€0, (Ar,00,0,,air ,N

9°

20,5F6)
SF,-(He,Ar ,H,,CH, ,N,,C0,0

Miscellaneous Systems HZO—(NZ,Oz,air,COZ)

2,a1r,C02)
€O~ (Ne,H,0,CHo)

H-(He,Ar,H,)

N—N2

0—(He,Ar,N2,02)



Table 11. Uncertainty Limits for Systems of the Miscellaneous Group.

System T, °K Uncertainty, t%
H,0-N, 282 to 373 4
H,0-0, 282 to 1070 7
H,0-air 282 to 1070 5 to 10
H,0-CO, 296 to 1640 10 to 7
COZ—Ne 195 to 625 3 to 5
COZ—C3H8 298 to 550 3 to 5
H-H, ~300 5

>1,000 30
B-N,,0-N,,0-0, ~300 10
>1,000 25
H-He,H-Ar, 300 ' 15

0O-He,0-Ar >1,000 30




Table 12. Correlation Parameters of Eq. (4.3-1) forJBlz.

System lO3A s 10_85% s s’ T Group
atm—cm2 , °K °K (°K)2 °K
sec(°K)S
Se-*He  32.4  1.501 0.0448  -0.9630  1.894 1.74-10° 11
Je-“He  0.156 1.636 - - . 14.4 -90.0 -
He-Ne 25.41  1.509 0.212 1.87 - 65-10" 1
He-Ar 15.21  1.552  0.410 1.71 - 77-10" 1
He-Kr 10,61 1.609 1.42 -32.65  2036. 77-10% 1
He-Xe 7.981  1.644  4.02 -68.87  5416. 169-10% 1
He-H, 27.0  1.510 0.0534 - - 90-10* 11
He-N, 15.8  1.524  0.265 - - 77-10% 11
He-CO 15.8  1.524  0.265 - - 77-10% 11
Ne-Ar 8.779 1.546 1.94 1.82  1170. 90-10* 1
Ne—Kr 8.520 1.555 6.73 20.4 - 112-10% 1
Ne-Xe 6.747 1.584 19.0 10.1 - 169-10% 1
Ar—Kr 5.346  1.556 13.0 47.3 - 169-10" 1
Ar-Xe 5.000 1.563 36.8 59.9 - 169-10% 1
Ar-H, 23.5  1.519 0.488 39.8 - 242-10" 11
Kr-Xe 2.933  1.608 128 52.7 - 169-10 1
Kr-H, 18.2  1.564 1.69 26.4 - 77-10% 11
H)-D, 24.7  1.500 0.0636 6.072  38.10 14-10° 11
HyN, 15.39  1.548  0.316 ~2.80  1067. 65-10" 1
H,~CO 15.39  1.548  0.316 ~2.80  1067. 65-10% 11
N ~CO 4.40  1.576 1.57 -36.2  3825. 78-10% 11




Table 13.

System

He-CH
He-0
He-aix
He-CO
He-S¥
Ne-H
Ne-N
Ne-CO
Ar-CH
Ar-N
Ar-CO
Ar-0

Ar-air

Correlation Parameters of Eq.

107A

2
atm-cm

sec(°K)S

3.78
3.31
3.87
5.95
1.59
1.07
0.784
0.904
0.904
0.977
0.917
1.74
lu48_
0.653
0.653
3.68

0.470

1.750
1.710
1.729
1.720
1.627
1.731
1.743
1.776
1.785
1.752
1.752
1.736
1.749
1.646
1.596
1.766
1.766
1.712
1.789
1.765

1.732

89

145,

(4.3-2) for.fgz.

°K
4

298-10

244~104

244-10"

200~-530

290-—104

90-10"

293-104

195-625

307-10"

244-104

244-10"

243-104

244—104

276~1800

328-104

248-10"

248-104

242-104

242-—104

293-10"

252-—104

Group

I1T
IT
11
II
111
I1
111
misc.
I11
11
I1II
III
IT1
I11
I11
ITI
IT1
III
I1I
III

ITI




Table 13.

System

Cl-air

CO-—CO2

CO—SF6

OZ-HZO

OZ—CO2

OZ—SI'6

air~H20

air-CO

air-SF

10

sec

3

3

(Continued)

A

2
atm-cm

(°K)®
.64
.14
.82
.00
.68
.03
.10
.13
.187
.15
.66
.13
.12
577
.76
.189
.78
.56
.65
.187
.75
.70

.83

1.750
1.750
1;570
1.750
1.695
1.747
1.657
1.724
2.072
1.570
1.590

1.724

1.730

1.803
1.584
2.072
1.632
1.661
1.522
2.072
1.632
1.590

1.576

°K

11.

102.

44,

69.

113.

119.

61.

129.

102.

121,

°K

252—104

200-550

298—104

298-—104

294-—104

298-104

298-—104

285—104

282-373

288-1800

328—104

285-—104

285-—104
282-473
297—104
282-450
450~1070
287-1083
297—104
282-450
450~1070
280-1800

328—104

13-2

Group

II

II
ITI
III
ITI
III
I11
IIT
misc.
IT
I11
IIT
I1T
III
II1
misc.
misc.
IIX
I11
misc.
misc.
IIT

ITI



Table 13, (Continued)

System 105A
atm--cm2
sec(°K)S

HZO—CO2 9.24

CO2—N20 0.281

C02—C3H8 0.177

COZ—SF6 0.140

H-He 14.2

H-Ar 1.45

H—H2 11.3

N—N2 1.32

0-He 4.68

O-Ar : 0.751

O—N2 1.32

0-0 1.32

1.500
1.866
1.89%6

1.886

1.732
1.597
1.728
1.774
1.749
1.841
1.774

1.774

°K

307

°K

296~1640
195-550
298-550

328-472

275-104

275—104

190—104

280-—104

280-—104

280-—104

280-—104

280-—104

13-3

Group

misc.
III
misc.

IIT

misc.
misc.
misc.
misc.
misc.
misc.
misc.

misc.




Table 14.

System

He-Ne
He—-Ar
He-Kr
He-Xe
He~CH
He-N
Ne-Ar
Ne—Kr
Ne-Xe
Ne-H
Ne~-N
Ar-Kr
Ar-Xe
Ar-H
Ar-CH
Ar—-N
Kr-Xe
Kr-H

Kr-N

Classical Low-Temperature Asymptotic Values of

10

atm-—

sec(

31.

20

17.

15.

19.

20.

8.

6.

30.

17.

6a

cm

OK)
2

.3

26

79

.84

.69
.51

.93

.27

.93

.00

.91

c? A" b
828 3
(o]
3.0 1.32
9.6 0.86
13 0.80
19 0.68
14 0.89
10 0.96
20 0.35
27 0.28
38 0.26
8.2 1.35
21 0.37
91 0.14
130 | 0.11
28 0.87
98 0.22
69 0.21
190 0.08
40 0.75
96 0.16

i{z, Eq. (4.3-3).

e/k b

°K

23.7
40.2
39.0
46.5
37
31
61.7
69.8
69.1
34
57
145
178
64
130
107
197
80

132
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Table 14. (Continued)

%

System 108 c? T e/k °
atm—cm2 ezas °K
sec(°K)ll/6

Xe—H2 15.1 58 0.67 87

Xe—N2 3.29 140 0.14 145

HZ—-CH4 17.5 43 0.82 68

HZ-N2 19.3 30 0.87 62.9

CHZ‘—N2 5.54 100 0.23 120

Dalgarno (1967).

Based on the 12-6 potential; parameters for noble gas pairs and for
N2—N2 from van Heijningen et al. (1966,1968), and for other gas pairs

from Hirschfelder et al. (1954).




Table 15. Correlation Parameters for the Composition Dependence of‘fgz

According to Eq. (4.2-1).

System

3He—4He
He-Ne
He;Ar
He-Kr
He-Xe
He-H
He—-CH
He—-N
He-CO
He-0
He-air
He-CO
He-SF
Ne-Ar
Ne-Kr

Ne-Xe

1.64

1.67

1.65

1.78

1.0

1.80

1.0

1.0

1.0

1.0

1.2

1.01

1.25

1.0

e/k

°K

10.2
23.7
40.2
39.0
46.5
18.4
37
31
34
34
31
44
51
61.7
69.8
69.1
34
34
57

82

0.031
0.098
0.18
0.23
0.29
0.033
0.14
0.17
0.16
0.17
0.17
0.23
0.39
0.059
0.12
0.17
0.10
0.078
0.043

0.081

0.26

0.45

1.17

1.56

2.08

-0.11

0.25

1.22

1.19

1.11

1.19

1.74

3.09

0.57

0.87

1.31

0.26

0.16

0.65

0.98

System

1.4

1.8

1.73

1.73

1.0

1.0

1.0

1.0

1.0

1.0

1.8

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

e/k

°K

145
178
64
64
130
107
117
118
109
179
197
80
80
132
145
87
87
145
33

68

0.051

0.086

0.17

0.14

0.046

0.029

0.029

0.026

0.029

0.12

0.039

- 0.21

0.19

0.066

0.066

0.25

0.23

0.10

0.042

0.15

.30

.57

.85

.74

.02

.10

.10

.15

.11

.07

.33

14

.07

.28

.28

.53

.43

.56

.12

.94



Table 15.

System

CH,~air

CH,-SF

a

(Continued)
z e/k a
°K
1.00 62.9
1.0 61
1.0 61
1.0 57
1.84 80
1.0 93
1.0 68
1.00 62.9
1.0 61
1.0 61
1.0 57
1.84 80
1.0 93
1.0 120
1.0 124
1.0 120
1.0 188

a

0.17
0.16
0.16
0.16
0.21
0.33
0.11
0.13
0.13
0.13
0.13
0.18
0.31
0.035
0.038
0.035

0.12

0089

+0.88

0.81
0.87
1.33

2.33

- 0.81

0.76

0.74

0.66

0.74

1.20

2.26

0.05

0.00

0.05

0.50

System

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

el/k
°K

266
132
154
145
169
296
147
171
274
136
159
384

222

15-2

6.020

0.041

0.14

0.041

0.033

0.037

0.14

0.020

0.040

0.14

0.060

0.088

HZ_NZ from van Heijningen et al.(1966,1968), and for others from

Hirschfelder et al. (1954).

_Oe

0

Based on the 12-6 potential; parameters for noble-gas pairs and for

32

.38

04

.38

.06

.03

44

14

.34

.39

.06

.34

.60
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Table 17. Selected High~Temperature Points for Curve-Fitting, Group I

System logloLﬁiz(x = 1/2)]
1000°K 10,000°K
He-Ne 0.930 ' 2.680
He-Ar 0.785 2.555
He-Kr 0.700 2.510
He-Xe 0.630 2.435
Ne-Ar | 0.410 2.150
Ne-Kr 0.320 2.065
Ne-Xe 0.250 2.000
Ar—Kr 0.070 1.810
Ar-Xe 0.010 1.730
Kr-Xe -0.150 1.600
H, -N 0.790 2.575



Table 18. Molecular—Beam Potentials, Q(r) = Krs, for Group I. a

Amdur et al. b Leonas et al. ¢
System K s Range K s Range
ev(X)® b ev(®)® 2
He-Ne 38.3 7.97 1.52-1.86  10.3 5.61 1.3 -1.65
He-Ar 62.1 7.25 1.64-2.27  22.6 5.15 1.63-2.06
He-Ke 27.4 5.68 1.85-2.37  45.3 5.52  1.67-2.04
He-Xe 182 6.96 2.14-2.60  35.2 5.2 1.73-2.2
Ne-Ar 630 9.18 1.91-2.44  99.5 6.56 1.93-2.49
Ne—Kr 223 7.71 2.09-2.64 437 7.65 2.15-2.52
Ne-Xe 1480 8.98 2.39-2.87 210 6.76 2.0 -2.56
Ar-Xr 367 6.88 2.30-2.92 855 6.92 2.4 3.1
Ar-Xe 2450 8.15 2.60-3.15 292 5.9  2.48-3.27
Kr-Xe 1060 6.70 2.72-3.37 875 7.1 2.44-3.0
H,~N, 191.0 7.19 1.96-2.46  88.1 6.63, 1.84-2.50

Complete reference information is given in Bibliography II.
All results except He-Ar and Ne-Ar are calculated by combination

rules.

Only the potential for HZ—N2 is calculated by combination rules.



Table 19. Values of faz by Direct Measurement Compared with Those from

Mixture Viscosity, and from Thermal Conductivity.

Direct Mixture Viscosity Thermal

Measurement Conductivity

van Kestin  Trautz Thornton  van von Thornton

Heijningen Itterbeek Ubisch

et al. et al. et al.

(295°K) (293°K) (293°K) (291°K) (v292°K) (302°K) (291°K)
Sys tem Deviation from Reference Equations, Percent
He-Ne -0.8 —O.l5 +2.3 +3.5 +1.4 +2. +18.8
He-Ar —O.O5 +0.1 +1.2 +1.0 +5.6 +4 ., +3.3
He-Kr +1.0 +0.6 - +3.2 - +4-, +9.1
He~-Xe +0.6 - +0.9 +0.5 - +1. +4.,5
Ne-Ar +0.1 -0.4 -0.1 4.4 +1.8 +4 . +6.7
Ne-Kr -0.1 - - +1.5 - +3. +0.45
Ne-Xe +0.8 - - +0.1 - +4 . +2.1
Ar—Kr +0.2 - - -0.3 - +4 , -4.7
Ar-Xe  +40.1 - - -1.1 - +1. -2.8
Kr-Xe +O.05 - - +0,2 - -1. -0.2
HZ—N2 +0.7 +0.5 -1.0 - -0.8 - -
lavg. 0.41 0.35 1.1 1.6 2.4 3. 5.3

dev.‘ a
(3.8)

index of 1 1 3 4 6 8 13
reliabil- s
ity (9)

Disregards large deviation (18.8%) of He-Ne.
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Fig, 1. Qualitative Temperature Dependence

of Diffusion Coefficients.
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Fig. 2. Principal Experimental Methods

for Diffusion Coefficients.
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Fig. 3.

Composition Dependence of A12 at
Two Mass Ratios (m). Eq. (2.2-10)
is the exact formula of the Chapman-

Enskog theory; Eq. (4.2-1) is the

‘semi-empirical expression of this

report.
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Fig. 4. Estimated Uncertainty Limits of

43&2 as a Function of Temperature.
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APPENDIX
General Correlation for Diffusion Coefficients,a&ig, by Corresponding-States

This appendix presents a new two-parameter corresponding-states equation
for the temperature dependence of diffusion coefficients,aﬁi2¢ The derived
equation is

2MM2

1 120 %1% 0-0) e
(o)™ = ~57E
- 0.0S?OE/{ln [(1/6)/4.10 x 1071} 2 exp [16.61/(1/6)]
x exp [35.87/(2/0)°1 (a-1)
for T/6 > 36.6, and
(J),c,)':L = 5.4 x 107 (T/G)l/3, | (A-2)

for T/6 £ 36.6,

where @ and W are adjustable parameters determined by corresponding-states
analysis. The quantum effects evident in measurements of«ﬁia at very low
temperatures and for light gases were approximated by the hyperbola

ASL = 10L*{ 0.2415 - [0.05832 + 48,92 Xgll/g}, , (a-3)

X= (6/T)(ps/w),

where /Mo denotes a relative reduced mass. Equations (A-1), (A-2), and (A-3)
appear to serve better than any other known method for the correlation and
prediction of diffusion coefficients. These equations were developed as
follows.

Theory. Most of the theory has been presented in Chapter 2, and the
terms used in this appendix are consistent with the body of the report. Ac-
cording to corresponding-states the collision integral, jilg(l’l), can be

expressed as a function of two parameters. One parameter that is related to




the true well-depth of the intermolecular potential, denoted by 6, and the
second parameter that is a characteristic range-of-force distance, denoted
by u)l/g. The relationship between the collision integral and the first

approximation ofwﬁgg is

(] - _0:008258 73/2 (2.2-8)
B 1/2 R 1,1) °
L mtagy/0g ) 1700
Eq. (2.2-8) can be rearranged to

. 1/2
(£, [,/ )] /

/2 Sl

b (A—h)

where p has been assumed constant, at one atmosphere. To simplify notation
the subscripts and superscripts on the collision integral have been dropped
because this appendix concerns only diffusion in binary mixtures. On the
assumption of a two-parameter potential the collision integral can be ex-

pressed in terms of @ and &/, that is,

L = w Q(1/0). (A-5)
The values of & and 6 can be obtained from experimental measurements ofcéig
and an auxiliary theoretical formula. The values quﬁag should be corrected
to a mixture composition which corresponds to a trace concentration of the
heavy component; then the measurements will closely approximate [Weig] 5
see Section 2.4. The theoretical formula is an expression for the London
dispersion constant, see Section 2.3. The ILondon constanfj d, is proportional

to the potential parameters,

¢ o< o(w)’. (a-6)
Given the London constant the low-temperature classical asymptotes for Bﬁﬁg]

1
may be readily calculated, as was shown in Section 2.6-a),

0= 7. (C/T)l/3. (A-7)




A-3

For mixtures free of quantum effects Egs. (A-5), (A-6), and (A-7) can lead to
guantitative estimates of © and W, when reliable values of C and [Qgigl
ags a function of temperature are available.

For mixtures with significant quantum effects theory indicates that the
differences between the quantum~ and classical-diffusion collision integrals
may be simply related to AX/T, that is, the ratio of the de Boer parameter
to temperature. Since ANX¥ E,h/[ﬂ”(B/u.Elg)if/?L quantum effects may be ap-
proximated by

AD = (Qo% = D) X (D) (42, (A-8)
where the asterisk dgnotes the presence of quantum effects, the subscript
denotes values taken relative to a reference gas pair, and//0 is the relative
mass ratio of the reference mixture to a particular mixture.

Outline of Calculation Method. The information necessary for the calcu-

lation of the corresponding parameters is available ffom the critically evalu~
ated diffusion coefficient data presented in the body of this report and from
London constants in the literature.l The most reliable values ofa&iQ are
experimental results for the ten noble gas pairs, whose molecular character-
istics are most consistent with the theoretical formulas. Of all the data
available only the experimental results by van Hejyningen et g;.g were selected
for this corresponding-states analysis; the temperature range of this data is
between 65° and 400°K. The values ofWétg calculated from molecular-beam
potentials were used at 1000° and 10,000°K; and they have been listed in
Table 17. The data from both sources were corrected to a mixture composition
which corresponds to a trace of the heavy component by the method given in
Chapter 4, Section 2. From this information values of (l/ji) were calculated

in accordance with Eq. (A-4), the results are given in Table 26. The values

were plotted on precise graphs on a log-log basis, and appear as unconnected



points. At low temperatures the London constants given in Table 14 were used
to calculate values of 1/{) in accordance with Egs. (A-4) and (A-7). These
low-temperature data appear as straight lines with slopes equal to 1/3 on the
log-log plots constructed for each noble gas mixture. By graphical analysis
the corresponding-states parameters © and W were obtained. The gas pair
He-Ar was considered a reasonable choice as a reference system to which the
two parameters would be normalized. The procedure to determine © snd «w was
essentially as follows. On the graph for He-Ar, the graph for each noble gas
pair was superimposed and shifted along the asymptote of He-Ar until the ex-
perimental points were most nearly coincident. Similarly, the data of other
gas pairs were matched. A displacement of the abscissa from values for He-Ar
gave the loglOQ. With 6 known, the values of W were calculated in accordance
with Eq. (A-6). 1In Table 26 the fifth and sixth columns list the estimated
values of © and W for the ten noble gas pairs.

The determined © and « were used to generate values of (T/@) and [u9i2] X
[2M1M2/(Ml+ M2)11/2c¢1/&3/2 which were plotted on a large-scale graph on a
log-log basis. If the two-parameter assumption for the corresponding-states
analysis 1is good, as well as the use of reliable data, then these points should
fall on a single curve. This curve would correspond to the collision integral
for the reference system, He-Ar. The results were guite consistent. Almost
every one of the points, 61 in all, had deviations of less than 10% and the
average absolute deviations for each noble gas pair ranged from about 1 to 3%.
The data clearly indicated a complex nonlinear relationship, except, of course,
at temperatures covered only by the classical ssymptote. A simple mathematical
Torm applicable over the entire temperature range was not obtained. An equa-
tion was derived as follows. Through the data points a smooth curve was

drawn. Points were selected off the curve which are listed in Table 27, and



fitted to the form of Eq. (4.3-1). The numerical values for the corresponding-
states equation were calculated by a linear least-squares procedure. The
parameter s of Eq. (4.3-1) was found to be almost zero (0.0210); to simplify
the expression the parameter s was taken as exactly zero, and the final

values for the other parameters were again obtained by least-squares calcula-
tions. These results are given by Eq. (A-1). The intersection of Eq. (A-1)
and the classical asymptote, for He-Ar, established the upper temperature

limit for the asymptote, Eg. (A-2). The value of the intersection point was
read directly off the large-scale graph. The results are illustrated in

Fig. 82.

The hyperbolic approximation for quantum effects was calculated based
on differences between the experimental data and points on the drawn curve
only between 65° and 4OO°K. These differences were plotted and found to be
consistent with Eqg. (A-8). In addition data3 for H,- N, were included for
which the € and w values were estimated from a relationship between 6, C, and
polarizabilities. This relationship is discussed below. Inspection of the
graph indicated that a correlation for quantum effects had the form of a
hyperbola. The determined expression is given by Eq. (A-3), and Fig. 83
shows that quantum effects may be well estimated by this approximation.

The experimental values onng were compared with predictions by Egs.
(A-1), (A-2), and (A-3); the deviations are listed in Table 28. The values
of & and &’ used in these calculations are listed in Table 26.

The experimental data ofhfﬁg were also compared with a previously pub-
lished correlation forfx%g.u This correlation requires knowledge of atomic
volumes which are empirical parsmeters. The correlation is illustrated for
the He-Ar mixture on Fig. 82. The deviations presented in Table 29 indicate

that it is a very good simple method for estimates of€5ip,



Discussion. The utility of the corresponding-states equation is in three
areas: (1) for mixtures with much reliable data the applicable temperature
range may be extended to higher or lower temperatures with considerable re-

liability, (2) for mixtures with meager data the extrapolations can be made

with less reliability but these extrapolations are sensitive to the temperature

dependence of 712, and (3) for mixtures with no measurements ofafiz, values
may be predicted over several decades of temperature.

The application of the equation requires two parameters. Several calcu-
lations were made for different methods useful for the determination of © and
W ; the results are presented in Table 30, First from the measurement of a
single value ofaﬁig and knowledge of the London constant values of 6 can be
obtained by simple graphical analysis. The technique is similar to that used
to obtain the original values of © and «. If the London constant is not

available from the literature, then C may be computed from the Slater-Kirkwood

formula5
. :(3/2) a0, B
o Lz 12 > (A-9)
) TGO
1 2

where & is the polarizability of the atom or molecule, and N is the number of
valence electrons. The Slater-Kirkwood expression is a fairly reliable means
to obtain the London dispersion constant. Second, if no measurement ofaéig
is available then values ofa&ig may still be predicted given the London con-

stant or the well depth.

The London constant has been correlated to the values of ©. The form

for this correlation was derived by an argument which startés with C@(éf]p<012>

The well~depth,<§12, is assumed proportional to €. The polarizability between

6
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atoms or molecules may be considered as, & ok , where U can be approxi-
mated as the arithmetic mean value of the individual gases. By these assump-

tions and a plot with the appropriate coordinates, the equation obtained for

6 in terms of (C,Q) is

o = VT 1/§)6‘ . (A-10)

Equation (A-10) and the available values of © are shown in Fig. 8k. If no
values of the ILondon constants are available then © may still be predicted
given the well-depth of the potential. The values of © were plotted against
éjE/H from three sources, see Fig. 85. The most reliable source of & 1
is molecular—beam.measurements6, less reliable values are obtained from vis-

7

cosity data and the combination rules’, and from diffusion coefficients.

Fig. 85 indicates that there is a direct proportionality between © and 6:12

but, because of the relatively large uncertainties in & ,a detail analysis

12
is unwarranted. The data presented in Fig. 85 was simply approximated by
6 = 0.021 (élg/K). (A-ll)

In Table 30 the results are presented for a number of test cases about
the predictive abilities of Egs. (A-1), (A-2), and (A-3). Two gas pairs
were chosen, one a noble gas pair other than He-Ar, and a gas palr with di-
atomic molecules, Hé- Né. The deviations indicate that with one experimental
measurement Of“9i2 reliable values ofaﬁig can be predicted over more than
three decades of temperature. The absence of a measurement ofVﬂié increases
the uncertainties in predicted wvalues ofmgze by a factor of about 1.5, or

less.

Concluding Remarks. In Table 350 the deviations as a function of tempera-

ture indicate that general correlation does not have great enough curvature,
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an upswing, at temperatures between 1000° and 10,000°K. This shortcoming is
also evident in Fig. 82. The magnitudes of these systematic errors are less
than the uncertainty limits for mixtures of Group IIIL, see Chapter 5, Section
1. In Table 28 the deviations for Ne-Ar appear systematically high by a

few percent. This suggests that the values of © and «w should be slightly

adjusted to improve the curve-fit for Ne-Ar.




1

A-9

REFERENCES

Dalgarno, A., Adv. Chem. Phys. 12, 143 (1967)

2 .Y .
van Heyningen, R. J. J:., J. P. Harpe, and J. J. M. Beenakker, Physica i@,

1 (1968)

3van Heyningen, R. J. J., A. Feberwee, A. van Oosten, and J. J. M. Beenakker,

Physica 32, 1649 (1966)

11LFuller, E. N., P. D. Schettler, and J. C. Giddings, Ind. Eng. Chem. 58 (5),

19 (1966)

5Wilson, J. N., J. Chem. Phys. 43, 2564 (1965)

6
Bernstein, R. B. and J. T. Muckerman, Adv. Chem. Phys. 12, 389 (1967)

7

Hirschfelder, J. 0., C. F. Curtiss, and R. B. Bird, Molecular Theory of

Gases and Liquids (John Wiley and Sons, New York, 195h; corrected with

notes added, 1964), p. 1110



26-1

Table 26. Experimental Data and Corresponding-States Parameters.a

T, °K 10%/ B, Gas Pair o (w)/?
65.35 k.o32 He - Ne 0.78 0.86
T7.35 4.210
90.2 h.321

169.3 L.84h6

295.0 5.290

1,000. 6.743
10,000. 12.00
9.2 2.949 He - Ar 1.00  1.00

169.3 3.394

295.0 3.762

400.0 3.991

1,000. (u.919)b
10,000. (8.747)¢

111.7 2.7hL He - Kr 10.89 1.07

169.3 3.009

295.0 3.359

400.0 3.493

1,000. 4.169
10,000. (7.587)%
- 169.3 2.611 He - Xe 0.71 1.19

231.1 2.713

295.0 2.877

400.0 3.033

1,000. 3.546

10,000. (6.601)°



Table 26.

400.0
1,000.
10,000
169.3
231.1
295.0
400.0
1,000.
10,000.
169.3
231.1
295.0
400.0
1,000

10,000

(continue

2

2

= W

a.
1Ou/ji
241
.812
.201
-39
.185
.223
.136
483
.852
075
.696
.27u)f
.170
.348
.500
.658
.231
LTl
576
.798
.965
.163
700

.368)8

Gas Pair o

Ne - Ar | 1.55
Ne - Kr S 1.35
Ne - Xe 1.29
Ar - Kr 3.02

26-2

1.13

1.21

1.21
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Table 26. (Continued).

T, °K 10%/6. Gas Pair 9 ()12
169.3 1.336 Ar - Xe 3.72 1.24
231.1 1.538
295.0 1.710
400.0 1.808
1,000. 2.479
10,000. %4.089
169.3 1.153 Kr - Xe L,27 1.29
231.1 1.3k7
295.0 1.482
400.0 1.658
1,000. 2.241
10,000 3.969

% {uis defined by Eq. (A-L).

Values in parenthesis are slightly low and more reliable values are as follows:
b -

L.976 x 10 H

€9.265 x 107"

d8.513 x 10“LL
€7.155 x 10
T6. 4ol x 10

€L.600 x 10°




Table 27.

loglo(T/Q)

1.

1

1

Values in parenthesis are slightly low and more reliable values are as follows:

8,

b

C

d_3. 004

e

600
. 700
.800
.900
.950
.000
.050
.100
.150

.200

-3.262
-3.210

-3.150

-3.037

"loglo (LQJ o )
715
666

621
578
557
.538
.520
.503
488
L7k
LL62
452
ke
433

log, (T/0)

2

2

2

.b50
.500
550
.600
.700
.800
.900
.000
.200
.Loo
.600
.800

.000

27-1

Data for Curve~Fitting the Corresponding-States Equation.

-1og, (o)
-3.424
-3.415
-3.h06
-3.397
-3.377
-3.356
-3.334
-3.311
(-3.265)%
(-3.218)b
(-3.169)°
(-3.118)d
(-3.066)°




Table 28.
Gas Pair
He - Ne¥
He - Ax¥
He - Kr
He - Xe

26-1

Deviations of Experimental Data from the Corresponding-States

Equation
T, °K
65.3
773
90.2
169.3
295.0
1,000.
10,000,
90.2
169.3
295.0
400.0
1,000.

10,000,

111

>
>

Lo

5.0

.0

Deviation, %

-1.89
-0.63
~-0.95
-2.01
= b2
-L .75
+1.51
+2.38
-0.15
-2.52
-3.10
-1.05
+6.33

+1.62

-2.47
-5.05
-6.25
+2.6L
+1.09
-2.18

-1.6h

Gas Pair
Ne - Ar¥*
Ne - Xr
Ne - Xe
Ar - Kr

T, °K
90.
169,
205.
400.
1,000.
10,000.
111.
169.
295,
400.
1,000.
10, 000.
169.
231.
205,
400.
1,000.
10,000.
169.
231.
295 .
Loo.
1,000.

106,000,

Deviation, %
+5.20
+h. b7
+1.89
+0 . lily
+0.91
+7 .37
+1.07
+2.58
+1.67
+2.10
+0.97
+4.60
+1.44
+0.85
+1.08
+0.17
+0.26
+3.58
+0.36
+0.43
+0.64
+0. 8l
+0 .27

+0.11
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Table 28. (Continued)

Gas Pair T,°K Deviation, % Gas Pair T, °K Deviation, %
Ar - Xe 169.3 -0.7h Kr - Xe 169.3 +0.39
231.1 -1.80 231.1 -0.87
295.0 -1.03 295.0 -2.06
400.0 -1.04 400.0 -2.12
1,000. -1.34 1,000. +2.40
10,000 . +2.,0h 10,000 « | +11.36

*Deviations for these systems include corrections for guantum effects.
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Table 29. Comparison of the Corresponding-States Equation and the Correlation
by Fuller, Seager, and Giddings.a

Average Absolute Deviation,%

Gas Pair This Report FSG Temperature, °K
He - Ne 2.31 5.83 65 - 10,000
He - Ar 2.59 3.01 90 - 10,000
He - Kr 3.08 hhg 112 - 10,000
He - Xe 2.99 10.02 169 - 10,000
Ne - Ar 3.38 2.91 9 - 10,000
Ne - Kr 2. 17 3.07 112 - 10,000
Ve - Xe 2.06 10.26 169 - 10,000
Ar - K 0.4k 6.09 169 - 10,000
Ar - e 1.48 4.28 169 - 10,000
Kr - Xe 3.20 6.49 169 - 10,000

a
Reference L.



Table 30. Test Calculations for Corresponding-States Equation.

Gas Pair T,°K cmg/sec C,a.u.
Ar - Kr 295.0 0.1354 91.8b
- - 914

- - 91.8°

H, - N 294.8  0.7521 30

204.8  0.7521 31.3

- - 31.3

€ o/l K

145

*¥The deviations calculated are as follows:

Deviation, %

Gas Pair T,°K  This Report TFSGP

H, - N, 65.25 -9.29 -11.5
77.35 -0.10 -6.18
90.2  +0.6hL -3.94
169.3  41.2Y4 +1.7h
294.8  -0.0bL +1.15
1,000. -2.36 -l.79

10,000.  +15.9 +3.13

5

Gas Pair

Ar -

Kr

o
3.11°
3.05°
3.17

2.20
2.10
1.32°
1.64%

1.7&f

w
1.45
1.46
1.45

1.12
1.16

1.33

T, °K

169.3

231.1

295.0

400.0

1,000.

10,000.

Avg. Abs.

30-1

. .. A
Deviation,” %

0.h1*
0.45
0.97
6.09%E
L. oo*
5.39
6.51
5.07
7.42
4.63%8

Deviation,

This Report

+0,

+0.,

+0

+0.

b5
39
.65
72
Noll

.22

%

Fsc?
-11.2
-6.41
-3.62
-1.70
-2.%0

-11.2



8'Average absolute deviations are for data over a temperature range of 169°
to 10,000°K for Ar-Kr: (6_ points) and 65° to 10,000°K for H,-10, (7 points).

bEstimated from Slater-Kirkwood formula, Eq. (A-9).

cEstimated by graphical analyses.

dObtained from literature.

“calculated from Eq. (A-11).

fealculated from Fq. (A-10).

®Based om correlation by Fuller et al. (1966).1‘L



Fig., 82, Corresponding-States Correlation

for Gaseous Diffusion Coefficients.
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Fig. 83, Corresponding-States Correlation for

Mixtures with Quantum Effects.
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Fig, 84. Correlation of ©& as a Function

of the London Dispersion Constant.,
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Fig. 85. Correlation of 6 as a Function

of the Potential Well-Depth, elzlk.
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but-Zoene«(HZ, NZ}, ZQSvdimathylbutaﬂlzSmdienem(ﬁz, Nz}, hexa-1:
S—diene—(HZ, NZ)Q evaporation tube.

Currie, J. A. (1960). Brit., J. Appl. Phys. 11, 314. ﬂzmair. open tube.

Cvetanovié, R. J, and D. J. Le Roy (1952)., J. Chem. Phys. 20, 343.
Na—Nz. evaporation tube.

de Nordwall, H. J. and R. H. Flowers (1958). U. K. A, E. A, Research
Group, A. E. R, E. C/M 342, air-1,. unsteady evaporation.

De Paz, M., B. Turi, and M. L. Klein (1967). Physica 36, 127. Ar-Ar.
capillary leak.

Diller, D. E, and E. A, Mason (1966). J. Chem., Phys. 44, 2604. HZ”DZ'
mixture viscosity,

DiPippo. R., J. Kestin, and K. Oguchi (1967). J. Chem. Phys. 46, 4986.
He-(Ne, Ar, COZ), Ne-(Ar, Nz), Aru(NHs, N2)° mixture viscosity.

DuBro, G, A. (1969). Monsanto Research Co., Report MLM-1635. 3He-"He,
He- (Ne, Ar), Ne-Xe, Kr-Kr. two-bulb apparatus.

Durbin, L. and R. Kobayashi (1962). J. Chem. Phys. 37, 1643. Kr-(He, Ar,
Kr, C2H4, NZ’ COZ)‘ two-bulb apparatus (porous plug).

Ellis, C. S. and J. N. Holsen (1969). Ind. Eng. Chem., Fundam. 8, 787.
N2~(He, CO,). diffusion bridge (porous septum).

Ember, G., J. R. Ferron, and K. Wohl (1962). J. Chem. Phys. 37, 891.
COzaCO . point source.

2

Ember, G., J. R. Ferron, and K. Wohl (1964). AIChE J, 10, 68. CH,~CH,,

COZ—(CH4, HZO, CDZ)B point source.

Evans, E. V. and C. N. Kenney (1965). Proc., Royal Soc. A284, 540. qu(Ar,
SF6), szethylene, SFéu{H@, Ar, sza gas chromatography.

Evans., R. B,, IIT, J. Truitt, and G. M. Watson (1961). J. Chem. Eng.

Data 6, 522. He-Ar. diffusion bridge (porous septum).
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Evans, R. B., ITI, G. M. Watson, and J. Truitt (1962). J. Appl. Phys.
33, 2682. He-Ar. diffusion bridge (porous septum).

Evans, R. B., III, G. M. Watson, and J. Truitt (1963). J. Appl. Phys.

34, 2020. He-Ar. diffusion‘bridge {porous septum).

Evans, R. B., III, L. D. Love, and E. A, Mason (1969). J. Chem. Educ.
46, 423. air-(He, Ar, nz). Graham diffusion tube.

Fairbanks, D. F. and C. R. Wilke (1950). 1Ind. Eng. Chem. 42, 471. tol-
uene-(Ar, H,, air), ethyl propionate-(H,, air). unsteady evaporation.

Fedorov, E. B., B, A. Ivakin, and P. E. Suetin (1966). Soviet Phys.-Tech.
Phys. 11, 424 [Zh. Tekh. Fiz. 36, 569 (1966)]. He-(Ar, Kr, air,
SF6), Kr-(Arx, Hz). closed tube.

Fejes, P. and L. Czdrén (1961). Hungary Acta Chim. 29, 171. H,-(N,, CH

2
ethane, propane, L4H10), CH4mCOZ, NZ—(ethane’ propane, L4H10).
gas chromatography.

Ferron, J. R. (1967). Private Communications. H,0-1,0, CO7~(AT, H,0,
N2, COZ)' point source.

Foch, R. (1913). Ann. Chim. Phys. 29, 597. air~COz. open tube.

Franzen, W. (1959). Phys. Rev. 115, 850, Rb-(Ne, Ar, Kr, Xe).
optical pumping.

Freudenthal, J. (1966). Proceedings of the Seventh International Con-

ference on Phenomena in lonized Gases (Beograd, 1965), B. Perovic

and D, ngié, eds. (Gradevinska Knjiga Publishing House, Beogard),
Vol. 1, pp. 53-7. Ne-Ar. cataphoresis.
Frost, A. C. (1967). Ph.D. Thesis, Columbia Univ. New York. He-—(N2g CH4,
ethane, propane, butanc, CZH4’ propylenc, l-butene). open tube.

Fuller, E. N. and J. C. Giddings (1965). J. Gas Chromatog. 3, 222.

He«(CHd, n-hexane). gas chromatography.
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Fuller, E. N, and J. C. Giddings (1967). in Giddings and Mallik (1967).
Nz-(ethylene, butane). gas chromatography.

Fuller, E. N., K. Ensley, and J. C. Giddings (1969). J. Phys. Chem. 73,
3679, N2~(ethy1ene, C4H10)z He- (1-fluorohexane, fluorobenzene,
difluoromethane, 1,1-difluorethane, hexafluorobenzene, 4-fluorotoluene,
dichloromethane, trichloromethane, 1,2-dichloroethane, l-chloropropane,
l1-chlorobutane, 2-chlorobutane, l-chloropentane, chlorobenzene, dibromo-
methane, bromoethane, l-bromopropane, 2-bromopropane, l-bromobutane,
2-bromobutane, l-bromohexane, 2-bromohexane, 3-bromohexane, bromo-
benzene, 2-bromo-l-chloropropane, iodomethane, iodoethane, l-iodo-
propane, 2-iodopropane, l-iodobutane, 2-iodobutane). gas chromatography.

Gaede, W. (1915). Ann. Physik 46, 357. Hg-(HZ, air). condensable vapor
pumping effect and evaporation tube.

Galloway, T. R. and B. H. Sage (1967). Chem. Eng. Sci. 22, 979.
air-(n-hexane, n-heptane, n-octane).l evaporation tube.

Getzinger, R. W. and C. R, Wilke (1967). AIChE J. 13, 577. air-(CHSOH,

ethanol, benzene, CHC1 CC14). evaporation tube.

3%
Giddings, J. C. (1968). Private Communication. Hz-He. gas chromatography.
Giddings, J. C. and K. L. Mallik (1967). Ind. Eng. Chem. 59 (4), 18.
(see Fuller and Giddings, 1967).
Giddings, J. C. and S. L. Seager (1960). J. Chem. Phys. 33, 1579.
HZ—NZ. gas chromatography.
Giddings, J. C. and S. L. Seager (1962). Ind. Eng. Chem., Fundam. 1, 277.
He- (Ar, NH

55 Nyu 0y, CO,), Hy-(He, N,, C0,), N,-(0 €0,). gas

2’
chromatography.

Gilliland, E. R. (1934). Ind. Eng. Chem. 26, 681. air—(HzO9 2-propanol,
l1-butanol, 2-butanol, 2-pentanol, toluene, ethyl acetate, chlorobeniene,

aniline, diphenyl, Hg), evaporation. tube.
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Ginsel, L. A. and L. S. Ornstein (1933). Z. Physik 84, 276. Na-flame
atmosphere. flame diffusion.
Golubev, I. F. and A. G. Bondarenko (1963). Gazov. Prom. 8, 46. Ar-(He,

H two-bulb apparatus.

2)°

Goryunova, N. A. and E. V. Kuvshinskif (1948). Zh. Tekh, Fiz. (USSR)

18, 1421. air-(acetone, CHClS, cyclohexane)., evaporation tube,

Gozzini, A., N. Ioli, and F. Strumia (1967). Nuovo Cimento B49, 185.
He-Na. optical pumping.

Griboiedov, S. (1893). J. Russ. Phys-Chem. Soc. 25, 36. air-(benzene,
ethyl ether, methyl formate, methyl acetate, methyl propionate).
evaporation tube.

Grieveson, P. and E. T. Turkdogan (1964). J. Phys. Chem. 68, 1547,
Ar-(Cr, Fe, Co, Ni). -evaporation tube.

Grob, A. K. and M. M. El-Wakil (1969). Trans. ASME, J. Heat Transfer 91C,
259. air-(n-hexane, n~heptane, benzene, CC14, ethyl acetate,
1,2-dichloroethane, ethyl iodide, fluorobenzene, n-butyl chloride,
ethyl bromide). unsteady evaporation.

Groth, W, and P. Harteck (1941). 2Z. Elektrqchemq 47, 167. Kr-Kr, Xe-Xe.
closed tube.

Groth, W. and E. Sussner (1944). Z. Physik Chem. (Leipzig) A193, 296.
Ne-Ne. closed tube.

Guglielmo, G. (1881). Atti Accad. Torinovlzf 54, HZO-air, evaporation
tube.

Guglielmo, G. (1882). Atti Accad. Torino 18, 93. HZO-(HZ, air, COz)g
evaporation tube,

Gurvich, V. S. and E. V. Matizen (1968). Isv., Sib, Otd. Akad. Nauk SSSR,
Ser. Khim. Nauk 6, 8; in Chem. Abstr. 70, 71226 j (1969). Ar-COz,

capillary method (?); method not given in abstract.
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Gush, L. L. (1948). Trans. Inst. Chem. Eng. (London) 26, 142. air-acetome.
evaporation tube.

Hargrove, G. L. and D. T. Sawyer (1967). ‘Anal. Chem. 39, 244. He-(ethanol,
n-butane, n-pentane, n-hexane, ether, acetone, benzene), Ar-(n-butane,
n-pentahe, n-hexane, ether, acetone, benzene), Nz-n«butane. evapora-
tion tube.

Harteck, P. and H. W. Schmidt (1933). Z. Physik Chem. (Leipzig) B21, 447,
p-Hy in normal-Hp. closed tube and back diffusion.

Hartland, A. and M. Lipsicas (1963). Phys. Letters 3, 212, HZ-HZ.
nuclear magnetic resonance.

Hawtin, P., R. W. Dawson, and J. Roberts (1969). Trans. Inst. Chem. Eng.

(London) 47, T109. He-(Ar, N,JY» CH,-CO,. diffusion bridge (porous
septum).

Heath, H, R.,T. L. Ibbs, and N. E. Wild (1941). Proc. Royal Soc. Al78,
380. HZ-DZ. closed tube.

Heinzelmann, F. J., D. T. Wasan, and C. R. Wilke (1965). 1Ind. Eng. Chem.,
Fundam. 4, 55. air-benzene. evaporation tube.

Henry, J. P., Jr., R. S. Cunningham, and C. J. Geankoplis (1967). Chem.
Eng. Sci. 22, 11. He-N,. diffusion bridge (porous septum).

Hippenmeyer, B. (1949). Z. Angew. Phys. 1, 549. HZO-(HZ, Nz). evaporation
tube.

Hirst. W. and G. E. Harrison (1939). Proc. Royal Soc. A169, 573. Rn-(He,
Ne, Ar, Hz, air). closed tube.

Hogervorst, W. and J. Freudenthal (1967). Physica 37, 97. Ne-Ar,
cataphoresis,

Holmes, R. and W. Tempest (1960). Proc. Phys. Soc. (London) 75, 898.

He-(Ne, Ar, Kr). sound absorption.
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Holsen, J. N, and M. R. Strunk (1964). Ind. Eng. Chem., Fundam. 3, 143.
He-(Ar, air, COZ)’ COZ-(Ar, air). closed tube.

Houdaille (1896). Theses, Paris;in Landolt-Bdrnstein, Physikalisch-

Chemische Tabellen (J. Springer, Berlin, 1923) Vol. I, p. 251.

Hzo-air. evaporation tube.

Houghton, H. G. (1933). J. Appl. Phys. g; 419. Hzo-air (at various
humidities). droplet evaporation.

Huber, J. F. K, and G. van Vught (1965). Ber. Bunsenges. Phys. Chem. 69,
821. N2~n~hexane, C6H5N02-i-octane. gas chromatography,

Hudson, G. H., J. C. McCoubrey, and A. R. Ubbelohde (1960). Trans.
Faraday Soc. 56, 1144, ~benzene-(H2, N2, 02), cyclohexane (Hz, N2,
02), pyridine (Hz, NZ’ 02), piperidine (Hz, N2’ 02), thiophen-(Hz,
N2, 02), tetrahydrothiophen-(Hz, N2’ 02). evaporation tube.

Humphreys, A. E. and E. A. Mason (1970). Phys. Fluids 13, 000. Ar-Kr.
two-bulb apparatus and temperature dependence of thermal diffusion factor.

Hutchinson, F. (1947). Phys. Rev. 72, 1256. Ar-Ar. closed tube.

Hutchinson, F. (1949). J. Chem. Phys. 17, 1081. Ar-Ar. two-bulb
apparatus,

Ivakin, B. A, and P. E. Suetin (1964 a). Soviet Phys.-Tech. Phys. 8, 748
[zh. Tekh. Fiz. 33, 1007 (1963)]. H,-(D,, NHS,.CO), D,-(He, Ar,
NHg, N,, CO, air, CO,, SF.),NHs-(He, Ar, N,, CO, air, SF), CO-(He,
Ar, N2, C02, SFG)’ closed tube.

Ivakin, B. A. and P. E. Suetin (1964 b).Soviet Phys.-Tech. Phys. 9, 866
[Zh. Tekh. Fiz. 34, 1115 (1964)]. He-(Ar, Np, CO, air, CO,, SF),
Hy-(Ar, Ny, €O, CO,, SF.), CO,-(Ar, Ny, CO), SF.-(Ar, N,, CO, CO,).
closed tube.

Ivakin, B. A., P. E. Suetin, and V. P. Plesovskikh (1968). Soviet Phys.-

Tech. Phys. 12, 1403 [Zh. Tekh. Fiz. 37, 1913 (1967)]. Ar-(Xr,
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acetylene), 02-(Kr, SF6}B closed tube.

Ivanovskif, M. N., V. P. Sorokin, V., I. Subbotin, and B. A. Chulkov (1969).
Teplofiz. Vys. Temp. 7, 479 [to be translated in High Temp. (USSR)
7, 000}, K-(He, Ar, Hy, N,). diffusion comtrolled condensation.

Jona, F. (1965). J. Chem. Phys. 42, 1025. GeBrz-GeBr4, GeIz-GeI4.
diffusion controlled evaporation.

Jorgensen, F. and H. Watts (1961). Chem. Ind. (London), p. 1440,
air-benzene. evaporation tube.

Kalelkar, A. S. and J. Kestin (1969). Preprint, to be published in J. Chem.
Physics. He-(Ar, Kr). mixture viscosity.

Kamnev, A. B. and V. B. Leonas (1966). High Temp (USSR) 4, 283 [Teplofiz.
Vys. Temp. 4, 288 (1966)]. Kr-Kr, Xe-Xe. molecular beam scattering.

Katan, T. (1969). J. Chem. Phys. 50, 233, air-(methanol, ethanol,
benzene, ethyl acetate). droplet evaporation (modified).

Kaufmann (1967). in Frost (1967). He-(ethane, propane). open tube.

Kestin, J. and J. Yata (1968). J. Chem. Phys. 49, 4780. He-(H,, 0,),
HZ"NZ’ CH4—(C02, n-butane), COZ-Kr. mixture viscosity.

Kestin, J., Y. Kobayashi, and R. T. Wood (1966). Physica 32, 1065.
He- (Kr, Nz), COZ-(Ar, N2)g mixture viscosity.

Khomchenkov, B. M., K. M. Aref'ev,V. M, Borishanskig, I. I. Paleev,
N. I. Ivashchenko, R. I. Ulitski, I. G. Kholmiskif, and L. A.
Suslova (1968). High Temp. (USSR) 6, 956 [Teplofiz. Vys. Temp. 6,
999 (1968)]. He-(K;'Cs),HAra(K, Cs). evaporation tube.

Khouw, B., J. .E. Morgan, and H. I. Schiff (1969). J. Chem. Phys. 50, 66.
H- (He, Ar, Hz). dissociated gases,

Kimpton, D. D. and F. T. Wall (1952). J. Phys. Chem. 56, 715. HZO-(CH4,

ethane, propane, ethylene, air, SOZ), DZOfair. evaporation tube.
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Klibanova, Ts. M., V. V. Pomerantsev, and D. A. Frank-Kamenetskil (1942),
Zh, Tekh. Fiz, (USSR) 12, 14, air~(H20, COZ)’ capillary leak.,

Klotz, I. M. and D. K. Miller (1947). J. Amer. Chem. Soc. 69, 2557.
air-(HCN, CNC1, C0C12, CC13N02). evaporation tube.

Knox, J. H. and L. Mclaren (1963). Anal. Chem. 35, 449. Nz—ethylene.
gas chromatography.

Knox, J. H. and L. McLaren (1964). Anal. Chem. 36, 1477, Nz-ethylene.
gas chromatography.

Kohn, J. P. and N. Romero (1965). J. Chem. Eng. Data 10, 125.
CH4-(n-hexane, 3-methylpentane). evaporation tube.

Korpusov,V. I., B. I. Ogorodnikov, and V., N. Kirichenko (1964). At. Energ.
(USSR) 17, 221. air-RaA. precipitation from laminar flow,

Kosov, N. D. (1957). Issledovanie Fiz. Osnov Rabochego Protsessa Topok i
Pechei (Alma-Ata: Akad. Nauk Kazakh. S. 8. R.) Sbornik, pp. 285-90;
in Chem. Abstr. 56, 8026 i (1962). air-(Hz, C02, C12, acetylene).
capiliary leak. ‘

Kosov, N. D. and S. B. Abdullina (1966). Probl. Teploenerg. Prikl.
Teplofiz. No. 3, 242; in Chem. Abstr. 68, 98904 z (1968). COZ-NZO.
closed tube.

Kosov, N. D. and A. G. Karpushin (1966). Nekot. Vop. Obshch. i Prikl.
Fiz., Trudy Gorodskoi Konf., Alma-Ata (1965), pp. 94-6; in Chem.
Abstr. 67, 67831 y (1967). He-Ar. capillary leak.

Kosov, N. D, and Z. I, Novosad (1966 a). Nekot. Vop. Obshch, Prikl.

Fiz.,, Trudy Gorodskoi Konf., Alma-Ata (1965). pp. 90-3; in Chem.
Abstr. 67, 47396 d (1967). le-(Ar, C02), Ar-CO2° two-bulb apparatus.
Kosov, N. D. and Z. I. Novosad (1966 b). Probl. Teploenerg. Teplofiz.

No. 3, 251; in Chem. Abstr. 68, 98898 a (1968). He-(Ar-+C02),
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Ar-(N, + C0,), COy-(iie + Np). Method not given in abstract,

Kosov, N. D. and A. F. Bogatyrev (1968). Teplo. Massoperenas 7, 497;
in Chem. Abstr. 71, 105496 k (1969). He—COZ. (experimental method
not specified).

Krol, L. Ya., N. M, Ponomarev, V. V. Rakov, and V. V. Eremeev (1967).
Isv. Akad. Nauk SSSR, Neorg. Mater. 3 (2), 275; in Chem. Abstr. 67,
47391 b (1967). As4-(He, Ar). evaporation tube.

Krongelb, S. and M. W. P, Strandberg (1959). J. Chem. Phys. 31, 1196.
0-02. dissociated gases.

Langmuir, I. (1918). Phys., Rev. 12, 368. air-Iz. droplet evaporation.

Le Blanc. M. and G. Wuppermann (1916). Z. Physik. Chem. (Leipzig) 91, 143.
air—(HZO, ethanol, benzene, propyl acetate, chlorobenzene., evapora-
tion tube.

Lee, C. Y. and C. R. Wilke (1954). Ind. Eng. Chem. 46, 2381, He-(HZO,
ethanol, benzene, nitrobenzene), air-(HZO, ethanol, benzene, nitro-
benzene), CC12F2-(H20, ethanol, benzene). evaporation tube.

Legowski, S. (1964). J. Chem. Phys. 41. 1313. Cs-(He, Ne, Ar). optical
pumping.

Lipsicas, M. (1962). J. Chem. Phys. 36, 1235. HZ-HZ. nuclear magnetic
resonance.

Ljunggren, S. (1965). Arkiv Kemi (Sweden) 24, 1. He-Ar, UF6-(H2, He,

Ne, N2, 0,, Ar, Kr, Xe). closed tube.

2!

Lonius, A. (1909). Ann. Physik 29, 664. He-Ar, Hz-(NZ, 02, C02),
N2~02. closed tube.

Lonsdale, H. K. and E. A. Mason (1957). J. Phys. Chem. 61, 1544.
COZ—(HZ, lie). thermal separation rate.

Loschmidt. J. (1870 a). Sitzber. Akad. Wiss. Wien 61, 367. HZ'(OZ’ COZ),

air-COz. closed tube,
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Loschmidt, J. (1870 b). Sitzber. Akad. Wiss. Wien 62, 468. Hz—(CO, 02,

C02, SOZ)’ CO~(02, C02), C02-(02, air, NZO’ marsh gas). closed tube.

Lugg, G. A, (1968). Anal. Chem. 40, 1072. air-(pentane, hexane, octane,
benzene, toluene, phenylethylene, ethylbenzene, o-xylene, m-xylene,
p-xXylene, mesitylene, n-propylbenzene, i-propylbenzene, pseudo-cumene,
p-cymene, p-tert-butyltoluene, benzl alcohol, chloro-benzene, nitro-
benzene, aniline, benzyl chloride, o-chlorotoluene, m-chlorotoluene,
p-chlorotoluene, toluene-2,4,-diisocyanate, methanol, ethanol,
1-propanol, 2-propanol, 2-propenol, :1-butanol, 2-butanol, i-butyl
alcohol, tert-butyl alcohol, n-amyl alcohol, sec-amyl alcohol,
diacetone alcohol, 2-ethyl-l-butanol, l-hexanol, l-heptanol, methyl-
2-pentanol, l-octanol, dichloroethylether, p-dioxane, diethylether,
i-propylether, n-butylether, acetone, methylethylketone, methyl-
propylketone, mesityl oxide, i-phorone, formic acid, acetic acid,
propionic acid, n~butyric acid, i-butyric acid, i-valeric acid,
n-caproic acid, i-caproic acid, methyl formate, ethyl formate,
methyl acetate, ethyl acetate, methyl propionate, propyl formate,
ethyl cyanoacetate, i-butyl formate, ethyl propionate, methyl-n-
butyrate, methyl-i-butyrate, n-propyl acetate, i-propyl acetate,
n-amyl formate, i-amyl formate, n-butyl acetate, i-butyl acetate,
ethyl-n-butyrate, ethyl-i-butyrate, methyl valerate, ethylene~glycol-
monoethyl ether acetate, n-amyl acetate, n-butyl propionate, i-butyl
propionate, ethyl valerate, methyl-n-caproate, n-propyl-n-butyrate,
n-propyl-i-butyrate, i-propyl-i-butyrate, n-amyl propionate, i-butyl-
n-butyrate, i-butyl-i-butyrate, n-propyl-n-valerate, n-amyl-n-butyrate,
n-amyl-i-butyrate, i-butyl valerate, benzyl acetate, diethyl

phthalate, dibutyl phthalate, diisooctyl phthalate, carbon tetrachloride,
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bromoform, chloroform, bromochloromethane, dichloromethane, tetra-
chloro-ethylene, trichloro-ethylene, pentachlor-ethane, 1,1,2,2,~
tetrachlorethane, 1,1,1-trichlorethane, 1,1,2-trichlorethane,
ethylenedibromide, 1,1-dichloroethane, 1,2-dichloroethane, ethyl
bromide, 1,2-dibromo-3-chloropropane, ally chloride, propylene
dichloride, n-propyl bromide, i-propyl bromide, n-propyl iodide,
i-propyl iodide, ethylene glycol, propylene glycol, diethylene glycol,
triethylene glycol, ethylene glycol-monomethylether, ethylene-glycol-
mono-ethylether, diethylene glycol-monoethylether,. ethylene diamine,
n-butylamine, i-butylamine, diethylamine, triethylamine, dimcthyl-
formamide, acrylonitrile, benzonitrile, triethyl phosphate, tributyl
phosphate, tetraethyl-pyrophosphate, bis-2-ethylhexyl phosphate,
tri-ortho-cresol phosphate, bromine, carbon disulfide, chlorpicrin,
ethylene chlorhydrin, mercury. evaporation tube.

Luszczynski, K., R. E. Norberg, and J. E. Opfer (1962). Phys. Rev. 128,
186. 3ie-3He. nuclear magnetic resonance.
Luszczynski, K., R. E. Norberg, and J. E. Opfer (1967). Private Communi-
cation from J. E. Opfer. 3He-3He. nuclear magnetic resonance.
Mache, H. (1910). Sitzber. Akad. Wiss. Wien 1123,1399‘ HZO-(HZ, air).
evaporation tube.
Mack, E., Jr. (1925). J. Amer. Chem. Soc. 47, p. 2468 air-(Iz, toluene,Cy 4H,; ),
napthalene, diphenyl, benzidine, n-octane, aniline). evaporation tube.
Mackenzie, J. E. and H, W. Melville (1932). Proc. Royal Soc. (Edinburgh)
52, 337. Brz—(Hz, N2, 02. COZ)' unsteady evaporation,
Mackenzie, J. E. and H. W. Melville (1933). Proc. Royal Soc. (EdinburghO
53, 255, Brz—(Hz, CH4, HC1, Ar, COZ’ NZO)' unsteady evaporation.
Malinauskas, A. P. (1965). J. Chem. Phys. 42, 156. lle-(Ar, Xe), Ar-Xe.

two-bulb apparatus, relative measurements.
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Malinauskas, A. P. (1966). J. Chem. Phys. 45, 4704. He-(Ar, Kr), Kr-(Ar,
Xe). two-bulb apparatus, relative and absolute mcasurements.

Malinauskas, A. P. (1968). Private Communication. Ne-(He, Ar, Kr, Xe).
two-bulb apparatus, See Malinauskas and Silverman (1969).

Malinauskas, A. P. and M. D. Silver@an (1969). J. Chem. Phys. 50, 3263.
Ne-(He, Ar, Kr, Xe). two-bulb apparatus.

Manner, M. (1967). Ph.D. Thesis, Univ. Wisconsin, Madison., CH4—CH3C1
SF,), N,-butane, CHyClethyl chloride. closed tube. ‘

Mason, E. A. (1961). Phys. Fluids 4, 1504, He-Ar. Kirkendall effecf.

Mason, E. A. and F. J. Smith (1966). J. Chem. Phys. 44, 3100. He-(Ar,Kr).
composition dependence of thermal diffusion factor. .

Mason, E. A., S. Weissman, and R. P. Wendt (1964 a). Phys. Fluids 7, 174.
Hz-Ar, T2—(N2, Ar, COZ)‘ two-bulb apparatus.

Mason, E. A., M. Islam, and S. Weissman (1964 b). Phys. Fluids 7, 1011.

T

Kr-(Hz, D 2). two-bulb apparatus.

29

Mason, E. A., B. K. Annis, and M. Islam (1965). J. Chem. Phys. 42, 3364.
Hz-(Hz, Tz), DZ—TZ. two-bulb apparatus.

Mason, E. A,, L. Miller, and T. H. Spurling (1967). J. Chem. Phys. 47,
1669. HZ—(CH4, Ar, C02). Dufour effect(ratios).

Mathur, B. P. and S. C. Saxena (1968). Appl. Sci. Res. 18, 325. He-Ar,
Ne-Kr. two-bulb apparatus.

Matland, C. G. and A. O. McCoubrey (1955). Phys. Rev. 98, 558, (the first
author's name is incorrectly spelled as Maitland). Hg-Hg. mercﬁry

band fluorescence,

McCarty, K. P. and E. A. Mason (1960). Phys. Fluids 3, 908. H,-(D

2 C02),

2’
He-COz. Kirkendall effect (relative values).
McCoubrey, A, 0. (1954). Phys. Rev. 93, 1249. Hg-Hg. mercury band fluor-

escence.
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McCoubrey, A. O. and C. G. Matland (1954). Phys. Rev. 96, 832. Hg-Hg.
mercury band fluorescence. |
McCoubrey, A. O. and £. G. Matland (1956). Phys. Rev., 101, 603. Hg-Hg.

mercury band fluorescence.

McMurtie, R. L. and F. G. Keyes (1948). J. Amer. Chem. Soc. 70, p. 3755.
HZ"HZO’ HZOZ-airu evaporation tube.

McNeal, R. J.(1962).J. Chem. Phys. 37, 2726. Rb-(HZ, NZ’ CH4, ethylene,
ethane, cyclo-hexane). optical pumping.

Mehta, V. D. (1966). M. Sc. Thesis, Bombay Univ., Bombay; Private
Communication from M. M. Sharma. sztriethylamineg N2~(acetone,
n-butylamine, triethylamine)}, CClezwtriethylaminee evaporation
tube.

Mian, A. A. (1967). Ph.D. Thesis, Louisiana State Univ., Baton Rouge.
He~(N2; Ar), Nz—(HC1, €O, HBx), Ar-HBr. diffusion bridge (porous
septum) .

Mikhailov, V. K. and M. I. Kochegarova (1967). Sb. Nauch. Tr., Gos.
Nauch,-Issled. Inst. Tsvet. Metal. No. 26, 138; in Chem. Abstr. 69,
61664 r (1968). air-Hg. evaporation tube. Only abstract was available.

Miller, L. and P. C. Carman (1961). Trans. Faraday Soc. 57, 2143. Hz-(COZ,
Kz, CC12F2)2 CClZFZmCC12F25 Kr-Kx; COZ-COZ$ two-bulb apparatus (relative).

Miller, L. and P. C. Carman (1964). Trans. Faraday Soc., 60, 33. Hz-(COZ,
Kr, Xe, CCl,F,5), Kr-Ky, €0,-C0,. two-bulb apparatus (relative).

Morgan, J. E. and H. I. Schiff (1964). Canadian J. Chem. 42, 2300. N—Nz,
O-(He, N, 02; Ar}. dissociated gases.

Mrazek, R. V., C. E. Wicks, and K. N. S. Prabhu (1968). J. Chem. Eng.

Data 13, 508. air-(CHSOHQ CHClS)Q evaporation tube.

Mueller, C. R. and R. W, Cahiil (1964). J. Chem. Phys. 40, 651. CH4-(CH4,

co, sz CF4), C2H2—(C2H25 ethane), ethylene-{ethylene, Nz? ethane, CoHy),

ethane-ethane. two-bulb apparatus.
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Mullaly, J. M. and H. Jacques (1924), Phil. Mag. 48, 1105. Hg—(NZ, Iz).
unsteady evaporation.

Naccari, A. (1909). Atti di Torino 44, 561; in Ann. Phys. Beibl. 34, 182
(1910). air-ether. evaporation tube.

Naccari, A. (1910). Nuovo Cimento 19, 52. air-ether. gvaporation tube.

Nafikov, E. M. and A. G. Usmanov (1966). Isv. Vyssh. Ucheb, Zaved., Khim.
Khim., Tekhnol. 9, 991; in Chem. Abstr. 67, 25934 d (1967). air-(ben-
zene, n-hexane, n-heptane, n-octane, n-nonane, n-decane, n—undecaﬁe,
n-dodecane). evaporation tube.

Nakayama, K. (1968). Japan J. Appl. Phys. 7, 1114. Hg-(NZ, Kr, Xe).
condensable vapor pumping effect.

Narsimhan, G. (1955-56). Trans. Indian Inst. Ch. Eng. 8, 73. air-(H,0,
ethanol, benzene, toluene, CC14) evaporation tube.

Nelson, E. T. (1956). J. Appl. Chem. 6, 286. HZO-(HZ, NZ’ air, coal gas),
coal gas-benzene. unsteady evaporation,

Nettley, P. T. (1954). Proc. Phys. Soc. (London) B67, 753. HZ-NZ.
thermal separation rate,

Ney, E. P. and F. C. Armistead (1947). Phys. Rev. 71, 14, UF6-UF6.
two-bulb apparatus.

Nikolaev. G. I. and V. B. Aleskovskil (1964). Soviet Phys.-Tech. Phys.
9, 575 [zh. Tekh, Fiz. 34, 753 (1964)]; (the second author's name 1is
incorrectly transliterated as "Aleksovskii'' in the English transla-
tion.)} Ar-Zn. umsteady evaporation.

O'Connell, J. P., M. D. Gillespie, W. D. Krostek, and J. M. Prausnitz (1969).
J. Phys. Chem. 73, 2000. HZO—(CH49 NZ’ Ar).* evaporation tube.
Pakurar, T. A. and J. R. Ferron (1964). Preprint, Presented at the Con-

ference on Performance of High-Temperature Systems, Calif., 1964;

*A misprint appears in Table I; the highest temperature for CHg-H,0 1is

not 323°K but 328°K.
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available from CFSTI, AD-609597. COZ—(NZ, Ar, COz)e point source.
Pakurar, T. A. and J. R. Ferron (1965). J. Chem. Phys. 43, 2917. COZ-COZ.
point source.
Pakurar, T. A. and J. R. Ferron (1966). Ind. Eng. Chem., Fundam. 5, 553.
COZ-(NZ, Ar). point source.
Pal, A. K. and A. K. Barua (1967). J. Chem. Phys. 47, 216. Hzr(NHs, Nz).
mixture viscosity.
Pal, A. K. and P. K. Bhattacharyya (1969). J. Chem.Phys. 51, 828.
ethyl ether-(NHs, H25)° mixture viscosity.
Parker, A, S. and H. C, Hottel (1936). Ind. Eng.»Cheme 28, 1334,
Nz—(Oz, C02). microanalysis of diffusion film.
Paul, R. (1962). Indian J. Phys. 36, 464. Kr-(Ne, Ar, Kr). two-bulb
apparatus.
Paul, R. and I. B, Srivastava (1961 a). Indian J. Phys. 35, 465,
Oza[He, Ar, Xe). two-bulb apparatus,
Paul, R. and I. B. Srivastava (1961 b). Indian J. Phys. 35, 523.
Nz-(He, Ar, Xe). two-bulb apparatus.
Paul, R. and I. B. Srivastava (1961 c). J. Chem. Phys. 35, 1621.
HZ-(Ne, Ar, Xe). two-bulb apparatus.
Paul, R. and W. W. Watson (1966). J. Chem. Phys. 45, 2675. NH 'NHS'

3
two-bulb apparatus.

Petit, M-C. (1965). Compt. Rend. 260, 1368 H,0-air. unsteady evaporation.

2

Pochettino, A. (1914). Nuovo Cimento 8, 5. air-(acetic acid, methyl for-
mate, propionic acid, methyl acetate, ethyl formate, butyric acid,
i-butyric acid, methyl propinate, ethyl acetate, propyl formate,
valeric acid, i-valeric acid, methyl butyrate, methyl-i-butyrate,

ethyl propionate, propyl acetate, i-butyl formate, caprylic acid,
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i-caprylic acid, methyl valerate, ethyl butyrate, ethyl-i-butyrate,
propyl propionate, butyl acetate, i-butyl acetate, amyl formate,
i-amyl formate, ethyl valerate, propyl valerate, propyl i-butyrate,
i-propyl i-butyrate, i-butyl propionate, propyl valerate, i-butyl
butyrate, i-butyl i-butyrate, amyl propionate, i-butyl valerate,
amyl butyrate, amyl i-butyrate, propyl alcohol, i-propyl alcohol,
n-propyl bromide, i-propyl bromide, n-propyl iodide, i-propyl iodide,
ethyl ether, butyl alcohol, i-butyl alcohol, safrole, i-safrole,
eugenol, i-eugenol, butylamine, i-butylamine, diethylamine, propyl-
benzene, i-propylbenzene, mesitylene, ethyl benzene, o-xylene, m-xylene,
p-Xylene, benzyl chloride, o-chlorotoluene, m-chlorotoluene, p-chloro-
toluene, t-butyl alcchol). evaporation tube.

Pryde, J. A. and E. A. Pryde (1967). Physics Educ. (GB) 2, 311.
air-(acetone, ethyl ether, CC14). evaporation tubef

Raabe, 0. G. (1968). Nature 217, 1143. air-RaA. precipitation from
laminar flow.

Ramsey, A. T. and L. W. Anderson (1964). Nuovo Cimento 32, 1151. Na-(Hz,
He, NZ)' optical pumping.

Raw, C. J. G. (1955). J. Chem. Phys. 23, 973, CC14-(BF3, BCIS). evapora-
tion tube,

Raw, C. J. G. and H. Tang (1963). J. Chem. Phys. 39, 2616, CF4-SF6.
mixture viscosity.

Reamer, H. H. and B. H. Sage (1963). J. Chem. Eng. Data 8, 34. CH4-n—
heptane. evaporation tube.

Reichenbacher, W., P. Muller, and A. Klemm (1965). Z. Naturforsch. 20a,
1529. H,-(H,, HT, DT, T,), D,p-(HT, DT, T,). closed tube.

Reist, P. C. (1967). Environ. Sci. Technol. 1, 566. air-Kr. diffusion

bridge (porous septum).
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Rhodes, R. P. and E. H. Amick, Jr. (1967). in Frost (1967). He-(CH4,
propane, butane). open tube. |

Richardson, J. F. (1959). Chem. Eng. Sei. 10, 234, air—(Hzo, acetone,
CC14). evaporation tube.

Rossié, K. (1953). Forsch. Gebiete Ingenieur. 19A, 49. HZO—(air, COz).
evaporation tube.

Rumpel, W. F. (1955). Univ. of Wisconsin, Naval Research Lab. Report \
CM-851. He-(Hz, N2)° closed tube.

Rutherford, E. and H. T. Brooks (1801). Trans. Royal Soc. Canada 7, 21.
Rn-air. closed tube.

Sancier, K. M. and H. Wise (1969). J. Chem. Phys. 51, 1434. H-Hz.
dissociated gases.

Saran, A. and Y. Singh (1966}, Canadian J. Chem. 44, 2222, Kr-(SOz, Kr).
two-bulb apparatus.

Saxena, S. C. and E. A. Mason (1959). Mol. Phys. 2, 379. He-Ar, COZ-(HZ,
He, Dz). two-bulb apparatus and thermalxseparation rate.

Schdfer, K. (1959). Z. Electrochem. 63, 111. HZ-NH3,~SOZ—(H2, NZ’ Ar,
COZ). two-bulb apparatus.

Schiafer, K. and H. Moesta (1954). Z. Electrochem. 58, 743. He-Ar,
-N2~(H

Schdfer, K. and P. Reinhard (1963). Z. Naturforsch. 18a, 187, CO

s Ar). two-bulb apparatus.

2~CO2°
two-bulb apparatus.

Schifer, K. and K. Schuhmann (1957). Z. Electrochem, §16246' Ar-(Ne, Kr),
Kr-Kr. two-bulb apparatus.

Schidfer, K., H. Corte, and H. Moesta (1951),4 Z. Elektrochem. 55, 662.
Hz-(Nz, COZ)’ NZ-COZ, two-bulb apparatus,

Schirmer, R. (1938). Z. Ver. Deut. Ing. Beiheft Folge, p.170; in Chenm.

Abstr. 33, 32237, HZO—air, evaporation tube.
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Schlinger, W. G., H, H. Reamer, B. H., Sage, and W. N. Lacey (1952-53).

Report of Progress-Fundamental Research on Occurance and Recovery

of Petroleum (Amer. Petrol. Inst.), pp. 70-114. air-(n-hexane,

n-heptane). evaporation tube.
Schmidt, R. (1904). Ann. Physik 14, 801, He-Ar, H2—C02. closed tube.
Schneider, M. and K. Schifer (1969). Ber. Bunsenges. Phys. Chem. 73, 702.

He-Ar, HZ-(N COZ)’ NZ-COZ. diffusion bridge (porous septum).

2’
Schwertz, F. A. and J. E. Brow (1951). J. Chem. Phys. 19, 640. H20~(H2,
He, CH,, C

N COZ). evaporation tube,

g0 Collgs Nps Oy,

Scott, D. S. and K. E. Cox (1960). Canadian J. Chem. Eng. 38, 201,
HZ—(NH3, Nz). diffusion bridge (porous septum).

Scott, D. S. and F. A. L. Dullien (1962). AIChE J. 8, 113. 'HZ—NZ’
02—Ar. diffusion bridge (porous septum).

Seager, S. L., L. R. Geertson, and J. C, Giddings (1963)., J. Chem.
Eng. Data 8, 168. He'(Nz, 02, Ar, COz, methanol, ethanol, l-propanol,
1-butanol, l-pentanol, l-hexanol, benzene, 2-propanol). gas chromatog,

Singh, Y. and B. N. Srivastava (1968). Int. J. Heat Mass Transfer 11,
1771. Kr-(methylene chloride, ethyl chloride). two-bulb apparatus.

Singh, Y., A. Saran, and B. N. Srivastava (1967). J. Phys, Soc. Japan 23,
1110. Kr-(NO, CO). two-bulb apparatus.

Spencer, 1l. B.,, J. M, Toguri, and J. A. Kurtis (1969). Canadian J. Chem.
47, 2197. Ar-Hg. evaporation tube.

Spier, J. L. (1939). Physica 6, 453. H2-Hg. back diffusion.

Spier, J. L. (1940). Physica 7, 381. N2=(Cd, Hg). back diffusion.

Srivastava, B. N. and R. Paul (1962). Physica 28, 646. Kr-(He, Kr).
two-bulb apparatus.

Srivastava, B. N. and A. Saran (1966 a). Physica 32, 110. Kr-(acetone,

chloroform). two-bulb apparatus.
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Srivastava, B. N. and A. Saran (1966 b). Canadian J. Physq 44, 2595.
Kr~(802, ethyl ether). two-bulb apparatus.

Srivastava, B. N. and I. B. Srivastava (1962). J. Chem. Phys. 36, 2016.
NHS—(Ar, Kr). two-bulb apparatus,

Srivastava, B. N, and I. B. Srivastava (1963). J. Chem. Phys. 38, 1183.
NH3—ethy1 ether. two-bulb apparatus.

Srivastava, B. N. and K. P. Srivastava (1959). J. Chem. Phys. 30, 984.
Ne-(Ar, Kr), Ar-Kr. two-bulb apparatus.

Srivastava, I. B. (1962). Indian J. Phys. 36, 193. NHS-(He, Ne, Xe).
two-bulb apparatus.

Srivastava, K. P. (1959). Physica 25, 571. He-(Ar, Xe), Ar-Xe. two-
bulb apparatus.

Srivastava, K. P. and A. K. Barua (1959). Indian J. Phys. 33, 229.
He- (Ne, Kr), Ne-Xe. two-bulb apparatus.

Stefan, J. (1871)., Sitzber. Akad. Wiss. Wien 63, 63. HZO-air. porous
plug (transpiration).

Stefan, J. (1873). Sitzber. Akad. Wiss. Wien 68, 385. air-CSz, ether- (i,
aiy). evaporation tube.

Stefan, J. (1889). Sitzber. Akad. Wiss. Wien 98, 1418, air-(ethyl ether,
CSz). evaporation tube. |

Stefan, J. (1890). Ann. Physik 41, 725. air-(ethyl ether, CSZ).
evaporation tube.

Stevenson, W. H, (1965). Ph.D. Thesis, Purdue Univ., Indiana. air-
(methanol, acetone, benzene, toluene, n-heptane). evaporation
tube.

Strehlow, R. A, (1953). J. Chem. Phys 21, 2101. He-Ar, HZ—(Ar, n-butane,

SF closed tube.

6)'
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Suetin (1964). ORNL-TR~-316, Translated by A. L. Monks for Oak Ridge

National Laboratory [Teplo- i Massoperenos, ledatel’stvo Akademii

Nauk BSSR, Minsk, (1962), Vol. 1, pp. 188-190]; in Chem. Abstr.
59, 1112 g (1963) reported as Tepld i Massoperenos Pervoe Vses,
Soveshch., Minsk 1, 188-90 (1961) (Pub. 1962). He-(Ar, acetylene,
N2, 02, air, COZ’ SF6), Ar- (acetylene, COZ’ SF6), Hz-(He, Ar, N2,
air, C02, SF6),N2—(C02, SF6), 02-(acetylene, COZ’ SF6), air—(COZ,
2-SF6. closed tube.

Suetin, P. E. and B. A. Ivakin (1961). Soviet Phys.-Tech. Phys. 6,

acetylene, SF_ ), CO
6

359 [Zh. Tekh. Fiz. 31, 499 (1961)]. He-(Ar, acetylene, NZ’ 02,

air, COZ’ SFG), Ar-(acetylene, COZ’ SF6), HZ-(He, Ar, N2, air, COZ’
SF¢), N,-(CO,, SF6), 0,-(acetylene, CO,, SF6),a1r—(C02, acetylene,

SFG)’ CO,~-SF,., closed tube.

2 6

Suetin, P. E., G. T. Shchegolev, and R. A. Klestov (1960). Soviet Phys.-
Tech. Phys. 4, 964 [Zh. Tekh. Fiz. 29, 1058 (1959)]. He-(air, COZ)’
HZ—(He, air, COZ)' closed tube.

Summerhays, W. LE. (1930). Proc. Phys. Soc. (London) 42, 218. HZO—air.

evaporation tube.
Taylor, W. L., S. Weissman, W. J. Haubach, and P. T. Pickett (1969).
Preprint. Ne-Xe. composition dependence of thermal diffusion factor.
Timmerhaus, K. D. and H. G. Drickamer (1951). J. Chem. Phys. 19, 1242,

COZ—COZ. closed tube.

Toepler, M. (1896). Ann. Physik 58, 599. air—(NHS, COZ).

Topley, B. and R. Whytlaw-Gray (1927). Phil. Mag. 4 ,873. air-IZ.

open tube.

droplet evaporation and evaporation tube,
Trautz, M. and O. Ludwig (1930). Ann. Physik 5, 887. benzene~(H2, 02)'

evaporation tube.
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Trautz, M. and W, Maller (1935). Ann. Physik 22, 313, 329, 333, 353.

2
ethyl ether-(H

H,-acetone, HZ-CC14, HZO—(H air, COZ), ethanol—(HZ, air, COz), OZ-CCI

2’ 4°

2 air, COZ)’ benzene«(Hz, 02), 12-(air, NZ)’ Hg—(Nz,
air). evaporation tube, and corrections to data by others.
Trautz, M. and W. Ries (1931). Ann. Physik 8, 163. Hz"(benzene, CC1,).

evaporation tube.

Vaillant, P. (1911). J. Phys. 1, 877. air-(methanol, ethanol, propanol).
evaporation tube.

Van der lleld, E. F. M. and M. Miesowicz (1937). Physica 4, 559. Nz-Na.
back diffusion,

van leijningen, R. J. J., A. Feberwee, A. van Oosten, and J. J. M,
Beenakker (1966). Physica 32, 1649. HZ-NZ. two-bulb apparatus.

van Heijningen, R, J. J., J. P, Harpe, and J. J. M. Beenakker (1968).
Physica 38, 1. He-(Ne, Ar, Kr, Xe), Ne-(Ar, Kr, Xe), Ar-(Kr, Xe),
Kr-Xe. two-bulb apparatus.

van Itterbeek, A. and J. Nihoul (1957). Acustica 7, 180. HZ—(He, N2,
02). thermal separation rate.

Violino, P. (1968). Nuovo Cimento Suppl. 6, 440. Na-(He, Ne, Ar, H2’

N,), K-lie, Rb-(He, Ne, Ar, Kr, Xe, H,, Ny, CH,, C,Hc, CoH,, CeHj)),
Cs- (e, Ne, Ar, N2). optical pumping (review). |

Visner, S. (1951 a). Atomic Energy Commission Report K-688 (Carbide and
Carbon Chemicals Company). Xe-Xe. two-bulb apparatus.

Visner, S. (1951 b). Phys. Rev. 82, 297. Xe-Xe. two-bulb apparatus.

von Hartel, H. and M. Polanyi (1930). Z. Physik,Chem. B11l, 97. Na—(Hz,

N diffusion controlled condensation.

2)'
von Hartel, H., N. Meer, and M. Polanyi (1932)., Z. Physik. Chem. B19, 139.

Na-(lle, Ar, HZ, NZ’ CSHIZ)’ diffusion controlled condensation.
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von Obermayer, A. (1880). Sitzber. Akad. Wiss. Wien 81, 1102. Hz—(Oz,

COZ), NZ—OZ, C02—(a1r, NZO). closed tube.

—

von Obermayer, A. (1882 a). Sitzber. Akad. Wiss. Wien 85, 147. COZ—(HZ,
02, air). open tube.
von Obermayer, A. (1882 b). Sitzber. Akad. Wiss. Wien 85, 748. 02~(air,

NZ)’ air-CO,, N O—COZ. closed tube.

22 2
von Obermayer, A. (1883). Sitzber. Akad. Wiss. Wien 87, 188. Hz—(CH4,

ethylene, ethane, CO, 0,, air, NZO’ COZ), CO-(OZ, ethylene), air-CO

2)

closed tube and open tube.

2°

von Obemrmayer, A. (1887). Sitzber. Akad. Wiss. Wien 96, 546. C02~(CH4,
€O, ethylene, air), air-Oz. closed tube and open tube; recalculations.

vu€ié, V. V. and S. V. Milojevié (1966). Rad. Zavod. Fiz. (Yugoslavia)
No. 6, 5; in Phys. Abstr. 70A, 36422 (1967). air-radon. two-bulb
apparatus.

Vugts, II. F., A. J. H. Boerboom, and J. Los (1969). Physica 44, 219.

Ar-Ar. two-bulb apparatus (relative measurements).

Vyshenskaya, V. F. and N. D. Kosov (1959). Issledovanie Protsessov

Perenosa. Voprosy Teorii Otnositel'nosti, Alma-Ata, Sbornik, pp. 114-25;

in Chem. Abstr. 56, 6681 b (1962). H2—(N2, COZ)’ NZ—COZ. capillary
leak,
Vyshenskaya, V. F. and N. D. Kosov (1965). ORNL-TR-506, Translated by

A. L. Monks for Oak Ridge National Laboratory [Teplo i Massoperenos,

Pervoe Vsesoyuznoe Soveschante, Minsk, (1961),pp. 181-7]; in Chem.

Abstr. 59, 2184 £ (1963). Hy-(N,, C0,), I,-(N,, CO,), N,-CO,.

capiliary leak.

Waitz, K. (1882 a). Ann. Physik 17, 201. air~C02. open tube.

Waitz, K. (1882 b). Ann. Physik 17, 351. air—COZ. open tube.
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Waldmann, L. (1944). Naturwiss. 32, 223. Hz-(Ar, DZ’ No, COZ), Nz—(Ar,
02, COZ), 02—(Ar, COZ), Ar—COZ. Dufour effect.

Waldmann, L. (1947). Z. Physik 124, 2. Hz-(Ar, D2, N2, COZ), NZ—(Ar, 02,
COZ), 02—(Ar, COZ)’ Ar—COz. Dufour effect.

Walker, R, E. (1958). Ph.D. Thesis, Univ. of Maryland, College Park.
He- (Ar, Nz), N2-COZ. point source.

Walker, R. E. (1961). J. Chem. Phys. 34, 2196. 0—02. dissociated gases.

Walker, R. L. and A. A. Westenberg (1958 a). J. Chem., Phys. 29, 1139.
Nz-(ﬂe, 002). point source.

Walker, R. E. and A. A. Westenberg (1958 b). J. Chem. Phys. 29, 1147.
Nz-(Hc, Co,). point source.

Walker, R. E. and A. A. Westenberg (1959). J. Chem. Phys. 31, 519.
He-Ar. point source.

Walker, R. E. and A. A. Westenberg (1960). J. Chem. Phys. 32, 436.
02-(H2, CH4, HZO’ co, COZ). point source.

Walker, R. E. and A. A. Westenberg (1966). Private Communication, (which
contains numerical values of diffusion coefficients at specific
temperatures for results previously published by Walker and Westenberg,

1958 a, b; 1959; 1960). He-(Ar, N,), N,-C0,, 0,-(H,, CH,, H,0, CO,

2
COZ). point source.
Walker, R. E. and A. A. Westenberg (1968). Private Communication from

R. E. Walker. CH4—02. point source.

Walker, R, E., N, deHaas, and A. A. Westenberg (1960). J. Chem. Phys.

32, 1314. COZ—(He, Nz). point source.
Wall, ¥. 1. and G. A. Kidder (1946). J. Phys. Chem. 50, 235, COZ-(NZO,
ethylene oxide, propane), Nzow(ethylene oxide, propane). closed tube.
Wasik, S. P. and K. E. McCulleh (1969). J. Res. Natl. Bur. Std. (U.S.)

73A, 207. He-(Ar, Kr, Nz, 02). gas chromatography.
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Watts, H. (1964). Trans. Faraday Soc. 60, 1745. Kr-(lle, Ne, Ar, Kr, Xe).
two-bulb apparatus.

Watts, H. (1965). Canadian J. Chem. 43, 431. Xe-(le, Ne, Ar, Kr, Xe).
two-bulb apparatus.

Weissman, S. (1964). J. Chem. Phys. 40, 3397. He-(propylene, 2-butene),
Hz-(NO, acetylene, ethylene, ethane, propane, propylene, 2-butene,

HC1, COz, N20, 802, ethyl ether), NHS—(HZ, CH4, N

CO,- (HC1, S0,), CC14~(CH2C1

2 02, ethylene),

29 CHCls), CHClS—ethyl ether, NZO—(Coz,
propane), NO—(NZ, NZO), NZ—(COZ, ethylene), ethylene-(Ar, 02, co),

COz-(CH propane), CH4—(acetylene, ethane, propane), acetylene-

4’
propylene, C7F16-n—octane, propane- (ethane, propylene), benzene-
CC14. mixture viscosity.

Weissman, S. (1965). Advances in Thermophysical Properties at Extreme

Temperatures and Pressure (ASME, New York), pp. 12-18. He-(Ne, Ar,

Kr, Xe), Ne-(Ar, Kr, Xe), Ar-(Kr, Xe), Kr-Xe. mixture thermal
conductivity.

Weissman, S. (1968 a). Proceedings of the Fourth Symposium on Thermo-

physical Properties, edited by J. R. Moszynski, (ASME, New York),

pp. 360-5. HZO—(methanol, ethanol, HZOZ), methanol-1-butanol,

ethanol-1-butanol, NOZ—N204, methyl ether-(SOz, CH3C1), CHSCl—SOZ,
propanol-butanol. mixture viscosity.

Weissman, S. (1968 b). Private Communication. Ne-Xe. composition
dependence of thermal diffusion factor.

Weissman, S. (1969). Private Communication. Ne-Xe, CH4~C02. two-bulb
apparatus.

Weissman, S. and E. A. Mason (1962 a). J. Chen. Phys; 36, 794, H~H2.

mixture viscosity.
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Weissman, S. and E. A. Mason (1962 b). J. Chem. Phys. 37, 1289, 3He—“He)
He-(Ne, Ar, Kr, Xe), Ne-(Ar, Kr, Xe)}, Ar-(Kr, Xe), Kr-Xe, H2~(He,

Ne, Ar, Xe, HD, D,, CH,, Ny, €O, 0,), D,-(HD, Ne), N,-(CO, 0)),

2’

CO—OZ. mixture viscosity.

Weissman, S., S. C. Saxena, and E. A. Mason (1961). Phys. Fluids 4, 643.
Ne—COz. two-bulb apparatus and thermal separation rate.

Weisz, P. B. (1957). Z. Physik. Chem. (Frankfurt) 11, 1. HZ—NZ. diffusion
bridge (porous septum),

Wendt, R. P., J. N, Mundy, S. Weissman, and E. A. Mason (1963). Phys.
Fluids 6, 572. COZ—COZ, Kr-Kr. two-bulb app. and thermal sep.rate.

Westenberg, A. A, and R. E. Walker (1957). J. Chem. Phys. 26, 1753.
NZ—(He, Ar, COz). point source.

Westenberg, A. A. and G. Frazier (1962). J. Chem. Phys. 306, 3499,

Ar-HZ. point source.

Wicke, E. and P. Hugo (1961). Z. Physik. Chem. (Frankfurt). 28, 401.
H,-C0,, N,-CO. diffusion bridge (porous septum).

Wicke, E. and R, Kallenbach (1941). Kolloid Z. 97, 135. N2—C02. dif-
fusion bridge {porous septum).

Winkelmann, A. (1884 a). Ann. Physik 22, 1. ethanol—(Hz, air, COZ),
ether-(uz, air, €05, HZO-(HZ, air, COZ). evaporation tube.

Winkelmann, A. (1834 b). Ann. Physik 22, 152, HZO-(HZ, air, COZ).
evaporation tube.

Winkelmann, A. (1884 c). Ann. Physik 23, 203. H2, air, and COz(each
with the esters as follows)-(ethyl formate, propyl formate, methyl
acetate, ethyl acetate, i-butyl acetate, methyl propionate, ethyl
propionate, propyl propionate, amyl propionate, methyl butyrate,

propyl butyrate, i-butyl butyrate, methyl-i-butyrate,

cthyl-i-butyrate, i-butyl propionate, ethyl hutyrate,
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propyl-i-butyrate, i-butyl-i-butyratc, amyl-i-butyrate, ethyl valerate,
propyl valerate, 1-butyl valerate. evaporation tube.

Winkelmann, A. (1885). Ann. Physik 26, 105. H2, air, and C02 {each with
the compounds as follows)-(formic acid, acetic acid, propionic acid,
i-butyric acid, n-butyric acid, i-valeric acid, methanol, ethanol,
l1-propanol, 1-butanol, 2-butanol; l-pentanol, active amyl alcohol,
l1-hexanol). evaporation tube.

Winkelmann, A. (1888). Ann. Physik. 33, 445. H20—air. evaporation tube.

Winkelmann, A. (1889). Ann. Physik 36, 93. HZO—(HZ, air, COZ). evapora-

tion tube.

Winn, E. B. (1948). Phys. Rev. 74, 698, Ny-N, two-bulb apparatus.

Winn, E. B. (1950). Phys. Rev. 80, 1024. Ne-Ne, Ar-Ar, CH4-CH4, NZ—NZ,

02—02, COZ-COZ. two-bulb apparatus.

Winn, E. B. and E. P. Ney (1947). Phys. Rev. 72, 77. CH4—CH4. two-bulb
apparatus.
Winter, E. R. S. (1951). Trans. Faraday Soc. 47, 342. N2—N2, 02~02,

COZ—COZ. two-bulb apparatus.

Wintergerst, E. (1930). Ann. Physik 4, 323, NHs-air. closed tube.

Wise, H. (1959). J. Chem. Phys. 31, 1414. H-(Ar, HZ)' dissociated gases.

Wise, H. (1961). J. Chem. Phys. 34, 2139. H—Hz. dissociated gases.

Wretschko, A. (1870). Sitzber. Akad. Wiss. Wien 62, 575. “2"(02’ COZ)’

02—C07. closed tube.

<

Yolles, R. S. and H. Wise (1968). J. Chem. Phys. 48, 5109. O-(lle, Ar, Kr,

0 dissociated gases.

2)'
Yolles, R. S., L. McCulley, and li, Wise (1969). J. Chem. Phys. 52,

723, 0-0,. dissociated gases.

L

Young, R. A. (1961). J. Chem. Phys. 34, 1295, N~N2. dissociated gases.
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Yuan, H. C. and M. H. Cheng (1967). J. Chinese Chem. Soc. (Taipei)

14, 1; in Chem. Abstr. 68, 62880 z (1968). air-(toluene, benzoic

acid). evaporation tube.

Zhalgasov, A. and N. D. Kosov (1968). 1Izv. Akad. Nauk Kaz.SSR Ser.

Fiz.-Mat. 6, 76; in Chem. Abstr. 71, 16161 e (1969). HZ—OZ.
diffusion bridge.

Zhukhovitskil, A. A., S. N. Kim, and M. O. Burova (1968). Zavod. Lab. 34,

144; in Chem. Abstr. 69, 13082 c (1968). He-Nz. open tube and

gas chromatography.

Zmbov, K. F. and 7. V. Knefevié (1961). Bull. Inst. Nucl. Sci., 'Boris

Kidrich' (Belgrade) 11 (236), 141; in Chem. Abstr. 56, 10931 f (1962).

BFs-BFE. two-bulb apparatus.



B-34

IT. Molecular-Beam Measurements

The gas pairs investigated and the potential energy separation ranges are
noted.

1. Massachusetts Institute of Technology (Amdur et al.)

Amdur, I. and R. R. Bertrand (1962). J. Chem, Phys. 36, 1078 He-He
(0.55 - 1.0 R).

Amdur, I. and A. L. Harkness (1954). J. Chem. Phys. 22, 664. He-He
(1.27 - 1.59 R).

Amdur, I. and E. A, Mason (1954). J. Chem. Phys. 22, 670. Ar-Ar
(2.18 - 2.69 ;).

Amdur, I. and E. A, Mason (1955 a).

[

. Chem. Phys. 23, 415, Ne-Ne
(1.76 - 2.13 A).

Amdur, I. and E. A. Mason (1955 b).

Ca

. Chem. Phys. 23, 2268, Kr-Kr

[<]
(2.42 - 3.14 A).

-

Amdur, I. and E. A. Mason (1956 a). . Chem. Phys. 25, 624. Xe-Xe
(3.01 - 3.60 R).

Amdur, I. and E. A. Mason (1956 b). J. Chem. Phys. 25, 630. He-l
(1.16 - 1.71 ;).

Amdur, I. and E. A. Mason (1956 c¢). J. Chem. Phys. 25, 632. Ne-Ar
(1.91 - 2.44 X).

Amdur, I. and A. L. Smith (1968). J. Chem. Phys. 48, 5065, He—H2
(1.44 - 1.76 X), HC—U2(1545 - 1.79 R),

Amdur, I., E. A. Mason, and A. L. Harkness (1954). J. Chem. Phys 22, 1071.

lie-Ar(1.64 - 2.27 A).
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Amdur, I., E. A. Mason, and J. E. Jordan (1957). J. Chem. Phys. 27, 527,
He-N2(1°79 - 2.29 A}, Ar—N2(2.28 - 2.83 A); derived potential,

) ©
Ny-N,(2.43 - 3.07 A).

Amdur, I.,J. E. Jordan, and S. 0. Colgate (1961 a). J. Chem. Phys. 34,

o]
1525, He-He(0.97 - 1.48 A).
Amdur, I., M. S. Longmire, and E. A. Mason (1961 b). J. Chem. Phys. 35,
895, He~CH4(1.92 - 2.37 A}, He~CF4(2.43 -~ 2.74 A); derived potentials,

CH -CH4(2.47 ~ 3.06 A), CF -CF4(3.43 - 3.77 A).

4 4
Amdur, I., J. E. Jordan, and R. R, Bertrand (1964). 1in Atomic Collision

Processes, edited by M. R. C. McDowell, (North-Holland Publishing

Co., Amsterdam), pp. 934-43. He-He(0.52 -~ 0.98 R), Ar-Ar(1.6 - 2.0 ;).
Colgate, S. 0., J. E, Jordan, I. Amdur, and E. A. Mason (1965). J. Chen.

Phys. 51, 968. He-Ar(1.40 - 1.81 Z), Ar-Ar(1.96 - 2.41 R), Ar-H

o

(1.81 - 2.36 A).

2

ws]

Jordan, J. E. and I. Amdur (1967). J. Chem. Phys. 46, 165. He-He

(0.61 - 1.12 A).

‘., S. 0. Colgate, I. Amdur, and E. A. Mason (1970). Preprint,

v

Jordan, J.
to be published in J. Chem. Phys. Ar—N2(2.04 - 2.53 R), Ar-CO
(2.09 - 2.68 Z). Ar—OZ(Z.Ol - 2.50 R); and derived potentials:
N-N,(2.07 - 2.61 Z), N-NO(2.06 - 2.59 X), N-0,(2.04 - 2.58 X),
0-N,(2.03 - 2.57 R), 0-NO(2.02 - 2.55 R), 0-0,(2.00 - 2.54 Z),

[+] [¢]
2.63 A), NO-NO(2.09 - 2.62 A)

Ny-N,(2.12 = 2.65 A), N,-NO(2.11

0,-N,(2.09 - 2.62 A), 0,-NO(2.08 - 2.60 A), 0,-0,(2.07 - 2.59 A).

2

Mason, E. A. and I. Amdur (1964). J. Chem. Phys. 41, 2695. /\r—CH4

{(2.31 - 2.060 A).
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2. Moscow State University (Leonas et al.)

Belyaev, Yu. N. and V. B. Leonas (1966 a). Soviet Phys.-Tech. Phys. 11

¥

257 [Zh. Tekh. Fiz. 36, 353 (1966)]. Ar-N,(2.26 - 2.86 A), Ar-0,

(2.18 - 2,94 ;), NZ—N2(2°34 - 3.05 Z), N2—02(2.34 - 3.05 Z), OZ~O2
(2.34 -~ 3,15 Z). Errata in Soviet Phys.-Doklady 11, 866 (1967).

Belyaev, Yu. N. and V. B. Leonas (1966 b). Soviet Phys.-JETP Letters 4,

92 [Zh. Eksper. Teor. Fiz. Pis'ma 4, 134 (1966)]. H~N2(1.46 - 1.81 ;),
H~02(1.46 - 1.84 ;), N~N2(1.76 - 2.54 R), N~02(1.84 - 2.49 Z), O-N2
(2.00 - 2.48 R), O~02(2.05 - 2,46 X).

Belyaev, Yu. N. and V. B, Leonas (1966 c¢). High Temp. (USSR) 4, 686
[Teplofiz. Vys. Temp 4, 732 (1966)]. Same results as reported by
Belyaev and Leonas (1966 a).

Belyaev, Yu. N. and V. B. Leonas (1967 a). Soviet Phys.-Doklady 11, 866
[Dokl. Akad. Nauk SSSR 170, 1039 (1966)]. Ar~N2(2.12 -~ 2.67 Z),
Ar—OZ(z‘lS - 2.63 ;), NZ—NZ(2.34 - 3,05 Z), N2»02(2.34 - 3.05 R),
02~02(2.34 - 3.15 ;).

Belyaev, Yu. N. and V. B. Leonas (1967 b). Soviet Phys.-Doklady 12, 233
[Dokl. Akad. Nauk SSSR 173, 306 (1967)]. He-He(1.10 - 1.53 Z),
He~H2(l.15 - 1.89 X), HZ-H2(1.34 - 1.95 Z), H-He(0.79 - 1.35 R),
H—HZ(I.OO - 1.24 Z).

Belyaev, Yu, N. and V. B. Leonas (1967 c). High Temp. (USSR) 5, 1014
[Teplofiz. Vys. Temp. 5, 1123 (1967).]. Same results as reported
by Belyaev and Leonas (1967 b).

Belyaev, Yu. N. and V. B. Leonas (1968). High Temp. (USSR} 6, 182
[Teplofiz. Vys. Temps 6, 188 (1968)]. NZNN2{2618 -~ 2.72 ;},
N2~02(2.08 - 2.68 Z)s 02n02C2,05 -~ 2.75 X); other results as reported

by Belyaev and Leonas (1966 b).
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Belyaev, Yu. N., V. B. Leonas, and A. V. Sermyaguin (19067). Private

Communication from V. B. Leonas; in Abstracts of Papers, Fifth

International Conference on the Physics of Elcctronic and Atomic

Collisions (Publishing House "Nauka,' Leningrad, USSR, 1967), p. 643.
N,-NO(2.28 - 2.85 R), NZ-CO(Z.ZZ - 2.77 Z), CO-CO(2.31 - 2.92 Z),
N-NO(1.90 - 2.40 R), 0-Ar(1.78 - 2.40 X), 0-Kr(1.91 - 2.24 A,
0-Xc(2.08 - 2.37 R), F-Ar(1.80 - 2.22 X), F-Kr(1.93 - 2.28 2),
F-Xe(2.03 - 2,33 Z).

Kamnev, A. B. and V. B. Leonas (1965 a). Soviet Phys.-Doklady 10, 529
{Dokl. Akad. Nauk SSSR 162,798 (1965)]. He=He(0.87 - 1.27 ;),
He-Ne(1.3 ~ 1.65 X), He-Ar(1.63 - 2,06 R), Ne-Ne{1.7 - 2,18 R),
Ne-Ar(1.93 - 2.49 X), Ar-Ar(2.26 - 3.14 R).

Kamnev, A. B. and V. B. Leonas (1965 b). High Temp. (USSR} 3, 744
[Teplofiz. Vys. Temp. 3, 804 (1965)]. Same results as reported by
Kamnev and Leonas (1965 a).

Kamnev. A. B. and V. B. Leonas (1966 a). Soviet Phys.-Doklady 10, 1202
[bokl, Akad. Nauk SSSR 165, 1273 (1965)]. He-Kr(l.67 - 2.04 R),
He-Xe(1.73 - 2.2 Z), Ne-Kr(2.15 - 2.52 R), Ne-Xe (2 - 2.56 Z),
Ar-Kr(2.4 - 3.1 Z), Ar-Xe(2.48 - 3,27 ;), Kr-Kr(2.4 - 3.02 R),
Kr-Xe(2.44 - 3 R), Xe-Xe(2.48 - 3.09 Z).

Kamnev, A. B, and V. B. Leonas (1966 b). High Temp. (USSR) 4, 283
Teplofiz. Vys. Temp. 4,288 (1966)]. Same results as reported by

Kamnev and Leonas (19066 a).
3. Other References

Fink, R. D,, J. 5. King, Jr., and J. li. Freeman (1969). J. Chem. Phys.
50, 2773, He«CF4(2.69 - 2.80 A), He~CHF3(2.S7 - 2.70 A), He—CH2F2

(2.47 - 2.60 A).
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Mason, E. A, and J. T. Vanderslice (1958). J. Chem. Phys. 28, 1070.

(2] [s3 (o]
H-Ne(1.7 - 2.5 A), H-Ar(2.1 - 3.0 A), H~H2(O.4 - 1.2 A).
4. Reviews

Amdur, I. (1961). Physical Chemistry in Acrodynamics and Space Flight

(Pergamon Press, New York, 1961), pp. 228-35.
Amdur, I. (1962). AIChE J. 8, 521.
Amdur, I. (1967). Entropie No. 18, 73.

Amdur, I. (1968). in Methods of Experimental Physics, edited by B. Bederson

and W. L. Fite, (Academic Press, New York), Vol. 7A, pp. 341-360.

Amudr, I. and J. E. Jordan (1966). Adv. Chem. Phys. 10, 29.

Amdur, I, and E. A. Mason (1958). Phys. Fluids 1, 370.

Amdur, I., J. E. Jordan, and E. A. Mason (1969). Preprint, to be pub-
lished in Entropie.

Leonas, V. B. (1964). Soviet Phys.-Uspekhi 7, 121 [Usp. Fiz. Nauk 82,
287 (1964)].

Leonas, V. B. and E. V. Samuilov (1966). High Temp. (USSR) 4, 664
[Teplofiz., Vys. Temp. 4, 710 (1966)].

Mason, E. A, and J. T. Vanderslice (1962). in Atomic and Molecular

Processes, edited by D. R. Bates, (Academic Press, New York),

pp. 663-94.
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I1I. London Dispersion Constants

Dalgarno, A. (1967). Adv. Chem. Phys. 12, 143. This is a comprehensive

review and summary,
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IV. Related Viscosity Measurements
The gas pairs investigated and the temperature ranges are noted.
1. Primary References

Becker, E. W. and R. Misenta (1955). Z. Physik 140, 535, 3He (14.18 to
20.33°K), L*He(l4.12°to 20.33°K), H2(14.52° to 90.0°K), HD(14.12° to
90.0°K), H2(14.26° to 90.0°K).

Coremans, J. M. J., A, van Itterbeek, J. J. M. Beenakker, H. F. P. Knaap,
and P. Zandbergen (1958 a). Physica 24, 557. "“He(20° to 80°K),
Ne(20° to 80°K), H,(20° to 80°K), D,(20° to 80°K).

Coremans, J. M., J., A. van Itterbeek, J. J. M. Beenakker, H. F. P. Knaap,
and P. Zandbergen (1958 b). Physica 24, 1102. HD(20° to 70°K).

Kalelkar, A. S. and J. Kestin (1969). Preprint, to be published in J.
Chem. Phys. ™“He(298° to 1121°K), Ar(298° to 1124°K), Kr(298° to
1151°K), He-Ar(298° to 993°K), He-Kr(298° to 993°K).

Kestin, J. and A, Nagashima (1964). Phys. Fluids 7, 730, H2(293° and
303°K), 1D(293° and 303°K), D2(293° and 303°K).

Rietveld, A. 0., A.van Itterbeek, and C. A. Velds (1959). Physica 25,
205, “He(20.4° to 293.1°K), He-Ne(20.4°to 293.1°K): the following
systems were studied in the temperature range of 14.4° to 293,1°K:

Hy, HD, Dy, H,-HD, 1l,-D,, HD-D,.

{2’ 2

2. Secondary References

Mason, E. A. and W. E. Rice (1954). J. Chem. Phys 22, 522. H2(200° to

1098°K) .
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Weissman, S. (1964). J. Chem. Phys. 40, 3397. See Bibliography I.

Weissman, S. and E. A. Mason (1962 a). J. Chem. Phys. 36, 794. See
Bibliography I.

Weissman, S. and E. A. Mason (1962 b). J. Chem. Phys. 37, 1289. See

Bibliography I.
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