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Gaseous Diffusion Coefficients

T. R. Marrero™

and

E. A. Mason

Brown University, Providence, Rhode Island 02912

Diffusion coefficients of binary mixtures of dilute gases are comprehensively compiled, critically
evaluated, and correlated by new semyempmcal expressions. There are seventy-four systems for
which the data are sufficiently exvensive, consistent and acuurate to allow diffusivn vvelficients o be
recommended with confidence. Deviation plots are given for most of these systems. . Almost every
gaseous diffusion coefficient which was experimentally determined and reported prior to 1970 can be
obtained from the annotated bibliography and tahle of gas pairs.

A detailed analysis of experimental methods is given, and intercomparison of their results helps
establish reliability limits for the data, which depend strongly on temperature. Direct measurements
are supplemented by . calculations based on knowledge of intermolecular forces derived from
independent sources--molecular beam -scattering for high temperatures, and London dispersion
constants for low temperatures. In addition, diffusion coefficients for several mixtures are obtained
from experimental data on mixture viscosities and thermal diffusion factors. Combination of all these
results‘gw&s diffusion coefficients over a very extensive temperature range, from very low temveratures
to 10 000 K.

All data are corrected tor composition dependence and for quantum effects. New semj-empirical
equations are derived for making such corrections easily.

Key words: Binary gas mixtures; critically evaluated data; diffusion; diffusion coefficieuts; gases;

transport properties.
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1. Introduction

The purpose of this report is to evaluate pub-
lished data on gaseous diffusion coefficients and
establish recommended values when possible.
Short catalogs of measured diffusion coefficients
have previously appeared in the International
Critical Tables [1],! the Landolt-Bornstein Tables
2], and the Thermophysical Properties Research

iterature Retrieval Guide [3]. Additional limited
reviews are also available [4-8]. In the present
survey gaseous diffusion coefficients are compre-
hensively compiled and critically evaluated,
including analysis for consistency with theory and
with other measured molécular properties. Such
detailed evaluation is possible because of the exist-
ence 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 collisions. In practice this means gases
with densities approximately corresponding to

! Figurcs in brack indi the £ at the cnd of Scotion 1.

standard conditions (i.e., of the order of 101* — 1020
molecules per cm?). 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 mixture [9]. Allthe 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 separations in a temperature
gradient (thermal diffusion), (3) mixing due to con-
vection 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 diflusivn voellicients recouunended
here are succinctly reported by means of semi-
empirical functions; temperature limits range up
to 10 000 X and to a lower temperature of the order
of 100 K (tables 12 and 13). There is a small composi-
tion dependence in the diffusion coefficients which
may be estimated from parameters listed in table 15.
Figures 5 to 81 are deviation plots, for sixty-two gas
pairs, of experimental measurements from the semi-
empirical equations; these graphs illustrate dis-
crepancies in the data.

The proceduwe used in this 1eport is as follows.
At all possible temperatures published diffusion
coefficient values were critically evaluated on an
individual gas-pair basis. The data assessment was
determined without any additonal experimental
measurements, From the rigorous kinetic theory
of gases an approximation was developed to make
corrections for small composition effects. Coefh-
cients could then be normalized to a specific mixture
concentration for comparison and subsequent corre-
lation. Diffusion 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 meas-
urements, intermolecular forces from theory and
from beam experiments served to determine
diffusion coefficients at very low and elevated
temperatures, respectively. Semi-empirical func-
tions were constructed to correlate the data over
three decades of temperature within the experi-
mental uncertainty.

This report is divided into five major sections. It
begins with a section—Theoretical Background—
which includes the diffusion coefficient definition
and its theoretical expression according to the
rigorous kinetic theory of gases. The kinetic-
theory foundations are necessary for the under-
standing of temperature and composition depend-
ences, and quantum effects. This section closes with
equations for the determination of diffusion coeffici-
ents from intermolecular forces and from other
transport properties. The principal experimental
technigues are described next. Methods of measure-
ment 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 temperature
dependencies are outlined under Treatment of Data.
The analyses and results related to the small compo-
sition dependence of the diffusion coefficient are
entirely in this section. The semi-empirical correla-
tion equation was chosen on the basis of knowledge

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972



6 T.R. MARRERO AND E, A. MASON

of how intermolecular forces affect the temperature
dependence of the diffusion coefficients. Previously
uncalculated values of low-temperature asymptotes
of diffusion coeflicients are tabulated.

The fourth major section—Results—can be
subdivided into four areas. First, diffusion-
coefficient uncertainty limits are classified according
to temperature and gas pair. Second, the tabulation
of correlation parameters for the recommended
data is given. Then a series of graphs shows the
relative deviations bhetween the recommended
coefficients and the data. An inspection of these
graphs will readily indicate 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 Bibliog-
raphy; two annotated bibliographies are given;
one contains all the experimental sources, cemplete
through 1968, according to author (gas pair and
method are noted), and the second is a supple-
mentary listing of citations according to gas pair.
Practically all diffusion coefficients ever measured
can be traced through these bibliographies; how-
ever, for many systems the results are too frag-
mentary or too uncertain for the diffusion coefficients

o Ibe accepted as reliable. Additional references
from 1969, 1970, and a few from 1971 are included,
but the correlation is complete only through 1968.

References for Section 1

[1] Boynton, W. P., and Brattain, W. H., in International Critical
Tables of Numerical Data, Physics, Chemistry and Tech-
nology (McGraw-Hill Book Co., New York, 1929) Vol
V, pp. 62-63.

[2] Roth, W. A., Scheel, K., Editors, Landolt-Bérnstein, Phys-

’ ikalisch-Chemische Tabellen, 5 Auflage (J. Springer,
Berlin, 1923, 1927, 1931).

(31 Touloukian, Y. S., Gerritsen, J. K., and Moore, N. Y., Editors,
Thermophysical Properiies Rescarch Literature Retrieval
Guide (Plenum Press, New York, 1967).

[4] Westenberg, A. A., Combustion and Flame 1,346 (1957).

[5] Westenberg, A. A., Adv. Heat Transfer 3, 253 (1966).

{6] Perry, R. H., Chilten, C. H., and Kirkpatrick, S. D., Editors,
Chemical Engineers’ Handbook, 4th Edition (McGraw-
Hill Book Co., New York, 1963), Chap. 14, pp. 19-23.

{7} Vargaftik, N. B., Manual of Thermophysical Properties of
gy&ses and Liquids (in Russian), (FM, Moscow, 1963), pp.

~631.

[8] Bischoff, K. B., and Himmelblan, U. M., Ind. Eng. Chem.
60 (1), 66 (1968). 58 (12), 32 (1966); 57 (12), 54 (1965);
56 (12),61 (1964).

[9] Hirschfelder, J. O., Curtiss, C. F., and Bird, R. B., Molecular
Theery of Gases and Liguids {John Wiley and Sons, New
York, 1964), pp. 487, 517.

2. Theoretical Background

In this section the presentation of the theoretical
background is preceded by the phenomenological
definition of diffusion coefficients. Then in outline
form expressions for diffusion coeflicients are de-
rived by the Chapman-Enskog procedure for a
solution of the Boltzmann equation. Most mathe-
matical details of the derivation are omitted, and
the discussion accentuates the application limits
of these rigorous kinetic-theory formulas. More
complete information is available in three mono-
graphs [1-3].2 and recent developments appear in
several articles [4-13]. The emphasis here is on
molecular physics as a prerequisite to the under-
stanting of accepted theoretical recults whirh are
necessary in order to achieve the following:

(1) suggest the mathematical form for the cor-
relation of diffusion coefficients as a function
of temperature,

(2) correct diffusion coefficient measurements for
composition dependence,

{3) estimate quantum effects for low-temperature
diffusion coefficients,

(4) calculate diffusion coefficients directly from
knowledge of intermolecular forces, and
calculate diffusion coefficienis from other
transport properties.

6]

—

2.1. Phenomenological Definition of the
Gaseous Diffusion Coeflicient

In a nonuniform mixture the diffusion coefficient
is a proportionality constant between the molecular
flux and the composition gradient of a species.
Diffusion coefficients are defined by phenomeno-
logical equations for two-component and multi-
component mixtures.

indicate the ki refe at the end of Section 2.

*Figures in brack
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a. Two-Component Mixtures

In two-component mixtures, in the ahsence of

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

Jy=— n@mvffh

Jo=—nD2 V.

(2.1-1)
(2.1-2)

Each species (or component) is labeled by subscripts
1 or 2. The flux densities are J; and J; (molecules/
cm? - 8), the total number density is n (molecules/
cm®), and the composition gradients are in terms of
mwle fractions x; and x3. These equations hold only
in the case of zero net flux, J;+ J.=0. If the net
flux is not zero, eqs (2.1-1) and (2.1-2) can be
considered to hold in a coordinate system moving
with the net flux, that is, al a velocity equal to
J1+J2)/n.

The diffusion coeflicients 2, and 9y; are posi-
tive constants with units of cm?¥/s. It is easy to show
from egs (2.1-1) and (2.1-2) that 21,= %, be-
cause J; + Jo=0 and x; + x2 =1 for a binary mixture.
Thus diffusion in a binary mixture is described by a
single diffusion coefficient.

Molecular diffusion, strictly speaking, canuot
occur under conditions in which both the net flux
and the pressure gradient are simultaneously 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 (if-
ference 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 gradiciit forces the pet
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flux to be zero. If the fluxes were to remain unequal
in a closed system, then the pressure would con-
tinue 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 meas-
ured [17-26]. Because of this, il is unnecessary to
include in the flux equations any term directly pro-
portional 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 egs (2.1-1) and (2.1-2)
for nonzero net flux is therefore simply

Ji=—n@uVx+x), (2.1-3)

Jz——-—n.@Msz+x2J, (21"44)

where the net flux is J=J:+ . Equations (2.1-3)
and (2.1-4) define the diffusion coefficient in a sta-
tionary coordinate system. It can be easily shown,
as before, that £, = Dsy.

The preceding equations, which define binary dif-
fusion coefficients, are applicable to any fluid, and
hold regardless of any dependence of the diffusion
coefficient on composition, pressure, or tempera-
ture. For dilute 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 dependence is more complicated.
All these factors are treated in more detail in subse-
quent sections.

b. Multicomponent Mixtures

The flux of a species in a multicomponent mixture
is not conveniently expressed in terms of composi-
tion gradients as in the foregoing equations for
binary mixtures. The reason is that the multicompo-
nent diffusion coeflicients thereby defined have an
excessively complicated composition 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
related to differences in fluxes of gas pairs {2, 3, 8,

. 27]. The outstanding advantage of such a relation-
ship is a description of multicomponent diffusion
in terms of diffusion coeflicients for binary mixtures.
These equations, credited to Stefan and Maxwell,

are
= (J,z_.!z) -

V x; _gﬂ@; — (2.1-5)
where 7 and j denote the species. For a mixture of
v species there are v equations, but only v—1
are independent. The diffusion coefficients 2
depend primarily only on the nature of the species
i and j, but are not quite the same as the correspond-
ing binary diffusion coefficients Z;; (henece the
prime). However, the difference between the 2;
and the 9y lies only in their weak composition
dependence, the exact value of 2y depending
slightly on the composition of the whole multi-
component mixture and not on just the relative

amounts of i and j. The variation of the binary &
with composition is empirically a few percent at
most, and is of the same magnitude as the experi-
mental uncertainties in the few available multi-
component &, or even in most measured binary
Z3 for that matter. Therefore it is reasonable on
an empirical basis to take ;=% for multi-
component diffusion. This is also justified theoreti-
cally, for in the first Chapman-Enskog approxi-
mation Z;; and Dy are identical and independent
of composition [2, 3, 7].

The special case of a trace species diffusing
through a uniform muliicomponent mixture is of
interest for two reasons. It provides a simple test of
;= Dy, and makes possible the calculation of
diffusion coeflicients of various species in air.
First, denote the trace species by 1 and assume the
absence of a net flux (J=0), then egs (2.1-5)
reduce to a single equation,

- (2.1-6)

If the trace diffusion coefficient &, is defined to be
the constant of proportionality between Ji and
V x4, then

(2.1-7)

where &, specifies the diffusion coefficient of the
tracer in the multicomponent mixture. If %y re-
places 9/ then eq (2.1-7) becomes an expression
of Blanc’s law [28]. Detailed calculations {291 of
@1;' and 2y for this special case show that the
deviations from Blanc’s law are small for ordinary
gases. This further justifies the application of binary
diffusion coefficients to eq (2.1-5) for multicompo-
nent diffusion. The second case of interest, the cal-
culation of diffusion coefficients of a species in
air (when direct measurements are unavailable or
inadequate), is especially convenient by the appli-
cation' of Blanc’s law with available binary diffu-
sion coefficients of the species in nitrogen and in
oxygen.

2.2. Molecular Theory of Diffusion

a. General Background

This presentation of the molecular theory of dif-
fusion briefly outlines some major points of the
rigorous kiuetic theuvry uf gases. Kinetic theory
postulates transport due entirely to molecules in
motion. In diffusion the individual molecules them-
selves carry mass through the gas. Since there are
immense numbers of molecules moving abour in a
gas it is to be expected that molecular encounters
(or collisions) are of cardinal importance in con-
trolling the overall rate at which transport ocecurs.
The collisions in turn are controlled by the forces
of interaction between the molecules. By the for-
mulas of kinetic theory, knowledge of these funda-
mental intermolecular forces can lead to gaseous
diffusion coefficients.

The importance of molecular collisions in dif-
fusion can be illustrated by some typical numerical
values. At ordinary conditions of temperature and
pressure molecules in gases have molecular speeds
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of the order of 10* cm/s, which is about the speed
of sound. In contrast, actual diffusion velocities
(Ji/n:) are much less—about 1 ¢m/s. This great de-
crease 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 104
times the net distance traveled during diffusion.
For gases at ordinary conditions only hinary col-
lisions are important; ternary and higher-order
colligions are very nnlikely. Rinary collisions, twao-
particle encounters, are characteristic of gases with
the ratio of mean free path to molecular diameter
of the order of 100.

Transport phenomena— diffusion, viscosity, ther-
mal conductivity, and thermal diffusion— arise by
deviations, however slight, from the equilibrium
molecular velocity distribution function known as
the Maxwell distribution. At equilibrium conditions
an isolated gas mixture has no gradients in composi-
tion, pressure, or temperature; thus no fluxes.
Therefore to obtain transport coefficients on a the-
oretical basis kuowledge of a nonequilibrium veloc-
ity distribution function is a necessary requirement.

b. Theoretical Methods

Diffusion coefficients can be calculated from a
flux derived from a molecular concept— the integral
of molecular velocity over the nonequilibrium ve-
locity distribution’ function. The velocity distribu-
tion function represents the probability for a
molecule to have a specific velocity and location at
some instant, The changes in the velocity distri-
bution due to molecular interactions must satisfy
the nonlinear Boltzmann integrodifferential equa-
tion. The basic problem of rigorous kinetic theory
is to solve the Bolizmann equation.

A solution of the Boltzmann equation was inde-
pendently obtained by Chapman and by Enskog
[1-3]. Both used a method of successive approxi-
mation, 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 algebraic equations, and the
transport properties can be expressed formally as
ratios of infinite determinants whose elements are
the coefficients of the algebraic equations. The co-
efficients of the equations are complicated functions
which depend on the species and the composition
of the mixture, and on integrals related to binary
molecular interactions. These sets of equations
can bc solved, fortumatcly, by rapidly convcrging
approximation schemes.

An outline of the Chapman-Enskog procedure is
as follows. First the velocity distribution function is
expanded in terms of a perturbativn funclivn added
to the Maxwell (equilibrium) distribution, By the
assumption of a small perturbation, the expansion
substituted back into the Boltzmann equation leads
to a linearized integrodifferential equation for the
perturbation (ref. 2, sec. 7.3b, c).

The perturbation term is assumed proportional to
gradients, dnd expanded in a series; the series ex-
pansion coefficients are functions of molecular
velocities (ref. 2, sec. 7.3d). The assumption of
linearity in the gradient of composition is precisely
consistent with the preceding phenomenological
definition of diffusion coefficients; other transport
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coefhicients may be accounted for by additional
appropriate gradients. The diffusion coefficient now
appears as an integral of the expansion coeflicient
over the molecular velocities/(ref. 2, sec. 7.4a). The
expansion coefficient satisfies a linear integro-
differential 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 orthogonal functions because
orthogonal properties lead to subsequent simplifi-
cation of the calculations. The orthogonal functions
usually used are Sonine polynomials (ref. 2, sec.
7.3d, g). When this second expansion is substituted
back into the integral expression for the diffusion
coefficient, it turns out (because of the orthogonality)
that the diffusion coefficient is exactly equal to just
one of the coefficients in the second expansion
(ref. 2, sec. T.4a). The problem now is to find the
coeflicients of the second expansion. To do this, the
expansion is substituted back into the linear integro-
differential equation, which is then solved by a
moment or a variational method. The result is an
infinite set of algebraic equations in which the un-
knowns are the coefficients of the second expansion,
and the coeflicients of these unknowns are compli-
cated multiple integrals over molecular velocities.
These integrals result from the moment formation;
most of the integrations can be carried out explicitly,
but not all, until the law of intermolecular force is
specitied (ref. 1, chap. 9; ref. 2, sec. 7.4d).

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 com-
monly used, one due to Chapman and Cowling, and
the other to Kihara) [39]; the simplest truncation
gives the first approximation to the diffusion coeffi-
cient, the next step gives the second approximation,
and so on. In the first approximation the diffusion
coefficient is independent of composition; the
second and higher approximations introduce
composition dependence. Since the approximation
procedure converges rapidly, the third approxima-
tion for the diffusion coefficient is almost identical
with the second approximation [30].

The solution of the Boltzmann equation by the
Chapman-Enskog procedure depends on the fol-
lowing assumptions:

Binary Collisions. The Boltzmann equation
itself has a fundamental assumption—binary col-
lisions. This .assumption—that only two-molecule
interactions are important—limits the application
of theoretical resulis 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.

Small Perturbation. In the Chapman-Enskog
theory the assumption of a small perturbation func:
tion describes small departures from the-equilibrium
velocity distribution function; in other words, at
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conditions slightly away from equilibrium the trans-
port property fluxes are linear in the gradients.

Classical Mechanics. Historically, classical me-
chanics was necessarily used by Boltzmann, Chap-
man, and Enskog; however, their theory can he
reformulated to account for quantum-mechanical
effects. The modification needed is merely to replace
an integration over classical impact parameters for
molecular interactions by an integration over de-
flection angles involving the gquantal differential
cross section.

Elastic Collisions. The original Boltzmann equa-
tion and its solution by Chapman and Enskog were
limited to elastic collisions between molecules
interacting with central forces. Inelastic callisions
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 internal degrees of freedom, but

thermal conductivity is. The theory may be reformu-.

lated to account for inelastic collisions.
¢. Theoretical Results

In this section the Chapman-Enskog theoretical
axpressions for diffusion coefficients are given, as
well as the definition of collision integrals, and a
number of complementary definitions related to
binary molecular collisions. The extension of the
collision integral formulas to include inelastic col-
lision effects is also given.

Approximation Scheme for Diffusion Coefficients.
The higher approximations for diffusion coefficients
in a dilute gae binary mixture with species of type 1
and 2 are written

[o@lz]M = [.@12] lf(M)a

where [9::]: is the first approximation, f*) ac-
counts for the effects of higher approximations, and
M indicates the order of approximation. In the first
approximation for diffusion coefficients, f0=1;
the effect of higher approximations is described by

SO=1(1—Apr—. . .),
f'(M)= (1+A12+- . .).,

(2.2-1)

(2.2-2a)
(2.2-2b)

or

where Ay is the first correction term to [z ]s.
First Approximation for the Diffusion Coefficient.
The expression for [ D12]1 is

3 (2wkT\V2 1
o ). oo
(D] 16\ am nﬂ(llz’l) 2.2~3)

where (t12 = m,ms/(m, + m;) is the reduced mass of a
pair of molecules, m is the molecular mass of a
species, k is the Boltzmann constant, and T is the
absolute temperature. The diffusion collision integral
Q%Y has units of area and is dependent on the
temperature and the forces of molecular interaction
of the gas. The collision integral for diffusion is

Q. 1(T) =.12. (kT)—sf e-ENTE2SON(E)dE, (2.2-4)

0

where E is the initial relative translational energy of
two molecules in a binary collision, E=% p1?, v
being the initial relative speed of ihe wolooula

pair, and the diffusion transport cross section is
ke
SUNE)= 271'[ (1—cos x)I(x, £) sin xdx, (2.2-5)
0

where I(x, E) is the differential scattering cross
section. For classical systems I(x, E) sin xdx=>bdb,
where b is the impact parameter — the perpendicular
distance between one molecule and the initial line of
relative approach of the other molecule. The clas-
sical scattering angle for a pair of colliding molecules
is

_ © dr b\2  @(r)]-2
oo [ -2

r.

2.2-6)
where re, the distance of closest approach, is

given by

b\ _ o(re)

1— (=) —& =, 2-

(rc) E @ Z
In eg (2.2-6) r is the internuclear separation
distance, and ¢(r) is the spherically symmetric
intermolecular potential.

The expression for [ 2], in practical units is

S\1/2 T2
M, -I-M_) T 2.2-8)

9 =0.008258-( Loz
[ 12]1 2M1M2 pﬂ(ll?.’l)

where T is in degrees Kelvin, p is the pressure in
atmospheres, M; and M; are the molecular weights
in grams per mole, and Q¥ is in angstroms
squared.

The first approximation for the diffusion coeffi-
cient is independent of mixture composition.

Second Approximation for the Diffusion Coeffi-
cient. The second approximation for the diffusion
coefhicient is

[912]2 = [Z]:1(1+Ap), 2.2-9)
where
A (661*2—5)2 CfPl+x§P2+x1sz12 29
12 10 1201+x2202+x‘x2~012). (2.2—10)

The P’s and Qs are complicated algebraic expres-
sions which contain various collision integrals and
are defined in Section 2.4; Cf is a collision integral
ratio given by eq (2.2—-16). The first correction term
Aiz is temperature dependent, and contains the
small composition dependence of the diffusion
coefficient. : .

Accuracy of Formulas for the Diffusion Coefficient.
How close {Z212]; is to ”]Il_l'& (21214 depends on

composition, molecular masses, and the inter-

molecular forces of the gas mixture. Of course, an

experiment measures only Allim [D12]4. By nu-
el

merical comparison of [Z12]1, [D12])2, [Di2]s, ete.
for a variety of special cases, the accuracy of
[212]) may be assessed [30]. For the case of nearly
equal molecular masses [ Z12]; is probably accurate
to within 2 percent regardless of the composition or
intermolecular forces. If the molecular masses are
very unequal and the heavy component is the trace
species then [212] is accurate to within 1 percent.
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If the light component is the trace then {9:2], may
be quite inaccurate; the worst case known is a
mixture of rigid spheres for which [%:,]; is low by
about 13 percent. In practical cases it is probably
safe to regard [Z::]i as accurate within about
5 percent for all gas pairs, and [91.]: as accurate
within 2 percent, ’

Pressure Dependence of Diffusion Coefficients. All
theoretical approximations for dilute-gas diffusion
coeflicients are inversely proportional to density, or
proessurc. It can be shown by elementary kinetic
theory arguments that the molecular flux is inde-
pendent of pressure for binary collisions. The reason
is that the number of flux carriers (i.e., the molecules)
is directly proportional to thcir number density =,
but the number of particles that impede the flux by
collisions is also proportional to n. The two effects
exactly compensate. If the associated gradient is
chosen so as not to involve n, then the constant of
proportionality must also be independent of n. Thus
the coeflicients of viscosity and thermal conductivity

are independent of density. But the proportionality
constant for diffusion is arbitrarily chosen w be

n&yy (for historical reasons), so that Py, itself
must be inversely proportional to n.

Collision Integrals for Elastic Collisions. The
general equation for collision integrals is

QL(T) = [(s+ 1)1 (£T)s+2]
J' " -ERTEsSO(EYAE,  (2.2-11)
Q
with

fﬂ (1=cos!'x)(x, ¢, E) sinxdy, (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 orieniation of the final relative molecular ve-
locity 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 conduc-
tivity 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 (ref. 1,
chap. 1{}; ref 2, chap. 8).

The definition of collision integrals as dimension-
less reduced guantities, that is, collision integrals

divided by the analogous quantities for rigid-sphere.

molecules, makes calculations of transport roeffi-
cients more convenient. The reduced collision
integral is defined as

Q.9

(2, $)* =
Qe o2’

(2.2-13)

where o is an arbitrary molecular size or range-of-
force parameter, and is exactly unity for rigid
spheres of diameter o. Numerical values of reduced
collision integrals are usually about unmity if o is
chosen in a reasonable way, and differences from
unity reflect differences in eftective molecular size
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for the selected intermolecular force model in com-
parison to an ideal rigid-sphere model.

In the higher approximations for diffusion coeffi-
cients, and in other transport properties as well,
several recurring ratios of collision integrals, or
reduced collision integrals, are defined for calcula-
tion convenience, namely

A= 2* [, ¥ (2.2—-14)
R* =[50 2% — 400, %] /QW 0% (2.2-15)
C*= QU D[, 1%, 2.2-16)
E* = (), 3y%[()2, 2% 2.2-11y

The magnitude of each of these ratios is approxi-
mately unity, and exactly unity for rigid spheres.

Collision integrals and collision integral ratios are
functions of temperature and the parameters of the
selected model for intermolecular forces. Since such
models usually have ai least two parameters, one
with dimensions of distance and one with dimen-
sions of energy, it is economical to tabulate collision
integrals in dimensionless form, in which the re-
duced collision integral is given as a function of a
reduced temperature. Reduced collision integrals
have already been defined; reduced temperature is
usually defined as

T*=kTle, (2.2-18)

where € is the energy parameter of the potential
(usually the depth of the minimum).

Collision Integrals for Inelastic Collisions. As
previously mentioned, the kinetic theory of gas
transport properties by the Chapman-Enskog
procedure applies strictly to molecules that have v
internal degrees of freedom. To extend the pre-
ceding equations to polyatomic and polar molecules
the theory of transport properties must account for
inelastic 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 molecules. A semiclassical treatment is used in
which the translational molecular motion is de-
scribed 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 [7-9, 13] has extended the theory
to mixtures; the derived collision integrals cor-
respond to the first approximations of the Chapman-
Enskog theory.

The available resuits for inelastic collision in-
tegrals are for 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 elaborate calcu-
lations., These conclusions are stated at the end of
this subsection.

The general equations for the diffusion and vis-
cosity collision integrals are as follows:
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Qu (7)) =2[(s+1) 122y ]

S et [ Ty ASPI BNy, (2:2-19)
ijkl
where
yispuig)= " ds | "1 6.B)
sin xdx(y*—yy' cos x), (2.2-20)
yisgee) =t [ [ 7 Bx 4. E)
sin xdx [y2(v2 — v cos? x) —do2—yP],  (22-21)
yE—yt=epten— (€iteg;),  (2.2-22)
v = EjkT, (2.2-23a)
v2=E'[kT, (2.2-23b)

in which the prime on 7y refers 10 the relaive Xinetic
energy after a collision and the species are denoted
by q and ¢’. The various €’s are the energies of the
internal gquantum states of the species, divided by
kT. Zg and Zg are the internal partition functions
for the g and ¢' species: Zg=2 exp (—¢€;) and
Zg=2 exp (—ey ;). They appear only as normaliza-
tion factors in eq (2.2-19). The indices i and j
denote the ith and ][h internal quantum states of the
gth and ¢'th species before a collision, and £ and /
the correspondmg states after a collision. The dif-
ferential scattering -cross section I&(x, ¢, E)
. deseribes collisions between two molecwes initially
in internal states i and j which undergo a collision
and finally are in states k& and [ In the collision
integral of eq (2.2-19) the superscript / is primed so
as not to be confused with the /th quantum state.

The collisien integrals for inelastic processes
reduce exactly to collision integrals for elastic col-
lisions when E’'=E and the differential scattering
cross section is the same as the elastic cross sec-
tion, I’J—Iez for all i and j.

Inelasuc collisions enter (1 only through the
term ‘)ly cos xi to a firet approximation 4y ~’y and
the inelastic co]]jsions have no effect. For a second
approximation 7y’ can be written as y plus some
terms in Aegy, where Agg =792—7'%; the inelastic
contributions are then of the form y(Aeqq)cos X
For isotropic molecular scattering the correction
term vanishes, and even for nonisotropic scattering
the inelastic contribution is probably small unless
there is_some special correlation between Aegy and
X- The 2 may also reduce to a manageable form,
in the first approximation A€,y <92 and the terms
in Aegy may be dropped. For a second approxima-
tion, the terms in A€ vanish for isotropic scat-
tering,

The determination of . from mixture viscosity
measurements is especially related to 4%. In these
calculations the algebraic expressions (see sec. 2.7)
appear mathematically the same whether the mo-
lecular collisions are elastic or inelastic. This is
impartant beecause the only effect depends on what
value is substituted for 4%. A first-order expansion
for A% indicates only a small correction for inelas-
tic collisions, but good approximations are not yet
available.

2.3. Temperature Dependence of Diffusion
Coeflicients

The temperature depcndcncc of &,, according to
the preceding expressions must be investigated in
order to develop a general equation useful for the
correlation of diffusion coefhicients. Almost the en-
lite temperature dcpcndcncc is given by the factor
[T32/00 0(T) ] appearing in [D12]1; that is, the
higher approximations have only a slight effect.
Accordingly the temperature dependence of Ay, is
disregarded in the following discussion. The tem-
perature dependence of [Z:]: can be calculated
if the law of force between two molecules is known.
Details about intermolecular forces will follow later
in this section. Calculations for plausible molec-
ular force laws have shown that the derivative
d ln 00T /d In T usually lies between 0 and
—1/2, so that the derivative (9 In Z15/8 In T), lies
between 3/2 and 2. Thus . should vary as 12 to
T?, and this is usually found to be the case experi-
mentally. These general features are depicted in
figure 1.
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FIGURE 1. Qualitative temperature dependence of diffusion
coefficients.

This figure shows the derivative (6 In D12/0In T),,
obtained from experimental data and intermolec-
ular 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.

The general characteristics ot OIn ZpfolnT)p
are as follows. At extremely low temperatures the
dominant interaction is the long-range r~% London
dispersion energy, which causes Q. V(T) to vary
as T-13. At extremely high temperatures the domi-
nant interaction is the (roughly) exponential short-
range repulsion energy, which causes Q4 (T) to
have a weaker temperature dependence than at
low temperatures. Thus (8 In @43/0 In T), is equal
to 11/6 at low temperatures, and equal to a smaller
value, ~ 1.7, at high temperatures, the high-tem-
perature value being slightly dependent on tem-
perature. In the intermediate temperature region
(8 In $12/8 In T)p is not monotonic, and exhlbus
a maximum where both short-range and long-
range forces are significant.

In fignre 1 the inset shows In (pZ12/T%?) versus
In T. This curve illustrates the behavior to be ex-
pected from very low temperatures up to about
10 000 X, and indicates the form of relationship
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needed to fit &y data as a function of temperature.
Possible quantum effects at very low temperatures
have been ignored in this illustration since they are
important only for a few very light gases.

More gquantitative information about the tem-
perature dependence of i requires additional
details about intermolecular potentials. As is well
known, molecules attract each other at large sep-
aration distances and repel each other at small
separations. In principle, quantum theory provides
a method for calculating the interaction between a
pair of molecules [33]. The long-range interactions
are dominated by London dispersion forces, and
can be calculated fairly accurately [34], but the
short-range interactions are too complicated to he
calculated in any simple way. The various inter-
actions and their effect on @y are considered
below.

a. Long-Range Interactions

These interactions behave asymptotically as
(neglecting retardation effects)

p(r)=—C/r, (2.3-1)
where C is the London constant. According to
classical mechanics the collision integral has the
form _

QLY (CIT)1A, (2.3-2)
Thus as T—0, Dy « T*/0 classically, but at suffi-
ciently low temperatures quantum corrections
become important. A_general expression for the
‘quantum-mechanical Q% as T—0 is not pres-
ently available.

b. Short-Range Interactions

Short-range interactions can be approximated by
an exponential function, and over a more limited
range by an inverse power. These single-term po-
tentials have a simple algebraic form which permits
the collision integral to be calculated numerically;
such results lead to values of &, at high tempera-
tures, I = 1000 K.

The expression for the exponential potential is

e(r)=eoexp (—1lp), (2.3-3)
in which ¢y and p aré cmpirical paramctcrs. For
this potential the QU V(T') has been evaluated [35]
over a wide temperature range by numerical meth-
ods, and its temperature dependence found to be
approximately

Q0. 0(T) < [In (@ofkT) 12 (2.34)
Thus at high temperatures diffusion coeflicients are
expected 1o be proportional to T%2/[In (¢of/kT)]%

The inverse-power repulsive potential can be

written as
50(!’) ===K/r",

where K and s are empirical parameters. For this
potential the temperature dependence of the
collision integral is exactly [1, 2]

Q. O(T) = (sK/kT)?s. (2.3-6)

For this model the diffusion coefficients are pro-
portional to T3/2+25s,

(2.3-5)
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¢. 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; de-
scriptive approximations are frequently given by
semi-empirical expressions which interpolate be-
tween functions derived for solely attractive or
repulsive interactions. For spherical nonpolar mole-
cules two such well-known approximations are,

Lennard-Jones (n—6)
oG BE-E) e

Exp—6

o(r) = (;oif—g) {g exp [a (1 ..:’n_)] _ (,rrg)"‘}

(2.3-8)

and

where € is the depth of the potential energy well, ri,
is the location of the potential energy minimum,
and n and « are parameters which reflect the steep-
ness of the repulsive forces. Such potentials give
a complicated relationship for the temperature de-
pendence of the collision integral, and no analytic
expression can be given corresponding to inter-
mediate temperatures (about 200 to 1000 K for
most gae pairs). However, Sutherland [36] devel
oped a simple relationship for rigid-sphere mole-
cules with weak attractive interactions, and showed

that
QD% =14 §/T, (2.3-9)

where S is a positive constant. The temperature
dependence of 9, is then
D < T32[(1+8/T), (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/e <3.5) [37]. Another relationship, sug-
gested by Reinganum [38], is
Q1 % == oSIT (2.3-11)
or
912 o TSIZC—S/T, (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 composition dependence of gaseous
diffusion coefficients. The composition correction,
less than 5 percent for most gas pairs, is needed to
eliminate systematic discrepancies in the evaluation
and correlation of 9, measurements. The composi-
tion correction term, Ay, is repeated here for con-
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venience, and the P and Q terms are expressed
as follows:

_ (6(:;‘(2_ 5)2 (x?P1+x§Pg+x1sz12)
A= 10 x2Q1 + 2502 + 212012/’
(2.2-10)
where
P 2M? ( 2M, V2 Q% 2* (3-_1_,)
= ‘Mz(Ml“{“]ug) M1+M2) ﬂ(llz’l)* 022
(2.4-1)
Mi—My\?2  SMMoAY,
Pi=15 (M1+Mz> AL (249

0= 2 ( 2M, )”" Oz 2% <_<_T_11) 2
T Ma (M + Me) \ M+ My) O TF \o,
x[B-S mapurramp+ S atann ). (2as)

M
5 Sp)
Q= 5(M[~1~M2) (2 512

4M1M2A,2( 12 *)
(M + My)? - B""

8 (M] "+‘}M2) Qﬁ’ 2)% \Q%’ 2% 011 0532
5 (M:Ms)? O % Q0% \gryy

The relations for P, and Q. are obtained from
those for P; and Q, by an interchange of subscripts.
The subsecript “11” denotes molecular interac-
tions between two type 1 molecules, and so on.
The Chapman and Cowling relations for the Qs
have been presented, not Kihara’s [39].

The above complicated formulas for A, are
tedious to use, and attempis have been made to
simplify the expressions [40-42]. The results are
semi-empirical approximations, one of which [42]
takes a form that determines the most sensitive
parts of Ay from experiment and the remainder
from theoretical calculations. An improved semi-
empirical approximation for Ay is developed in
this report; details appear in section 4.2.

) ©@.4-4)

T2 T12

2.5. Quantum Effects en Diffusion
Coeflicients

Quantum effects become significant when the
de Broglie wavelength, A= h/uv, approaches the

TasLr 1.

Quuantum effects on diffusion coefficients and on collision integral ratio Al

size parameter ¢. Thus the ratio Ao is a measure
of quantum effects, and gases behave classically
for Ao < 1. In kinetic theory it is common practice
to use the deBoer parameter A¥,

A* = hi[o(2ue)¥?], (2.5-1)

which is simply Ao for a colliding pair of reduced
mass p 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 reduced temperature, 7 = kT/e. This is illus- .
trated 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 Hs-Ds, and 2.9 for 3He-"He.

From table 1 it is evident that quantum deviations
in 22 can be quite large for light gases at low tem-
peratures. However, the collision integral ratio
Af; has deviations of only a few percent, so that
reliable values of @y, can be computed from accu-
rate viscosity measurements even when quantum
effects are important, as explained in more detail
in section 2.7.

The only modification necessary for quantum ef-
fects is the replacement of the integration over
classical impact parameters by one over the quan-
tnm-mechanical differential cross section. The
quantum transport cross section as given by a
scattering phase-shift analysis is

100 =1/ 1% (2.5-2)
0 =502 S (21+1) [exp (2381)
~11Pi(cos x), (2.5-3)

in which & is the phase shift, / denotes the angular
momentum quantum number, and x is the wave
number of relative motion, equal to 2mrpv/h=2a/\.
The phase shifts are obtained by the solution of the
radial wave equation. P;(cos x) is a Legendre poly-
nomial in cos x, and f(x) is the scattering ampli-
tude. When eqs (2.5-2) and (2.5-3) are substi-
tuted into eq (2.2-12), the integrations can be
carried out to yield the following expressions for

in terms of the deBoer

parameter, A*, and the reduced temperature, T* =kT/e?

[9:2]: (Quantal){{Zh. ], (Classical)

A}, (Quantal)/ 4, (Classical)

A*
0 0.5 1.0 15 20 3.0 0.5 1.0 1.5 2.0 3.0
T*
0.1 1§ 1001 § 1.001 | 0.641 | 0.741 | 2924 {| 1.014 | 1.043 | 0.970 | 0.921 | 0.966
0.2 1 | 1.004 | 0.899 813 | 1.046 | 2494 | 1.010 | 1.042 979 956 | 1.046
0.5 1 ] 1.002 991 | 1069 | 1.297 | 1.883 ) 1.007 | 0.994 957 956 | 1.021
1.0 1 [ 1009 {1032 | 1,105 | 1.224 | 1.444 || 0.999 984 971 978 | 1.018
1.5 1 | 1008 | 1.031 | 1.080 | 1.150 | 1.269 999 .990 .987 994 | 1.025
2.0 1 | L0066 | 1.025 | 1.060 | 1103 1.182 | 1.000 .994 2996 1 1.003 | 1.028
3.0 1 | L0064 | 1016 | 1.035 | 1.060 [ 1.101 || 1.001 997 § 1.002 | 1.008 | 1027

*Caleulated from a Lennard-Jones (12-6) potential.
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the diffusion and viscosity (or thermal conductivity)
transport cross sections:

SUNE) =4—TT i (I+1) sin®(8u1— &),

K* i

(2.5-4)

~

and
4 +1+2) . _
Se(E) == ; (+1)i+2) @15 sin? (82 — &)

(2.5-5)
The summations are over all integral values of !

from 0 to = for distinguishable particles, but only
over the even or odd integral values for indis-

tinguishable particles (in which case the summation

is multiplied by a normalization factor of 2). In
order to describe observable processes S must
always refer to distinguishable particles, but S@
can refer to either. These formulas apply only to
the case of elastic collisions; corresponding for-

mulas for inelastic collisions have never been-

derived.

It is often desired to adjust measurements of D
for a set of isotopes to a common molecular weight
basis. This is especially important for hydrogen
isotopes (Ho, D,, To, 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 of &,; on mass is the propertionality
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;z, but this is
almost always negligible. The third dependence is
in the diffusion collision integral, which in the quan-
tum case depends on mass through the deBoer pa-
rameter A*. In order to make the necessary com-
putations a poteniial model is assumed, and the
diffusion collision integral is then obtained for both
isotopic mixtures; for the Lennard-Jones (12-6)
potential quantal collision integrals have been pub-
lished [43, 44] as a function of the deBoer param-
eter and reduced temperature in convenient tabular
form. For any two mixtures a simple ratio of
O 0% (A* T*) s taken to adjust the data accord-
ing 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 guantum corrections
appear as a series in Dowers of Planck’s constant
(or A¥). Explicit expressions have been obtained
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 Coeflicients
from Intermolecular Forces

In this section expressions for diffusion colli-
sion integrals are presented which lead to Z;
at conditions unavailable by direct experiment.
The expressions for 'V are given only for long-
range and short-range interactions; for intermedi-
ate-range interactions, the (> 1 are not given be-
cause the corresponding valucs of @, arc available
by direct experiment. Information about long-

| Phue Chem Ref. Data. Vol. 1, No. 1, 1972

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-
ments [46-48]. For both ranges of interaction the
specific data sources used in this report are listed

in the Bibilography, sections II and IIIL

a. Diffusion Collision Integrals for Long-Range
Interactions

The collision integral for the London 7% attrac-

tive potential is

Qs O=T1.1(C(T)*, (2.6-1)
in which C is the London constant in atomic
units (e2¢§) and Q@0 has 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, [D12]1 as T— 0.

The accuracy of the available London constants
is within 5 percent -for most gases, and at worst
10 percent for gas pairs containing xenon [34]1.
By eq (2.6-1) the first approximation for the diffu-
sion coefficient is inversely proportional to the
1/3 power of the London constant; thus the errors
in [912]1 due to errors in C are less than 4 percent
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 as
follows. First, the upper limit is given by the con-
dition at which the London dispersion energy
ceases to dominate interactions. From figure 1
this is estimated to occur at reduced temperatures
<0.2. Second, the lower limit is determined by
the magnitude of quantum effects. These effects
depend strongly on the deBoer . parameter A*
and reduced temperature in a complex manner,
and no simple estimate seems possible for the
lower limit of temperature for eq (2.6—1). For gas
pairs with large values of the deBoer parameter,
quantum eftects 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*=0.1, eq (2.6-1) is useful only
to a 10 percent level of uncertainty, For A*=0.5
and 7% =0.02 the low-temperature asymptote is
accurate to within 3 percent, and for A* <05
it is even better [43].

b. Diffusion Collision Integrals for Short-Range
Interactions

The diffusion collision integral expressions for
short-range interactions in terms of the exponential
and inverse power models are as follows. The expo-
nential potential, eq (2.3—3), gives

ﬂ(l; ”=4”77(12p2](],1) s (2.6‘2)
in which @=In (po/kT) and I, 1) is an integral avail-
able from tables [35] as a function of . The in-
verse power potential, eq (2.3-5), gives

sK

(1,1) ==
0 ’lT(kT

) I(3—2/s)AW(s),  (2.6-3)
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in which I'(3—2/s} is the gamma function of argu-
ment (3—2/s) and A®{(s) is an integral, inde-
pendent of temperature and available in tables
[49, 50] for different values of s.

The reliability of diffusion coefficients calculated
from molecular beam experiments is estimated as
follows. First, the consistency of ;2 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-Ny,
and H:-Ar. Other gas pairs do not have sufficient
data for such a comparison. .Second, the uncer-
tainties of the potentials themselves as a function
of r can be evaluated by comparison (1) with reliable
theoretical calculations, (2) with potentials obtained
from different apparatus in the same laboratory
and from different laboratories, and (3) with poten-
tials derived from other transport property measure-
ments at elevated temperatures [46-48, 51]. 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
informdtion has a level of reliability that varies
with the type of gas. The noble gas pairs have un-
certainties in the potentials that range from about
10 1o 30 percent. Gas pairs with diatomic molecules
have higher uncertainties, about 20 te 45 percent,
and for polyatomic molecules even higher uncer-
tainties, 30 to 60 percent. The diatomic and poly-
atomic 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 experi-
mental scattering observations. In addition, for the
dissociated gases H, N, and O, there are only a few
molecular beam measurements, which are relatively
difficult to obtain; for these mixtures uncertainties
in the potentials range from about 30 to 60 percent.
However, these rather large uncertainties in: the
potentials appear only as much smaller uncer-
tainties in the ecalculated diffusion coefficients.
This is clearly evident from eq (2.6-3) for the in-
verse power potential, since its collision integral
is proportional to a fractional power of the potential
parameters (the ratio 2/s is less than one).

The valid temperature range for diffusion coef-
ficients calculated for short-range interactions can
be predicted as follows. The potentials derived from
molecular beam scattering experiments are re-
ported with an applicable internuclear separation
range. These are obtained directly from the mini-
mum and maximum values of the measured scat-
tering 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 ap-
proximately related to the collision integral as
Q. D~ 72 Since the collision integral is also
given in terms of the potential parameters and tem-
perature by egs (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.

¢. Combination Rules

Often no direct determinations are available for
tae intermolecular potential of a particular gas

pair, but the potentials for the individual species
may be known. Various semi-empirical combina-
tion rules are available for the prediction of potential
parameters for a 1-2 interaction from those for the
1-1 and 2-2 interactions. Such rules work well
enough to allow the prediction of 2;; to a level of
uncertainty in the order of 10 percent.

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

Ciz= (CuCu)'2 (2.64)

‘I'his rule has been tested [52] and found to be quite
accurate. Theory also suggests, but more weakly,
a geometric-mean combination rule for the short-
range interactions [53];

Exponential Potential

(00)iz=[ (@0} 11 (@o)22]'2, (2.6-5a)
and P =3 (pi' +05') (2.6-5b)
Inverse-Power Potential

K= (K11Ks2 )2, (2.6-6a)
si2=%(s11+522). (2.6—6b)

These rules have been directly tested by means of
the molecular beam scattering experiments, and
the results are quite satisfactory [54-56].

2.7. Determination of Diffusion Coefficients

from Other Transport Property Measure-
ments

In this section procedures are described for the
determination of 21, from other transport property
measurements according to results of the Chapman-
Enskog theory [1, 2]. These procedures are vir-
tually independent of knowledge of the molecular
interactions, and are an alternate route to the
reliable prediction of @ys.

a. Mixtare Viscosity

The Chapman-Enskog first approximation for the

viscosity of a binary mixture can be expressed [57]
as a quadratic equation in the diffusion coefficient:

(pD12)?a+ (pZ12)b

+ (p@12)CA;"2+A;'§d=O, (2.7“1)
in which
a== (xle)z("?mix““"'?l"”ﬂz)/"?t’fiz, 2.7-2)
b= 22122 (M -+ M) "'RT [y (2312 + x2211)
—mme]/mne, (2.7-3)

cmg w12 (My -+ M) ART [ 1 (M3 -+xEMEm1 )

- (x1M1 - szz)z’nmz]/MJMﬁ'm'nz,
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d=2 QxR T MM, (2.7-5)
where R is the gas constant (82.0567 cm3 - atm/
mole - K), 1 is the viscosity in g/em - s, Ny, denotes
the mixture viscosity, and the subscripts have their
usual meaning. The determination of Z;; requires
experimental data for mixture composition, the
molecular weights and viscosities of the pure com-
ponents, and the mixture viscosity of the gas pair.
The only nonexperimental quantity required is the
collision integral ratio 4%. The variation of A},
-with temperature is only a few percent in the inter-
mediate temperature region, is relatively independ-
ent of the choice of a realistic intermolecular po-
tential model, and is insensitive to inelastic collisions
(sec. 2.2, part ¢) and quantum effects (sec. 2.5).
Thus the determination of 9y, from viscosity meas-
urements essentially eliminates the need for accu-
rate information about molecular interactions.

For a mixture of a gas with itself the binary mix-
ture expression, eq (2.7-1), reduces to

PDu=g AL (RIM)m,  (2.76)

in which 9i; is known as the self-diffusion co-
efficient.

The determination of s from viscosity measure-
ments has heen derived fram first appreximation
formulas. On this basis the diffusion coefficients
calculated canmnot be the true values of 3, which
have a small composition dependence. The diffu-
sion coefficients calculated cannot be exact [D12],
because experimental viscosity data are used [58].
However, the diffusion coefficients calculated from
experimental binary mixture viscosity data are
nearly equal to &: at a mixturc composition cor-
responding to the heavy component in trace
amounts, as shown by numerical computations of
the higher Chapman-Enskog approximations [10].
The uncertainty in this conclusion was found tov be
less than any error in available diffusion coefficient
measurements.

The reliability of %2 calculated from mixture
viscosity measurements is almost the same as
obtainable by % measurements with the best
modern techniques, as shown by the following
analysis. First, assume that 4}, is known exaectly. On
the basis of an error propagation analysis of eq
(2.7-1), the calculation procedure for <2 can
introduce a loss in precision by as much as a factor
of five [57). However, reliable viscosity measure-
ments are obtained with uncertainties of 1/10 per-
cent at about room temperature and about 1/2
percent at 1000 K. These uncertainties are ap-
proximately 10 times less than in direct %:2 meas-
urements at the corresponding temperatures.
Second, remove the restriction of a perfectly
known 4%, in order to obtain the total uncertainty
of calculated £:.. For spherical or homonuclear
diatomic molecules at intermediate temperatures
A}, is reliable to about 1 percent; nonspherical or
polar gases have slightly larger uncertainties in

. Uncertainties in values of A% will be directly
reflected in 2., that is, a 1 percent error in A%, cor-
responds to an error of approximately 1 percent
in 91 Thus the total uncertainty in diffusion
coefficients calculated from accurate viscosity
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measurements is about 2 percent at room tempera-
ture, an uncertainty comparable to the available
direct 22 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 of Dy
[59]. The procedure is similar to that used for
diffusion coefficients calculated from viscosity
data, but the values calculated from thermal
conductivity measurements are not as reliable
as available &) measurements for two reasons.
First, the relationship bhetween thermal conduc-
tivity and %, is slightly more sensitive to temper-
ature and molecular interactions; that is, the
applicable relationship has the collision inte-
gral ratio B};, as well as A%,. Second, the accuracy
of thermal conductivity data is only equal to, and
often less than, that of %,, measurements, and the
experimental errors propagate by a factor of as
much as five through ithese calculations. Thus
thermal conductivity is a transport property from
which only mediocre estimatés of £, are possible
at present. Moreover, except for the rare gases,
thermal conductivity also depends on the molecu-
lar internal degrees of freedom.

An alternative approach is to calculate B, from
Amix and a known value of %2 at the same tem-
perature (the value of 47; is still assigned theoreti-
ically). Since BY, is related to the temperature
derivative of 912, the temperature range of Z1s can
be extended. That is, if Ay, and Dy, are known at
a single temperature, values of %, can be predicted
at nearby temperatures [59].

o. Thermal Diffusion Faetor

The Chapman-Enskog theoretical first approxima-
tion for the thermal diffusion factor of binary mix-
tures may give reliable values of %+.. 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 diffusion factor, ar [60]. But, the available
measurements of the composition dependence of
ar have rather large uncertainties, which lead to
mediocre values of &, at present. Another pro-
cedure relates the temperature dependence of 94, -
to that of @y, and the derived relationship is com-
bined with a single measurement of %, to produce
diffusion coefficicnts over a wide temperature range
f61]. From this procedure the accuracy of 9, is
good, because uncertainties in the measurements
appear only as much smaller uncertainties in the
calculated diffusion coeflivients. lo principle the
calculations are applicable generally, but have been
limited to gas pairs with M:/M; <1 and a trace
concentration of the heavy component. The pro-
cedure has involved iterative type calculations
which are described next.

An “experimental” value of (6C},—5) is compared
to the auxiliary theoretical expression
6C:—5=2[2—(0In [Z:];/0In T),], (2.7-7)
in which the “experimental” (6C¥ —5) is derived as
follows:
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6CH—5) = ar[ (1+xz) (—8:2/Q2)]17, 2.7-8)
-5 2=12—5A€124:1;4g22) + (Mfﬁﬂﬁz)zﬁz
"'?I (M;A—JSWZ) I[)E;;@LIR]T @.7-9)
0= G e O
+‘M,§~,+—§—M,M2A:§ s (2.7-10)

1 - 2 M
o=s (BE;’;-:)Z—Fﬁ(l—«M—T) (8E3,—7)

[1- 2 (5—aBL) (6(:;@—5)—1], (2.7-11)

8E%,—T~2[1— (d1nna/dIn T),]. (2.7-12)

In these equations the subscript 2 denotes the light
component and 1 the heavy, x; is a small correction
term, and for Q» the Kihara expression is used in
this case. As previously discussed, 47, is virtually
independent of temperature and the potential
model. The values of [D12]1 and [7%2]1 can be
interpreted as “experimental first approximations.”
In eq (2.7-8) the denominater is weakly dependent
on temperature, but the major temperature depend-
ence is in ar, and this is obtained from experiments.
The substitution of eqgs (2.7-9) to (2.7-12) into the
right-hand side of eq (2.7-8) gives the ‘“‘experi-

mental* (6C}, —5) value principally in terms of the.

temperature dependence of ar. For the first intera-
tion step (—S2/Q:) and k: are assumed independent
of temperature, the temperature at which they are
evaluated is conveniently taken to be the same as
for the experimental 9. This value of (6C{,—5)
is substituted into the- differential equation eq
(2.7-7), and the subsequent integration completes
the first iteration cycle. The constant of integration
is evaluated from one isothermal measurement of
D 12. The result is a relationship for the temperature
dependence of &y over the range for which
measurements of ar are available. The second
iteration step uses values of [Z12]1 from the first
cyele together with experimental values of [92], to
evaluate the temperature variation of (—S:/(.);
Kz can be assumed independent of temperature. The
second set of (—S2/Q:) gives new values for (6CF, ~5),
and new values of [ :]: by the integration of
eq (2.7-7). The { 212], of the second set are usually
almost identical with the first set, but a third itera-
tion step can be used as a check, if desired. The
diffusion coefficients calculated are as reliable as
most direct measurements of Pz; 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 [62], but this
method was not used for any results in this report.

The determination of &2 from thermal diffusion
daia is, strictly speaking, limited to noble gas pairs,

The equations are based on monatomic molecules
which are free of internal energy. The theoretical
expressions can be used for polyatomic gases when
the translational energy contribution is much greater
than that of internal energy factors which contribute
to ar.
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3. Experimental Methods for Diffusion Coefficients

The purpose of this section is to assess relia-
bilities and limitations of the various experimental
methods used for determinations of gaseous dif-
fusion coefficients. The critical evaluation of 2y
necessarily requires a comprehensive appraisal
of experimental methods, which has not been pre-
pared before. The various methods are outlined in
section 3.1 in order to give an overall perspective
ot 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 data
of high quality, but one technique —the evaporation-
tube —has had disappointing results and is included
as a major method only because it has been used

more often than any other. In section 3.3 brief

descriptions are given for six methods which have
not been used very often, but which have sufhicient
results available so that their reliability may be
estimated. These are called minor methods and the
results have made small contributions to the recom
mended values. The final section of this chapter
contains remarks about seven miscellaneous
methods which have not contribuied to the recom-
mended values, but which arc of general appli-
cability or of wunusual inventiveness. Every ex-
perimental method ever used is not included in
these groups, but those omitted are considered
unimportank.

The discussion of each method includes a com-
prehensive list of 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 [1-6].8

The first significant measurements of diffusion in
gases were made by Thomas Graham, starting in
1829. His ingenious experimentation included
observations ‘of gaseous diffusion in closed-tube
and two-bulb .apparatuses {7, 8]. These techniques
were later developed into the most reliable methods,
by modern standards, for the determination of dif-

3Figures in brackets indi the li ref at the end of Section 3.
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fusion coefficients. In addition Graham used what is
now called the capillary-leak method and an equiva-
lent to the diffusion bridge. However, 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 &, were calculated by Maxwell in
1867 |10, 11]. Uniil recent times most of Graham’s
work in diffusion had been overlooked [11].

In the 1870°s two experimental methods, the
closed tube and the evaporation tube, were devel-

TaBLE 2. Classification of experimental methods

Name Primary Investigator(s) | Reliability
Major
Closed Tube............... Loschmidt (1870 a, b)...... Good.
Evaporation Tube........ Stefan (1873)......ccueeuenes Poor,
Two-Bulb Apparatus....| Ney and Armistead (1947).| Good.
Point Source................| Walker and Westenberg | Average.
{1958 a, b),
Gas Chromatography....| Giddings and Seager Average.
{1960) 2
Minor
Open Tube....... rereaens von Obermayer (1882 a); | Average.
Waitz (1882 a, b).
Back Diffusion............ Ha:l*tgc'ck and Schmidt Average.
{1933
Capillary Leak............ Khbanova et ak. (1942) ....| Poor,
Tinateady Evaporation.. | Avnald (1044) . | Fair.
Diffusion Bridge..........| Bendt {1958).................. Average.
Dissociated Gases....... Wise (1959); Krongelb Poor.
and Strandberg (1959).
Miscellaneous
Droplet Evaporation..... Langmuir (1918); Katan |7
(1969).
Dufour Effect.............. Waldmann (194)............ ?
Thermal Separation
Rate... veveere Nettley (1954)....0ceeeeeennn 7
Klrkenda.l.l Eﬁeu ......... McCarty and Mason ?
(1960).
Sound Absorption........| Holmes and Tempest ?
(1960).
Cataphoresis...............| Hogervorst and Freuden- | ?
thal (1967).
Resonance Methods....., See teXbireeneriiienrirrrananns ?

* In 1960 four independent gos chrom
tion; for details see section 3.2, part d.

phy studies were submitted for publica-
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oped; their results include almost all values of Zy,
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 9,2 over an extensive range of tem-
peratures. The availability of radioisotopes made
measurements for many gas pairs easier. In addi-
tion a number of other techniques have been oc-
casionally used over the last half century. The
experimental 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 @12 by various methods. At present the reliability
[12] is not exactly known for each method; these
mcasurcment tcchniques arc amconable to possible
refinements. The determinations of &y are con-
sidered good when uncertainties are within about
2 percent, although for a given apparatus the
reproducibility of results may be better than
1 percent. A vast majority of available data does not
have this level of either reproducibility or reliability.
Determinations of %, are considered of average
quality when uncertainties are within about 5 per-
cent. These magnitudes indicate that accurate de-
terminations of diffusion coefficients are rather dif-
ficult, even with the best of modern instrumentation.

The major and a few minor methods are sche-
matically illustrated in figure 2, classified according
to overall geometry of apparatus and time behavior
of the diffusion process. The apparatus listed under
the first two columns have no carrier gas flow in
‘the zone where diffusion takes place. The two ap-
paratus 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 &y, for 10
gas pairs at temperatures of 252 to 293 K, The essen-
tial characteristic of this method is a variation of
mixture composition with time and position through-
out 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 func-
tion of time, either continuously or after a definite
period of diffusion.

Determinations of Z1» 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 —determi-
nations at more exireme temperatures have not
been made because of difficulties that arise from
the construction and the operation of a thermostat
around a long tube (sbout 1 meter) with moving
parts.

. The reported determinations are listed in table 3
in chronological order. There are various versions

TYPE
o THO-SIDED ONE-S1DED FLOW
EEH!’(V[OR

i

UNSTEADY \l—/:[

PULSE SOURCE
(GaS CHROMA-
TOGRAPHY)

QUASI-
STEADY R
1, CAPILLARY LEAK

THO-BULB |2, EVAPCRATION TUBE

STEADY

ar I

DIFFUSION BRIDGE POINT SOURCE

Frcure 2. Principal oxperimental meihods for drﬁwion co-

efficients.

of the closed-tube apparatus, but details of these
refinements are omitted here.

The basis of all closed-tube determinations is
a solution of the one-dimensional time-dependent
diffusion equation,

0x1/0t = D12(82x1/62%), (3.2~1)
where 9, has been assumed independent of mix-
ture composition and position. In eq (3.2-1) xy is
the mole fraction of component 1 in the hinary
mixture, and ¢ and z are time and axial distance,
respectively. For the initial and boundary conditions,

x1=x} 0=<z<L/2,t=0
X1 =¥ Li2<z<L,t=0
0x1/0z=0 z=0and z=L, t =0,
the solution of eq (3.2-1) is

2(xl—ay) 2

2

a=0

1z, :):% (xi+x¥) +

e~@rir (9h L T)gy

BnF1) sin I N (3.2 2)
and the relaxation time is
r=L27 Dhs, (3.2-3)
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TaBLE 3. Determinations of 912 by the closed-tube method *

T
Author(s) Date Author(s) | Date
Jooschmidt....c.coooooviiiiinin 1870 a, b Amdur and Schatzki....c.oeeeeieennnn.. { 1957;°58
Wretschko . Carswell................ ...1 1960
von Obermayer.........cocueueeveeacrenes 1880, 82 b, || Suetinet al.......... ...] 1960
'83. 87 Suetin and Ivakin.. ...} 1961
Rutherford and Brooks................. 1901 Amdur and Shuler.... ; 1963
Schmidt..oceeevennnen. 1904 Carswell and Stryland. ...1 1963
Lonius........ 1909 Holsen and Strunk. ...l 1964
Wintergerst............. 1930 Ivakin and Suetin.. 1964.a, b
Harteck and Schmidt 1933 Suetin.......coovenne ...d 1964
Boardman and Wild..... 1937 Amdur and Beatty......... ...] 1965
Coward and Georgeson. ..1 1937 Amdur and Malinauskas. ...} 1965
Hirst and Harrison....... .4 1939 Cordes and Kerl......... ...§ 1965
Braune and Zehle..... ..{ 1941 Ljunggren............ ...1 1965
Croth and Harteck. ..{ 1041 Reichenbacher et al.. 1965
Heathetal.......ccocovenniicnniinninnnne. 1941 Fedorovet al........ 1966
Groth and Sussner........ccovoeeenenne. 1944 Kosov and Abdullina. 1966
Wall and Kidder.... 1946 Arnold and Toor.... 1967
Hutchinson........ 1947 Gover..ocoeevennne. 1967
Boydetal......couovuenneneenn. 1951 Manner...... 1967
Timmerhaus and Drickamer.......... 1951 Ivakin et al.. 1968
Amduretal..........ooeooieniee .. 1952 Beatty....... 1969
Strehlow..... Baker.............. 1970 a
Bunde... . Belousovaetal.. ...] 1970
Rumpel.... 5 { Jacobs etal...o.oo 1970

# Complete reference information is given in Bibliography I.

where L is the total length of the closed tube. A
few additional assumptions 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 simplified in accordance with the
technique used for composition analysis; the
simplified expressions are readily available else-
where [3, 6, 13, 14], as well as from the original
articles of table 3.

The determination of 212 requires measurements
of composition, temperature, pressure, geometrical
factors, and time. The uncertainties of these meas-
urements 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 flx are possible. To aveid convection from
buoyancy effects, the lighter gas should always be
placed in the top half of vertically mounted ap-
paratus. If the closed tube is in a horizontal orienta-
tion, 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 com-
ponent would then flow into the upper portion of the
opposite half of the closed tube. Spillage is not
significant if the diffusing component 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 [15-17],
and the reproducibility of resulis from run te run
indicates that the effect is small. Convection effects
are also possible because of nonuniform tcmpora-
tures axially along the tube. The design and opera-
tion of clpsed-tube apparatus should eliminate all
possible convection effects,

A significant uncertainty, even though not limited
to the closed-tube method, is the small dependence
of 912 on the mixture composition. The diffusion
coeflicient was assumed independent of mixture
composition. Equation {3.2-1) rewritten to express
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the composition dependence of 9i; is
3x1/0t = D12 (92x,/022)
b (0x1/02) 2 (0 512/0%1) . (8.2—4)

If one of the components is a tracer then the
composition gradient, 9x,/0z, 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 &, may be sig-
nificant. However, for the case of the closed tube,
the exact integration of the diffusion equation with a
composition-dependent %2 has not been: per-
formed. The uncertainty of results caused by the
composition dependence of Z:; depends on the
duration of the experimental run, the gas pair
investigated, and the initial composition of the
mixture. Calculated values of 2, would apparently
depend on the length of the experimental run. This
has been investigated [15, 18], and the variation of
12 is small for diffusion times between 10 min and
about 2 hrs. To a first approximation the composition
of the mixture may be taken equal to a uniform
mixture of the components, or the arithmetic mean
of the initial conditions [17].

The uncertainty in determinations of %;2 caused
by the assumption of a one-dimensional diffusion
equation has not been estimated.

Additicnal uncertainties may be caused by the
Dufour effect. The Dufour effect is a small tem-
perature transient that occurs when two gases
interdiffuse, and may occur even with ideal gases.
The uncertainty in 2> caused by the Dufour effect
can be made small by suitable choice of apparatus
gevmely [17] bul mwost experimentors have ap-
parently simply ignored the problem. If the mixture
were nonideal then diffusion would be accompanied
by heats of mixing or pressure changes.

The closed-tube determinations of 23 often
have reproducibilities better than 1 percent, and the
measurements have been reported accurate to 1 to
3 percent. However, independent determinations
of 9y, for the same gas pair indicaie that this
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method has a reliability no better than 2 percent.
These comparisons are presented in deviation
plots given in section 5.3. To achieve greater relia-
bility 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 ta determine the self-
diffusion coefficient of UFg; their results were
published in 1947. Two bulbs, or chambers, are
connected by a narrow tube through which the
diffusion occurs, After an initial trancient, the
composition in the bulbs varies exponentially with
time, and @:» can be found from the relaxation time.

The determinations of Z1; 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 ~ 50 K larger than results
obtained by the closed-tube method. In general,
weasurements at different temperatures are easjer
to make with the two-bulb apparatus because its
relative compactness facilitates thermostating, and
its opening mechanism can be designed without
moving parts. These conveniences, however, are
only operational advantages; the ultimate accuracies
of 9, 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 especially noteworthy because the results
attained are probably the most reliable meas-
urements of @y, to date, within 1 percent, 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 9,
and one-dimensional diffusion. It also involves the
following additional assumptions:

(1) Quasi-stationary state—the flux of a com-
ponent is constant along the connecting tube. Since
212 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
guasi-stationary-state assumption.

(3) The composition gradient is entirely contained
in the cannecting 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/7), (3.2-5)
where Ax(z) is the composition difference at t =
and at time ¢ in vne bulb, Ax(0) is the composition
difference between t = and t=0, and 7 is the
relaxation time. The component subscript 1 has
been dropped from the notation. The relaxation time

18
=3 () (7 57)
D \A} \Vi+ V)’
where A is the cross-sectional area, L the length of
the tube connecting the bulbs, and 7; and 7,
denote the bulb volumes. From measurements as
a function of time of the composition in one bulb,
or ‘alternately the composition difference between
the two bulbs, the relaxation time is obtained from

eq (3.2-5). Corrections to the relaxation time for
the ahove assumptions are as follows,

(3.2-6)

TABLE 4. Determinations of 21z by the two-bulb method ®

Author(s) Date Author(s) Date

Ney and Armistead.........c.ccuuenn..] 1947 Mueller and Cahill......................] 1964
Winn and Ney............ 1947 F: L5 1RO 1964
Winn..ooeeeviioraennnnnnn 1948 Brown and Murphy.......ccocoivvnennen 1965
Hutchinson............... 1949 Malinauskas......o.ecvveieererninnnnenn, 1965

117 TR 1950 Masonetal..ooeeeeeeeeirininreeeinnnnnee. 1965
Schifer et al... 1951 WaALES e eteinieeiirieeeiieieeeeenraieenns 1965
Visner........... 1951 a, b Chakraborti and Gray.. 1966
Winter 1951 Kosov and Novosad...........oceenees 1966 a
DeLuca..c.occeennnnne. 1954 Malinauskas......... . 1966
Schifer and Moesta.. 1954 Paul and Watson........ccccovvnvinns 1966
Andrew..c..ooeieiveinninannns 1955 Saranand Singh.........coievinenninine 1966
Schifer and Schuhmann. veened 1957 Srivastava and Saran................... 1966 a, b
Saxena and Mason..........ccocvuenenn. 1959 !| van Heiiningen et al........... .4 1966
Schaler...ovvevneeeieiiiirieiiirinannnaes 1959 Vuzié and Milojevié. . s 1066
Srivastava and Srivastava... { 1959 Qostetal.....cccoeeveennninann.. 1967
SXiVASEAVA. ceevencervernrnrarrieranarrnins 1959 Singh et al... 1967
Srivastava and Barua... 1959 Annisetal.....ccccooiiiiinnrnneninnnannnns 1968
Miller and Carman...... 1961 Malinauskas... .| 1968
Paul and Srivastava.. 1961 a, b, ¢ || Mathur and Saxe | 1968
Weissman et al........ 1961 Singh and Srivastav. .1 1968
Zmbov and KneZevié... 1961 van Heijningen et al.. .} 1968
Durbin and Kobayashi. 1962 Annisetal........... .| 1969
Paulicccoriivieeiiiiireaiianns veern] 1962 DuBro....oooeviiiiiiieeas .1 1969
Srivastava and Paul.......c......cooeel 1962 Malinauskas and Silverman... .1 1969
Srivastava and.Srivastava.. ] 1962 Vugtsetal.....coovvveeneennnnnnns .1 1969
Srivastava....c.cceeeeeiiiciieenieiiinen. 1962 Weissman.......coeveenene .{ 1969
Golubev and Bondarenko. 1963 DuBro and Weissman..... ... 1970
Schifer and Reinhard....... 1963 Humphreys and Mason................ 1970
Srivastava and Srivastava... ..J 1963 Lannus and Grossmann.. 1970 a,b
Wendtetal...........ouveeeeriivninnnnnns 1963 Mistleret al............ 1970
Bondarenko and Golubev.............. 1964 Vugtsetal.....ccooeee. 1970
Mason et al................... e 1964 a, b Weissman and DuBro.. . 1970 a,b
Miller and Carman..........c......c....] 1964 Vugts et al...ooooveiiiiiieiiinnnnennn | 1971

2 Complete reference information is given in Bibliography 1.
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The quasi-stationary state assumption is un-
necessarily severe [19]; it is sufficient to assume
only that the mean flux in the tube is proportional
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,

_K (L (i 4o
= (A) (V1+V2)’ 32-7)
where
—1+4L M) -
K 1+3V1( 18 ) (3.2—8)

with B=V,/F,. This approximate solution assumes
that the composition analysis is performed in bulb
Vi and that ALV, is small. Deviations 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 faet that the bulbs are not infinitely
large compared to-the connecting tube. To minimize
these deviations the apparatus shounld bhe con-
structed such that the volume of the tube is very
much less than the volume of either bulb. For bulbs
of equal size K=14AL/6V, where V is the volume
of a bulb.

Transient effects arise from the finite time re-
quired to establish a constant gradient across the
entire length of the tube [20]. These transients can
be avoided by waiting for some time to elapse after
the start of mixing. Normally, the transienis decay
rapidly, and they completely disappear within a
few minutes.

The assumption that the composition gradient is
all in the connecting tube requires an end correc-
tion. This correction is required hecause the gra-
dient does not truncate immediately at either
vutlet ol the tube. The extension of the gradient into
the bulbs is corrected for by a small increase in the
actual length of the tube. The end correction is
given by

Leffx L+2aR B (3.2“'9)

where Loy is the effective length of the tube, R is
its radins, « 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 « is obtained from an
analogous case for sound passage in a tube [21, 22].
Typical values of « are as follows: & =0.58 when
the connecting tube end is in free space, a=0.82
when the end is flush with a flat surface, and
@082 when the end is flush with the inside
surface of a spherical bulb. The value of a¢=0.82
has been invariably used in the analysis of two-bulb
apparatus experiments, but this is not always
correct. The choice of an incorrcct & valuc has led,
in a few studies, to systematic errors of the order
of 1 percent.

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 %;(L;j/4;) for each
element of length L; and cross section 4;[23].

In addition to:the above corrections, observations
may require corrections for Knudsen flow [24, 25],
which can occur during diffusion in narrow capil-
laries at low pressures, where the mean free path
is not negligible compared to the diameter of the
connecting tube.

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972

The determinations of Zy; 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 possible because
samples of the mixture were removed from the ap-
paratus during the diffusion run. The inaccuracies
of two-bulb measurements have been reported to
be between 1 and 3.5 percent. Except for resulls
by van Heijningen et al. the reliability of data by
this method is considered no better than 2 percent.
This is the same as for the closed tube. The two-
bulb method is capable of yielding reliable 2y,
pravided care is taken to aptimize the geometry of
the apparatus and to make corrections.

c. Point Source

The point-source method was developed especially
for the determination of diffusion coeflicients 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 downstream of the tracer inlet.

Point source determinations of 9. are available
from room temperature 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 electrical
heat and attained temperatures up to ~ 1200 K;
Ferron et al. used combustion heat (mixtures con-
taining HoO or CO: were studied) and reached
higher temperatures, up to 1944 K.

TasLe 5. Determinations of 2,2 by the point-
source method @

Author(s) Date

Westenberg and Walker®..........oocoeeeeens 1957
Walker....ccvvueeeeenneinnnnns e 1958
Walker and Westenberg. ..; 1958 a, b, ’59, ’60
Walker et al.....ccccvuvvennnee ... 1960

1962
; 1962, °64

Westenberg and Frazier.
Ember et al...............

Pakurar and Ferron........cceceeiacvvnanronerans i 1964, '65, °66
PaKurar.....cccovviererivnaereernecniervarasrmnennes 1965
Walker and Westenberg......c..c.coeevvnennnnn. 1966
Ferron. . cocoeivoriiniiiiiiieniiienericcaeieenienns 1967
Walker and Westenberz......covevvvaeiernnnnns 1968

* Complete reference informatian is given in Bibliography 1.
* Preliminary note about the development of the point-source method.

The basic equation for the point-source method is

,
Dy [ﬁ_’f+li( @‘.)] —U(r) %if=0, (3.2-10)

0z2  rodr 4 or

where x denotes the tracer component, U is the
carrier velocity, z is the axial distance from the point
of injection, and ris the radial coordinate measured
from the axis. The appropriate boundary conditions
are: .
lim x =0,

R-vo

(0x/8r)re0 =10,
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and the normalization condition
Q =lim 47wR2%1,(0x/0R),
R—0

where R2=1r2+ 22 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 important assumption that the
tracer is present at a vanishingly dilute concentra-
tion so that the density may be taken constant
everywhere. This assumption assures the composi-
tion-independence of Zy.. Additional assumptions
are as follows:

(1) Steady-state conditions of flow.

(2) Axial symmetry of the tracer concentration
in the carrier gas.

(3) The flow velocity is uniform everywhere in
the field.

(4) Absence of convection effects.

(5) Absence of chemical reactions. This assump-
tion is particularly noted, even though applicable
to all major methods, because point-source meas-
urements at high temperatures may be accompanied
by reactions between the components or the com-
ponents and surfaces of the diffusion apparatus.

The solution of eq (3.2-10) is

x = (0/4’171{.@12) exp [— (R —Z)U/?-g]z]. (3.2“‘11)

A concentration profile can be used to determine
D4, that is, at a fixed axial distance z, samples of
the stream are taken as a function of R. A plot of
In (xR) versus (R —z) should be linear with
slope — U/[2212, and measurements of the carrier
velocity U lead to values of £z Alternately, the
stream can be sampled at points on the axis, z= R,
and values of 21, calculated from

Dz Q47 (%) max®, 3.2-12)
where (%)max is the conecentration 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 con-
sistency of both the theory of the experiment and
the results.

The instrumentation errors of the point-source
method have been estimated by Ferron et al. to be
about 5 percent. This estimate was based on an ap-
proximate analysis of errors arising from measure-
ments of flow, sample probe position, composition,
and temperature. These experiments are probably
not as reproducible as those by Walker and Westen-
berg, who performed experiments at lower tempera-
tures and with a more precise technique for com-
position analysis.

In addition to the instrumentation errors, the
possible causes of uncertainty for the point-source
method are:

(1) The unavoidable wake caused by the injector
tube for the tracer.

(2) Difference 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 estimatcs of uncertaintics causcd by such

effects are difficult to make; but these effects have
been empirically investigated [26, 27]. The relia-
bility of point-source measuremenis of &y, is best
estimated by comparisons with the results of other
methods. Such comparisons show deviations of up
to 4 percent for 10 gas pairs at about 300 K. The
deviations are slightly greater at 1000 K by com-
parison of point-source results and those calculated
from short-range interaction forces obtained by
molecular-beam scattering experiments (sec. 2.6,
part b). The general reliability of 2., by the point-
source method is considered to be better than 5
percent, 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 com-
bined action of molecular diffusion and the para-
bolic 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 of Z1..

The advantages of the gas-chromatography
method are as follows. Determinations of %, can
be completed in a matter of minutes and vapor-gas
mixtures can be studied. Once the carrier gas is at
temperature and 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 character-
istics of the pulse can be obtained by one simple
measurement of its variance. A vapor-gas deter-
mination of 2, is practical because of the small
amount of sample required to make a pulse. These
advantages are operational, only.

Determinations of &,; by gas chromatography
are available between temperatures of 77 and 523 K.
These studies are listed in chronological order in
table 6, all of which are based on the instrumentation

TABLE 6. Determinations of 912 by the gas-
chromatography method 2

Author(s) Date
Giddings and Seager............] 1960
Bohemen and Purnell...........] 1961
Bourniaetal............ 1961
Fejes and Czaran...... 1961
Giddings and Seager. 1962

1963
1963

Knox and McLaren...
Seageretal.............

Barr and Sawyer... 1964
Knox and MclLaren 1964
Evans and Kenney.... 1965
Fuller and Giddings..... 1965
Huber and van Vught ... ..J 1965
Chang....ccovvveineiacnnnns ...4 1966
Araretal........ o4 1967
Arnikaretal. P......... 1967 a, b
Fuller and Giddings.. ... 1967
Giddings.....oevvvvreannens ...{ 1967
Hargrove and Sawyer.. ...] 1967
Giddings.....cc.eeunen.. 1968

Huang et al.......... 1968
Zhukhovitskii et al... 1968
Arnikar and Ghule.... 1969
Fulleretal.............. 1969
Wasik and McCulloh. ... 1969
Hu and Kobayashi....... ...J 1970
Nagata and Hasegawa.......... 1970

 Complete reference information is given in Bibliography 1.
" Packed chromatography column.
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and certain aspects of the conventional theory of
gas chromatography. In 1960 four independent man-
uscripts, which described the method, were sub-
mitted 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

12+

Packed chromatography columns have been used,
on occasion, to determine Z5.. A packed column
has a complex geometry because of the interstitial
flow volume. Since the géometry and the pulse
velocity profile are not well defined in packed
columns, their use for determinations of absolute
values of &2 is rather uncertain [28].

Outside the scope of this report, but worthy of
mention, is the following. Gas chromatography is
well suited for high-pressure determinations of
12 because the column actually consists of small-
bore tubing which is easily pressurized. High-
pressure studies in other apparatus ordinarily
require the fabrication of relatively expensive pres-
sure vessels.

Before gas-chromatography apparatus was ap-
plied to the determinations of 9y, the theory had
been developed for diffusion phenomena in the
flow of fluids [29-34]. The basic equation for the
gas-chromatography method is

Dhs [22“;24“1“‘&‘ (r-aﬁ)]—U(r) 9x_dx

8z2  ror\ or az ot (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,
R, is the constant radius of the tube, and ¢ denotes
time, The boundary conditions are:

(8x/0r) r=0=0,
and
(9x/9r) r=p, = 0.

The initial condition depends on the pulse shape at
the injection point. As for the point-source method,
gas-chromatography involves the assumptions of
constant pressure and temperature, constant
D12, 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(r) = 2U[1 — (r/R,)?],
where U is the average velocity.

(2) Convection effects are absent,

(3) The initial pulse of sample may be well ap-
proximated by a delta-function.

Subject to these conditions and assumptions, the
solution of cq (3.2—13) is given by

N . — (z—Ut)?
& ~1/2 —_—
ZﬂTRgn (W*‘Zefft) €xp l: 4‘-@eﬂ't

=y

], (3.2-14)

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 injected
into the carrier gas at z=0, t=0, and P4 denotes
the effective diffusion coefficient,

D= D1z | R2U2[48D1;. (3.2-15)
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The first term on the right-hand side of eq (3.2—15)
accounts for the dispersion of the pulse caused by
diffusion in the axial direction. The second term is
known as the Taylor diffusion coefficient, and ac-
counts 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 ¥ as a function of time at the end of
the tube (z=L); eq (3.2-14) for this case is

NV (gdeff' g_{ iz —(1—0/Ly
0= n7 [“ “I‘J’f> (L)] “*| 4(52&)'@)}
UL/\T

(3.2-16)

where V=7R3iL is the tube volume. This is a
skewed, not Gaussian, distribution, but if Do/ UL <
0.01, the distribution becomes nearly Gaussian [34]
The reason is that: Ut/L must be nearly unity when
Dei/UL is small, or else £(¢) becomes too small to
measure accurately. In the approximation that
Ui/L=1, eq {3.2-16) becomes a Gaussian, with
variance 7 given by

s 2@enn_ 29y . _RRU, _
UL ~ 0L " ug,  ©F10
A simple way to determine the variance is to meas-
urc the pcak width at half height, w2, related to-
T as
wyz=2(2In 2) V2, (3.2-18)
The calculation of £z from a measured value of
wy/2 Tequires solution of a quadratic equation, which
has two roots; one root corresponds to the physical
value of Z;» when U = (48)Y2212/Re, and the other
root when U > (48)22,,/Ro. An experimental check
is that calculated values of the physical &y; must
be independent of U.

In addition to the normal instrumentation errors
for flow, temperature, etc., the gas-chromatography
method has an appreciable error contribution from
the measurement of the peak width at half height
of the dispersion profile. Values of wy: have been
obtained with precisions of about 1 percent, but
in terms of )y, this level of precision is degraded
because of the quadratic relationship between
W2 and @12. .

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 associated with injec-
tion and detection devices, and connections along
the tube. Instead of two columns, two detectors in
one column may be used to eliminate entrance
effects [36, 37}. In other studies ingenious sample
injection devices have been used. The sample vol-
ume should be less than about 1 percent of the tube
volume.
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(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
than the outside radius. The magnitude of this effect
depends on the radius of curvature of the coil. At
the detector the concentration curve may be skewed
for values of D/ UL = 0.01.

(3) Small pressure drops caused by viscous flow
in long 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 cle
ments 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 of %y by
gas chromatography have been reported to be about
1 to 2 percent. The reliability of these results is
best estimated by comparisons with 2y, by other
methods. At a temperature of 300 K comparisons
show deviations up to 4 percent, with an average
deviation of about 2 percent. At temperatures up to
500 K the deviations are within 5 percent. Thus,
results by gas chromatography are considered to
have the same overall level of reliability as the
point-source methoed, that is, uncertainties within
5 percent.

e. Evaporation Tube

In 1873 Stefan developed the evaporation-tube
method, which is useful for determinations of &,
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 9, for vapor-gas mixtures. The idea
of the method is simple. The evaporation rate of a
liquid which partially fills a tube is conirolled hy
diffusion. through the stagnant zas which fills the
rest of the tube. The diffusion coefficient can 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 one 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
dimensions of 5 to 10 mm in diameter and 10 to 20
cm. in length. From the gas-liquid interface, vapor
diffuses through the gas  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 D;..

The same procedure is applicable to the volatili-
zation of a solid in place of a liquid in the evapora-
tion tube.

The evaporation-tube method involves a simple
experimental technique, but the studies are re-
stricted to narrow intervals of temperature which
are strongly dependent on the volatility of the sub-
stance to be tested. The evaporation-tube resulis
for 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 seventy articles, about one-third have
been published since 1960.

The simple theory for the evaporation-tube
method involves thé usual assumptions of constant
pressure and temperature, constant Z,, one-dimen-
sional diffusion, axial symmetry, and the absence of
convection effects. It also involves additional as-
sumptions as follows: ,

(1) Quasi-steady-state conditions. This assumption
means that the composition gradients between the
liquid level and the tube outlct arc constant. Since
the rate of evaporation is slow the gas-vapor column
in the tube changes little in height, and even though
there are steady losses of liquid due to evaporation
the diffusion patli can be approximated as constant.
A constant liquid level could be maintained, for
example, by adding liquid to the evaporation 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 disselve into
the liquid. It follows from these assumptions that
the gas in the tube is stagnant (zero Hux); that is,
the net flux in the tube consists only of vapor. The
fundamental diffusion equations, eqs (2.1-3) and
(2.1--4), then become

Jl=“n~@12(ax1/32)+x1(]1 +.12), 3.2-19)

Je=0, (3.2-20)

where subscript 1 denotes the vapor and subseript
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).. In eq (3.2-19) the vapor velocity pro-
file has been implicitly assumed to be flat, in accord-
ance with the assumption of one-dimensional
diffusion. The integration of eq (3.2-19) gives

S 0@all) n [1200], s.2-2m

where the axial distance is measured from the gas-
liquid interface, z=0, and at the tube outlet z=1L,
The experimental procedure does not require knowl-
edge 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 diffusion path
length actually changes slowly, the flux of vapor
can be related to this change by
(dLide) = J\M[Nopyiq, (3.2-22)
where M is the molecular weight of the liquid, N,
is Avogadro’s number, and py is the density of the
liquid. In order to obtain ‘a final expression useful
for the calculation of 9y,, the following additional
assumptions are made: '

(1) The vapor concentration at the gasliquid
interface, (x)o, corresponds to the equilibrium vapor
pressure at the liquid surface temperature.

(2) The vapor concentration at the outlet of the
tube, (x)., 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 com-
positions may be expressed in terms of partial
pressures.
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TABLE 7. Determinations of %12 by the evaporation-tube method ¢
Author(s) Date Author(s) Date
Stefan....ccoieiiiiiiiin 1873 ROSSI€..ceveiiiiiiiii e 1953
Baumgartner.. ....|1877 a.b Lee and Wilke............. ... 11954
Guglielmo...... ... |1881, "82 Bose and Chakraborty... ... |1955-56
Winkelmann......oociiiiieriieiienininnns 1884 ab,c Carmichael et al... ...|1955 a, b
185, 88, '89 Cummins and Ubbclohde ... 11955
Stefan.....coevtiiiereieiiiiiaee e, 1889, "90 Cummings et al... e ... |1955
Griboiedov... ... 1893 Narsimhan....... ... {1955
Houdaille.... er [1BY6 Haw............ {1955
Naccari...... . (1909 Crider v 1956
Mache..... 1910 Call...corervennnnen. ... |1957
Naceari.... ... 1910 Clarke and Ubbelohde... ... |1957
Vaillant...... ... 1911 Richardson................. ... |1959
Pochettino... e [1914 Altshuller and Cohen. ... 11960
PET:0: [ SO IORONRUPUPPPRUPIN st (1915 Hudson et al............ ... [1960
LeBlanc and Wuppermann... ... (1916 Jorgensen and Watts.. ... 11961
MacK.ceu.oieieteeeineeireaeeenan ... [1925 Reamer and Sage............... ... |1963
Topley and Whytlaw-Gray.. e [1927 Grieveson and Turkdogan.... ... |1964
Summerhays....c..cooeeeennnns ... [1930 Heinzelmann et al.............. ... 11965
Trautz and Ludwig... . 11930 Kohn and Romero ... 11965
Trautz and Ries ... . 11931 Stevenson..... ... 11965
Ackermann ............ e |1934 Brockett....oviivriiiiiii s 1966
Cilliland................. ... |1984 Mehta.. s 1066
Trautz and Miiller .............. veel [1935 Ben-Aim et alceeevoreroeeeeosisin, 1967
Chambers and Sherwood ..... .. 1937 Byrne et al.......... ...11967
Schirmer ....ooeevvneeernerrnneren ... [1938 Galloway and Sage.. .. ]1967
Brookfield et al.. ... |1947 Getzinger and Wilke... ...|1967
Klotz and Miller............ e (1947 Krol et al..vrieimainiaiinann. ... 1967
Goryunova and Kuvshinskii .... {1948 Mikhailov and Kochegarova ............|1967
Gusherenvveeiiniiiiiiiiiee ... |1948 Nafikov and Usmanov............ ... |1967
MecMurtie and Keyes ... |1948 Pryde and Pryde... ...|1967
Hippenmeyer.......... . |1949 Yuan and Cheng.. 11967
Schwertz and Brow . {1951 Khomchenkov et 1968
Cvetanovié and LeRoy . 11952 Lugg... . ...11968
Kimpton and Wall.. e |1952 \’Irazek et ..., ... 11968
Schlinger et al... .- voer [1952-53 O’Connell et al. ... 11968
Cummings and Ubbelohde............. . [1953 Spencer et alo....cooooiiiiiiiiiiiiiinnne. 1969

« Complete reference information is given in Bibliography 1.

Under these assumptions, and when eq (3.2-21)
is substituted in eq (3.2-22) and integrated, the
expression for %y is

=L (R_ (m) (P”ps)
Dra St \p ) \M In o)

where -p is the total pressure, p; is the vapor pres-
sure, R is the ideal gas constant, and subscripts
1 and 2 on L and ¢ denote the initial and final times
for the observations of the evaporation losses dur-
ing an interval of diffusion, In some studies the
weight loss of liquid is measured instead of the
change in height.

The quasi-steady-state condition will be ap-
proached within 1 percent for diffusion times
greater than L229:; to satisfy this condition
experiments are usually run for several hours [39].

The calculated values of &2 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 de-
terminations of the length of the diffusion path.
The principal factor is turbulence which arises
from interference by the end of the tube to the
carrier gas flow. To avoid the effecis of turbulence
the gas flow rate can be empirically adjusted —not
too great to cause large eddy currents, and not
too small to cause a nonzero 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

(3.2-23)
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procedure. The calculated values of %, are plotted
as a function of the reciprocal of the observed length
of the diffusion path L; the corrected values of %1
are taken at the extrapolated point, 1/L=0.

In addition to the normal instrumentation errors,
the possible uncertainties of the evaporation-tube
method are as follows. The evaluation of the term
In[(p—ps)/p] indicates that small changes in
pressure and temperature will cause large uncer-
tainties in Z,» [38]. Significant variations in baro-
metric pressure and in system temperature may
occur since evaporation-tube experimentis usually
run for many hours. For example, if the partial
pressure ps is 25 torr then for variations of +10
torr in total pressure the variation of In[ (p — p,)/p]
is 1.4 porcent for total pressures at about 1 atm,
The variations of the liquid surface temperatures
may be even more critical because of the sensi-
tivity of the vapor pressure to small temperature
changes. Fur precise results the variation in tem-
perature of the liquid should be no greater than
+0.1 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 1, may differ by about 2 percent depending 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 percent is indicated if
the diameter of the tube is large.
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(2) Nonequilibrium conditions may exist because
of excessive rates of evaporation and supercooling
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 ex-
ample, 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. In
one case this effect caused differences of about 5
percent in values of P12 [40]. This shows that
liquids should be degassed prior to their use.

{4) The equilibrium values used in the formulas
for Di» may themselves have significant uncer-
tainties, especially equilibrium values that have
been found in handbooks where the reliability of the
data has not been specified.

(5) Many vapors are nonideal gases, and any devia-
tions from ideal-gas behavior affect the accurate
specification of the mixture composition [41].

(6) The assumption of a flai velocity profile is not
strictly correct, since a parabolic profile develops
as the vapor maves away from the gas-liquid inter-
face. However, the maximum effect is only 1.4 per-
cent in deviations of the radial concentration from
a uniform (flat) value [42, 43].

At -bost, the reliabilities of £, by the evaporation-
tube method are several percent. The following
cases are illustrative. In thirteen independent
studies for the system water-air, the standard devia-
tion is 7.5 percent at 298 K, and at higher tempera-

tures the scatter in the data is even greater [44].
In another review of £y, for water-air, four of twelve
studies were dropped from the calculation of the
average value because they seemed obviously in
error [39]. There are only a few other gas pairs,
H;-H:O and benzene-air, which have several in-
dependent 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 21 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 remaining gas
after a known time permits the determination of
2. 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 published

[46, 47]. The open-tube method has recently been
cvived and improved by Frost.

TABLE 8. Determinations of 212 by Minor Experimental Methods @

Author(s) Date Author(s) Date
a. Open Tube Grob and E}Wakil.........coveerreeenns [ 1969
von Obermayer.............. .| LYBZa e. Diftusion Bridge
Waltz..ooeirneennnne ...]1882.a,b
von Obermayer... ...|1883, '87|| Buckingham..........c.ccooeeeeemerennnnnnns 1904
Toepler.......... ...| 1896 Wicke and Kallenbach.... eee| 1941
Foch...... ...[1913 WeisZ..reirireerenvinnnsennnns ... 1957
Barus.. .{1924 a, b|| Bendt®.......... eee| 1958
Currie. ... 1960 Scott and Cox.... ... 1960
Frost,..cceeueen 11967 Evans et al........... .| 1961
Kaufmann.......... ...| 1967 Wicke and Hugo... ....| 1961
Rhodes and Amick. ...11967 Scott and Dullien.. .| 1962 _
Zhukhovitskii et al ............ .11968 Evans et al............. ..[ 1962, ’63
Kosov and Kurlapov?®... ... 1966
b. Back Diffusion Coates and Mian......... ... 1967
Henry et al........ ... 1967
Harteck and Schmidt.........ccooeeeee.. {1933 Mian.......... .. 1967
Van der Held and Miesowicz.. 11937 Reist.oeeeeieiiiarinnenanns ....| 1967
SPIT e tereecnnrmcnnememnaes v eee e i erae 1939, 40} Zhalgasov and Kosov ....| 1968
Ellis and Holsen......... ....| 1969
¢. Capillary Leak Mian et al.......... ... 1969
Hawtin et al......... .| 1969
Klibanova et al. ...11942 Schneider and Schifer. .1 1969
KOSOV..eeevevvirenarreverancenne ...11957 Kosov and Zhalgasov®.......cccoerennne. 1970
Vyshenskaya and Kosov.. ...11959, ’65
Kosov and Karpushin...... ...11966 f. Dissociated Gases
DePazeral....coovunrerens 1| 1967
) : Krongelb and Strandberg................ 1959
d. Unsteady Evaporation ! T8€ e eveereenvennvenne ....| 1959, 61
. Walker veer| 1961
Mullaly and Jacques.......ccceennne.... | 1924 Young....coovvveeaenennn ...} 1961
Mackenzie and Melville ...|1932, ’33 || Morgan and Schiff.... ....| 1964
Arnold.................... ...| 1944 Yolles and Wise.... ....| 1968
Fairbanks and Wilke.... ...|1950 Khouw et al.......... ....| 1969
Nelson....c..ocvvvveirnnennnn. ...] 1956 Sancier and Wise.. ...} 1969
de Nordwall and Flowers. ...11958 Baker.......c..c...... 11970 b
Nikolaev and Aleskovskii ... 11964 Yolles et al........couvele. TR v 1970
Petit.ccveiveeireiiiaiimieaneecerreaees e 1965
2 Compl { inf ion is given in Bibliography L.

°The investigations by Bendt involved an apparatus with one capillary. and those by Kosov et al. a bundle of capillaries: all

other ditlusion-bridge apparatuses used porous septa.
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b. Back Diflfusion

Harteck and Schmidt in 1933 performed the
first low-temperature determinations of &, 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 component.
The composition at one or more upstream points
can be used to determine Zi2. Back diffusion can
be used for diffusion measurements at extreme
tewperatures, low vr high, as well as for “tagged”
molecules. The description of the original method
has been translated, in part, into English [2].

o Capillary Leak

The capillary-leak method is suitable for measure-
ments of D1s over a large range of temperatures
because it involves no moving parts. In 1942 this
method was first used by Klibanova et al. to deter-
mine Py, at high temperatures, up to 1533 K. In
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 preci-
sion and reliability of ;2 obtained by the capillary-
leak method have been poor.

d. Unsteady Evaporation

An alternate evaporation-tube method was de-
veloped by Arnold in 1944. His purpose was to obtain
a quantitative basis for calculations of unsteady-
state vaporization of a liquid into a gas, a process
of industrial importance. The equations obtained
also furnished a basis for relatively quick deter-
minations of 91, for vapor-gas mixtures. Measure-
ments could be made in minutes, not in hours as
reguired by the Stefan evaporation tube. The re-
liability of the unsteady-evaporation method is
probably slightly better than for the evaporation
tube, but more meaningful 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

This is a steady-staie 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 uniform pressure and no viscous
flow. The advantage of the diffusion bridge is that
no valves are required in 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 %y
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
D12 up to 882 K. These studies require the calibra-
tion of the porosity of the system by means of in-
dependently publishied values of 4.
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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 differeni gases.
The results for 9 extend over a temperature
range of 202 to 873 K. Dissociated gascs werc first
studied in 1959 by Wise and by Krongelb and Strand-
berg. The technique by Morgan and Schiff minimizes
uncertainties due to chemical reactions; the complete .
neglect of reactions in calculations of £y, intro-
duces. less than 1 percent error. The results for
dissociated gases, as might be expected, are not
very reproducible; the results show a scatter of
about 10 percent or more for many gas pairs.

In some cases there are indirect methods avail-
able for the determination of %2, for dissociated
gases which probably give more reliable results
than the present direct ‘methods. For example,
912 for H-H: can be obtained from measurements
of the mixture viscosity [48], and 212 for N-N,
and 0-O: at T>1000 K can be obtained from
molecular-beam scattering experiments and semi-
empirical quantal calculations [49].

3.4. Miscellaneous Experimental Methods

This section briefly describes several miscel-
laneous methods that have been used to determine
values of Z2. 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 comprehen-
sive, as a complete ennmeration 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 9. The applicable theory
is similar to the evaporation tube. Droplet evapora-
tion studies have been made for water, for heavy
organic chemicals, and for iodine in air.

b. Duiour 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 determine %2, and results are available
for about ten gas pairs at 293 K. These results have
varied agreements, within 10 percent, with Z1
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 w determine 2 3. The results, however,
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TABLEY. Determinations of D12 by miscellaneous experimental methods
Author(s) Date || Author(s) I Date
a. Droplet Evaporation f. Cataphoresis
Langmuir. ....ecocveaivivrvimninnineeineneniins 1918 Freudenthal.......cccocooeiiiiiiniininne 1966
Topley and Whytlaw-Gray.....cc.cveennen 1927 Hogervorst and Freudenthal.... ... 1067
Haotnghton....oooevenannn.. i 1933 L OErVOIST . ven e ieee i rninncanranans 1971
Bradley et al......... 1946
Bradley and Shellard ceee| 1949 g. Resonance Methods
Birks and Bradley.......ooooeniienniiiinnns 1949
Bradley. .o vveveneieneeiieriiiiiesineinananees 1951 {Nuclear Magnetic Resonance)
Bradley and Waghorn... ... ... .. 1951
Karan®.....ccooveviriiiiiiiiiiiiiennninaens 1969 Luszezynski et al..veviiiiiiinieniinne 1962
A Lipsicas.....ocovvivaeiann, .{ 1962
b. Dufour Effect Hartland and Lipsicas 1963
' | Luszezynski et al..o.eeeeeiiionnnnns 1967
Waldmann..eee s veeverenenenererronenennnentt 1044, 47 Khoury and Kobayashi 1970
Mason et al....cooevinieiiiieninnen i 1967-
. C e
¢. Thermal Separation Rate (Optical Pumping)
Franzen......ccoecveeiiuciirivenieienneniennes 1959
NOttloy. v ieeiiniiar i 1954 A ;
van Itterbeek and Nihoul................. 1957 Bernheim. . oneef 1962
Lonsdale and Mason 1957 | MeNeal.....oo.oooeiinnn, w1962
oy rrrnsenanarevenieeaee : Anderson and Ramsey.. ... 1963
Saxena and Mason.........cccoceeieeraennne. 1959 )
Weissman et al 1961 Legowski........... rvenns ...] 1964
At e, 77l 196y | Ramsey and Andorson | 1964
Mason ot al...... : ] Joei b | lfern.he_xm and Korte... . 195§
""""""""""""""""" ' Gozzini et al......coooeennn.. -1 1967
d. Kirkendall Effect
) (Mercury Band Fluorescence)
McCarty and Mason..........ccoevveeenne.f 1960 |
MASOR..cverieeereemneerennsrernense e rrenres 1961
¢. Sound Absorption ]
-MecCoubrey and Matland..
Holmes and Tempesl......................} 1960 Madand and McCoubiey..... 55
Carey et al 1966 McCoubrey and Matland..... ..l 1956
Carey et al 1968 Tubbs.cciieevieiiiiceiiciiiiiiiiieeen ] 1067
2 Complete refcrence information is given in Bibliography L.
P This is a clever bination of a unifor i with a porous b and the evaporation-tube method; the motion

of an evaporating liquid bead in a tube is used to determine the diffusion coefficient.

© A recent Teview article has been published by Violino (1968).

are not very reliable. The principal uncertainties
arise from averaging the temperatures of the im-
posed temperature gradient’ and geometrical
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 & y,.
The marker-is located in a tube connected in
parallel to a two-bulb apparatus. A value of 2, has
been obtained for He-Ar at 303 K, which is in
excellent agreement with directly determined 9.

Smoke particles suspended in a diffusing gas
mixture can also be used as Kirkendall markers
[50, 51].

The diffusion pressure-effect, discussed in sec-
tion 2.1, part a, is closely related to the Kirkendall
effect. It could therefore also be used to determine
values of 212, but this has not yet been done.

e. Sound Absorption

.Thc passage of a sound wave through a gas
mixture produces - a local partial separation of
the components, caused mostly by pressure dif-
fusion. The remixing by diffusion is out of phase with
the sound wave, and the absorption of an ultrasonic
wave in a gas mixture is stronger than in either pure
component. The excess absorption depends on @5,
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 agreement of
these results with other available data is good at
300 K, but poor between 1255 and 4990 K. These
measurements are difficult to perform and the re-
sults at high temperatures are scattered.

f. Cataphoresis

A de-discharge in a gas mixture causes a partial
separation of components. The phenomenon, which
also occurs in solutions, is called cataphoresis.
The separation disappears by ‘diffusion after the
discharge is stopped, and 2, can be calculated
from the rate of disappearance of the separation.
At the time of this evaluation cataphoresis had been
used only for the gas pairs Ne-Ar from 300 to 650 K;
the results are in good agreement with other direct
measurements. While this work was in the process
of publication further results ~were published
for all the noble gas pairs, except Kr-Xe, from 300
to 1400 K |53]; but these results were not evaluated
in this report.

g- Resonance Methods

The principle of all resonance methods is to
“tag” some of the molecules in a gas, and then
follow their dispersion due to diffusion. The tags
used have been such things as the orieniation of
nuclear spin (nuclear magnetic resonance), the
population of magnetic sublevels in the' ground
state (optical pumping), or a metastable excited
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electronic state (mercury band fluoresence). The
names in parentheses indicate the groupings for
the studies listed in table 9. The nuclear magnetic
resonance technique has been used to determinc
D1 at very low temperatures, down t6 20 K for
mixtures of ortho- and para-hydrogen, and down to
1.13 K for the self-diffusion coefficient of 3He.
‘T'he optical pumping technigque has been used o
determine 912 of alkali metal vapors (Na, Rb, and
Cs) in various other gases.
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4. Treatment

In this section are outlined the procedures nsed to
evaluate the entire body of experimental data, and
the derivation of semi-empirical approximations for
the composition dependence and-temperature de-
pendence of Dys.

The original data, published over the last one
hundred years, were compiled by author and by gas
-pair. Bibliography I lists the references to experi-
mental studies by author, and the gas pairs investi-
gated and the experimental methods are noted. A
cross-listing of 91, 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 inieraction data, and for measured
mixture viscosities.

4.1. Reliability Estimates

The critical evaluation of the reliability of &y,
from direct measurements included the following
factors:
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of Data

(1) experimental method,

(2) reproducibility of 91, by different experi-
mental methods or laboratories,

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

(4) temperature dependence measured.

For indirect measurements, the reliability of 2,
considered the reported accuracy of other transport
property data of mixtures— viscosity, thermal con-
ductivity, and thermal diffusion factor—and of
molecular beam measurements. Whenever collision
integral ratios were employved in intermediate calcu-
lations of %is, their reporied accuracy was con-
sidered as well as the choice of the potential model.

For all measurements, the results of the more
rocent studies were not assumed to be necessarily
more accurate than those from earlier studies. All
the data for each gas pair were carefully inspected
for discrepancies and systematic errors with the aid
of large-scale graphs. From these it became ap-
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parent that the small composition dependence of
Z1» had to be taken into account, and that compact
means of summarizing values of Zy, over large tem-
perature ranges were necessary. )

The assignment of reliability estimates to experi-
mental data always involves a large mecasure of
subjective judgment [1-3].* Even after considera-
tion of such things as reproducibility and internal
consistency, external consistency for diﬂ"garen_t types
of apparatus and for different workers in different
laharataries, and <o on. the final decisions are never-
theless hased heavily on the judgments of the eval-
uators, An attempt has been made to be conserva-
tive, 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 at-
tempt has also been made to be fair and not arbi-
tratily downgrade good measurements, but it is
quite possible that a partieular @ may be maore
accurate than is implied by the specified uncer-
teinty limits which are given in section 5.

4.2. Corrcction for Composition Dependence

Even though the magnitude of the composition
dependence of Z2 is relatively small,!from 0 to 5
percent for gas pairs considered, the effeet is
sometimes greater than the uncertainty of experi-
mental measurements. The formulas for the com-
position dependence according to the second
approximation ‘of the Chapman—Enskog theory
(sec. 2.4) are cumbersome to use, 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 &2 is con-
tained in the small term Aj;, given in section 2.4,
which depends on both temperature and composi-
tion. The major complication of the Chapman-
Enskog expression for A;; is its composition-
dependent part (containing the P’s and (s).
Previous work [4] indicates that the composition
dependence can be adequately approximated by
the formula,

axy

~ % __ )2
Am €(6CI2 5) 1+bxl’

(4.2-1)

where { is a numerical constant between 1 and 2,
is the mole fraction of the heavy component, and a
and & are

a=ic (~5:/0:) (S, (4.2-2)

b= (—32/02) (Ql/Sl) -1

The S and S; eccur in the expression for the thermal
diffusion factor (see sec. 2.7), which is related theo-
retically to A;2[4]. This formula is most accurate
for M;> M;; the lower accuracy for M, ~M, is
not important, however, because Az is negligible in
such cases.

The expressions for a and b can be further simpli-
fied. It is obvious that

b+ 1 = 100(01/1)1).

(4.2-3)

(4.2-4)

*Iigures i brack di the li

¢ references at the end of Section 4.

Substitution for P; and Q; from eqs (2.4-1) and
(2.4-3) vields '

QuP = C—2 BL) +3(M,/M,)>

8

+gAf§ (M:/M,).

(4.2-5)

An adequate approximation for the present pur-

pose is to take R¥ =5/4 (Kihara approximation)

and AY, = 1.1, which yields
b+1=10a(141.8m+3m?),

m=Ms/M; <1.

(4.2-6)
(4.2-7)

wherc

For small m, the major variation of a comes from the
factor (—S2/Q2) and can be represenied by the
simple expression
91/2 ﬁg. 1)
8(1+1.8m)® Q2

a

(4.2-8)

The factor (1+1.8m)2 is an empirical representa-
tion of the various mass dependences, but the rest
of the expression comes from theory. The collision
integrals in & may be obtained either by calcula-
tion from a potential model or from experimental
values of &,: and 7, the viscosity of the light com-
ponent, whereby eq (4.2-8) may be written as

= 3U+m)e  mRT
20(1+1.8m)? pD M,

(4.2-9)

The quantities e and b vary only weakly with tem-
perature, and can usually be taken as constant,

The complete result for Az is thus given by eqs
4.2-1), (4.2-6), (4.2-7), and (4.2-8) or (4.2-9). The
value of CF, 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 the choice of the potential
and the precise value of € used. The value of ¢ is
unity according to the Chapman-Enskog second ap-
proximation; since this approximation seems to
underestimate Ay, it is better to take { from experi-
ment if accurate data are available. Values of ¢,
a, b, and e are listed in table 15 of section 5.

Figure 3 shows a comparison of values of Aj
calculated from the semi-empirical approximation
with values calculated from the Chapman-Enskog
expresgion. Two mass ratios are shown, which rep-
resent reasonable values 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 reduced temperature of kT/e=10 is used,
for which Aj; is large. The results for A, are in
agreement within the uncertainties of experimental
measurements. ‘

Values of the empirical constant { have been de-
termined from measurements of the composition
dependence of &y, for only fourteen systems (count-
ing Hy and D, as the same); namely, the ten noble-
gas pairs [0], Hy-Nz [6], He-Ar and II-CO: [4],
and He-N; [7] These are the only systems for
which enough accurate data on composition de-
pendence exist to justify assigning { a value other
than 1.0. As can be seen [rum table 15 of section 5,
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b

— EQ. (2.2-10)
004 --—-EQ. (4.2-1)
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FicURe 8. Composition dependence of Ay at two mass ratios (m).

Equation (2.2-10) is the exact formula of the Chapman-Enskeg theory; Eq. 4.2-1) is the semi-empirical

expression of this report.

the empirically determined values of { do lie be-
tween 1 and 2, as expected. An advantage of the
semi-empirical formula is that improved experi-
mental information on the composition dependence
of Dha can he easily accommodated by adjustment
of values of £.

Experimental 9,; data were adjusted to refer to
an equimolar composition according to the relation

»@12(961 = 1/2)

1 +A12 (x1 = 1/2):'

LY —_ —

Palw)| R @21
where Z12(x1) was the value measured at mole
fraction x;, and the Aj;; were calculated from eq
(4.2-1) with the constants given in table 15 of sen-
tion 5. An equimolar basis is a reasonable compro-
mise between composition extremes, and required a
minimum number of adjustments of the data.

4.3. Correlation for Temperature
Dependence

The temperature dependence of 212 can be cor-
related by a semi-empirical equation which is ap-
plicable over a wide range of temperature. The
theoretical background for the correlation, in terms
of intermolecular forces, has been presented in
section 2.3; the equation itself 1s an empirical com-
posite of terms corresponding to various types of
contributions to the intermolecular forces. ‘The equa-
tion correlates the temperature dependence of %52
within the experimental uncertainties of the ex-
perimental results with at most four adjustable
parameters, and can be put into simnplified form for
data with low reliability or with limited tempera-
ture range.

The background is briefly as follows. Many pre-
vious correlations of the temperature dependence
of 912 have been published [8-35]. These correla-
tions 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 tempera-
tures. But recent results on 92 by direct measure-
ments and by calculations from molecular-beam
scattering experiments have significautly extended
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the temperature range. which now extends roughly
from about 10 000 down to 80 K, or lower.

In figure 1 the inset shows the characteristic
temperature dependence of pZ.. Over a narrow
range of temperatures a plot of In(pPhs) versus
In T'is essentially linear, as would be expected for
an inverse-power potential, but over a large tempera-
ture range such a plot shows curvature. At low tem-
peratures the enrvature is cansed hy 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 equa-
tion of the form,

In(p@r)=InA+s5InT~In [In (@o/kT) ]2

=S/ —(§'1T%),  (4.3-1)
where 4, s, @0, S, and S’ are empirical constants, and
k is the Boltzmann constant. The double logarithm
term is taken from eq (2.3—4) and represents an ex-
ponential repulsion potential. The value of ¢ is
taken from independent molecular-beam experi-
ments [36], and is not adjustable; however, its pre-
cise value is not critical for correlation purposes,
because 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 con-
taining S and S’ are Sutherland-Reinganum terms,
as in eq (2.3—11), and account for the attractive
potential. For most gas pairs 8’ is not needed and
can be taken as zero.

In many cases the values of %@y, are not suffi-
ciently precise to require the use of the douhle loga-
rithm term in eq (4.3—1), and an adequate repre-
sentation is given by

In (pDi)=InA+sIn T—(S/T). (4.3-2)

All the data could be correlated within the range of
estimated experimental uncertainties by combina-
tions of egs {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 (4,
5, S, and S'), so that leasi-squares calculations are
cvasy. A disadvantage is that the Sutherland-
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Reinganum terms for the effect of the long-range at-
traction do not permit the equations to be used at
very low temperatures, where the London dispersion
energy dominates. At present, no measurements of
9> seem to fall'in this range, however. The equa-
tions are usable only for kT/e>1, and should
never be extrapolated to low temperatures. At very
low temperatures ', has the asymptotic (classical)
form, )

pDr2=ATWS, T—0. (4.3-3)
where A is easily calculated if the London constant
C is known [37} The reliability of eq (4.3-3) has
been discussed in section 2.6, part a.

The values of the constants for ecqs (4.3 1),
4.3-2), and (4.3—3) are given in tables 12, 13, and
14, respectively, of section 5. Details on their de-
termination are presented in section 5.
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5. Resulis

In this section the recommended values of 9,2
are presented. The reliability estimates of these Zi»
are given in section 5.1. Then, in section 5.2, the
constants are listed for the correlations of &2 as a
function of temperature and of composition. In sec-
tion 5.3 the deviations between data and the rec-
ommonded values of Py are illustrated by graphs.
The detailed remarks on the critical evaluation of
data for weighted least-squares calculations -are
given in section 5.4.

This chapter summarizes the most reliable experi-
mental results for binary gaseous diffusion coeffi-
cients through 1968. 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, which extends through 1970.
{See table 16 at the end of section 5.)

3.1. Uneertainty Limits

The sources of reliable values of 9y, are roughly
as follows. For all gas pairs the most accurate re-
sults are at approximately 300 K, because of the
existence of a large number of independent meas-
urements by the most reliable experimental meth-
ods. Both closed-tube and two-bulb measurements
are usually available at temperatures from 200 to
500 K, and several additional two-bulb measure-
ments exist at lower temperatures. The temperature
limits of &1, from direct experiment have been ex-
tended in both directions by the use of data on mix-

ture viscosities, or, in a few instances, on thermal
diffusion factors. These derived values of 9, have
slightly less reliability than those near room tem-
perature. The magnitude of the extended tempera-
ture range is variable, and depends on the particu-
lar gas pair. For several gas pairs, data are available
to cbout 1000 K, and in a fow instances to bhigher
temperatures, but less than 2000 K, from the point-
source method. Values of 9y, from 1000 to 10 000 K
are derived mainly from molecular-beam measure-
ments, which generally bave the least reliability.

The gas pairs for which recommended data are
given can be grouped into three categories of relia-
bility, as shown in figure 4. A gas pair in Group 1,
for instance, has uncertainty limits of =1 percent in
12 at 300 K; the uncertainty increases to =5 per-
cent at 1000 K, and to = 10 percent at 10 000 K. The
temperature dependences of the uncertainty limits
are shown in figure 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 duplication bui is
helpful for quick reference.

A miscellaneous group of gas pairs is also in-
cluded because of possible special interest, and their
uncertainty limits are listed in table 11. The miscel-
laneous group contains mixtures with one compo-
nent water, carbon dioxide, or dissociated gas (H, N,
or U}

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972
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FIGURE 4. Estimated uncertainty limits of 212 as a function of temperature.

TasLE 10. Grouping of systems according to uncer-
tainty limits of Zha.

Group I He-(Ne.Ar,Kr,Xe)
Ne-(He.Ar,Kr.Xe)
Ar-(He Ne Kr.Xe)
Kr(He Neo,Ar,Xa?)
Ha-Np?

3He-*He )
He-(H2,N»,C0,0:?,air,CO2)
Ho-(He Ne? Ar Kr?,1,,C0,air,COy)
Na-(Ar?,CO,CO2)

AI-(CHMCO;OZ,ﬂil’oCOszFﬁ)
H,-(Xe,CH;.0..5Fq)
| CHq-(He,Ar,Hz,N2,0p uir,3F5)

Na-(Ne Kr.Xe,CH4,0,.5Fs)
CO-(Ar,Kr,0,,2ir,CO, ,SFe) -
Oy-(Ar,Hz,CH, . N:,C0O,CO,,SFe)
CO,-(Ar,C0O,0,,air,N; O.SFg)

' SFe(He,Ar,Hy,CHy,No,CO,00,air,COy)

Group 11

Group I11

Miscellaneous
Systems HQO-(NQ.ObﬂiI‘.COz)
COz-(Ne,Hz O,C:sHs)

H-(He,Ar,H,}
N-N;
O-(HG,AI',Nz ,Oz)

Tarik 11, Uncertainty limits for systems of the
miscellaneous group

System T Range, K _ Uncertainty, == %

H,0-N, 282 to 373 4
H;0-0, 282 to 1070 7
H;0-air 282 10 1070 51010
H,0-CO; 296 to 1640 10107
CO,-Ne 195 to 625 3to5
CQ.-CsHg 298 to 550 3to’s
H-H: ~ 300 S

> 1000 30
H-N2,0-Nz,0-0; ~ 300 10

> 1000 25
H-lie H-Ar, ~ 300 15
O-He,O-Ar > 1000 30
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The gas pairs of Group I have the most reliable
values of & for two principal reasons. First, re-
sults below 400 K are based on the very careful
measurements of van Heijningen et al. Second, at
high temperatures, the values of %, derived from
molecular-beam scattering experiments 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 Hy-N; are
borderline systems, even though oné is a noble gas
pair and the other has more reliable data than any
other except for He-Ar, because at temperatures
above 1000 K they have uncertainty limits corre-
sponding to Group II. This is due to the relatively
large amount of scatier in the Kr-Xe results from
molecular-beam measurements. For Hp-N; the po-
tential was determined by use of the combination
rules (sec. 2.6, part c¢), not by direct molecular-
beam measurements. Additional’ uncertainties
arise for diatomic molecules which are not rigor-
ously treated in the theoretical model.

The gas pairs of Group II have values of %y,
which have been consistently verified by several in-
dependent studies and by different apparatus. There
are, however, four borderline systems in Group II
Three of these, He-O;, Hy-Ne, and Np-Ar, do net
have as many reliable measurements as the. other
gas pairs of Group II. The fourth gas pair, H,-Kr, is a
borderline system because the uncertainty limits
are estimated to be ==/ percent at 90 K and =3 per.
cent 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 dif-
fusion characteristics similar to He-Ng, or almost
identical values of 9.

The gas pairs of Group III have a relatively small
number of reliable measurements of 9,2 at about
room temperature. At temperatures above 1000 K
the values of 92 have relatively large uncertainties
because large discrepancies exist in the molecular-
beam measurements used to calculate values of 92,
or because the beam measurements have been ob-
tained 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.
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The uncertainties for H,0-CO, look peculiar, but
the higher accuracy at high temperatures is due to
the existence of data by the point-source mcthod.

5.2, Correlation Parameters

This scction gives the correlation parameters fus
values of 2, as a function of temperature and of
composition.

The diffusion coefficients were correlated as a
function of temperature in accordance with the
semi-empirical reference equations discussed in
section 4.3. The empirical constants 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 12 the values of D1 were adjusted to refer to
equimolar mixtures, with two exceptions. First, sys-
tems involving air refer to trace diffusion through a
large excess of air (see sec. 2.1, part b). Even when
direct measurements were available for aix, most of
the constants were generated from the correspond-
ing values of 2, for N, and O according to Blanc's
law. In this way more reliable data are used as the
basis of the relerence equations; the direct meas-
urements were always compared to results by
Blanc’s law and found to be in agreement. Second,

TaABLE 12. Correlation parameters of eq (4.3—1) for Dy,

103A 10-¢ % S s’ T Range
System s Group
atm-cm? e -
0 K K ®) K
He“He 32.4 1.501 0.0448 —(.9630 1.894 | 1.74-10¢ I
3He-*He 0.156 | 1.636 — — — 1 14.4 ~90.0 I
He-Ne 25.41 1.509 212 1.87 — 65104 I
He-Ar 15.21 1.552 410 1.71 — 77-104 1
He-Kr 10.61 1.609 1.42 —32.65 2036. 77101 1
He-Xe 7.981 | 1.644 4.02 —68.87 5416, 169-10¢ 1
He-H. 21.0 1.310 0.0534 — — 90-10¢ I
He-N; 15.8 1.524 265 s — 77104 II
He-CO 15.8 1.524 265 e e 77104 I
Ne-Ar 8779 | 1.546 1.94 1.82 1170. 90-10¢ 1
Ne-Kr 8.520 1.555 6.73 20.4 — 112-10¢
Ne-Xe 6.747 1.584 19.0 10.1 — 169-10¢ I
Ar-Kr 5.346 | 1.556 13.0 47.3 — 169-104 I
ArXe 5.000 | 1.563 36.8 59.9 —_ 169-104 I
Ar-H, 23.5 1.519 0.488 39.8 — 242-10¢ i
Kr-Xe 2933 | 1.608 128 52.7 -_— 169-10¢ I
Kr-H, 18.2 1.564 1.69 26.4 — 77-104 1
Hz-D: 24.7 1.500 0.0636 6.072 38.10 14-10¢ 11
H,-N. 15.39 1.548 316 —2.80 1067. 65-10¢ I
H,-CO 15.39 1.548 .316 —2.80 1067. 65~10¢ {11
Nz-CG 4.40 1.576 1.57 —36.2 3825. 78-10 I
TasLe 13. Correlation parameters of eq (4.3-2) for D1
1054 S T Range 10°A s | T Range-
s $
System atm-cm? Group System atm-cm? Group
S(K) K K SK)* K K
He-CH, 3.13 1.750 —| 208-10% III (| N2-O: 1.13 1.724 — 1 285-104 o
He-O, 4.37 1.710 —| 244~-10* II | N.-H,O 0.187 | 2.072 — | 282373 Misc.
He-air 3.78 1.729 —| 244-10¢ IT || No.CO, 3.15 1.570 | 113.6 | 288-1800 I
He-CO, 3.31 1.720 — 200-530 II || N,-SFs 1.66 1.590 | 119.4 | 328-101 111
He-SFs 3.87 1.627 — | 290-10* 11l || CO-0, 1.13 1.724 —1:285-10* 111
Ne-H, 5.95 1.731 —1 90-10¢ 11 § CO-air 1.12 1.730 — 1 285-104 1
Ne-N, 1.59 1.743 — 293-10# i1 | CO-CO. 0.577 | 1.803 — | 282-473 I
Nc—QOz 1.07 1.776 —| 195-625 Misc. || CO-SFe 1.76 1.584 139.4 | 297104 I
Ar-CH, 0.784 | 1.785 —1 307-10¢ I {| 0,-H,0 0.189} 2.072 —1 282-450 1 Misc.
Ar-Ny 904§ 1.752 —| 244-10+ 1 2.78 1.632 —| 450-1070 Misc.
Ar-CO 904 | 1.752 —| 244-10+4 I )| 0,-CO. 1.56 1.661 61.3| 287-1083 Hi
Ar—Qz 9771 1.736 —| 243-104 III || O,-SFs 2.65 1.522 | 129.0| 297-10* Im
Ar-gir 017 | 1.749 — | 244-10* I Yl air-H.O 0.187 ) 2.072 —| 282-450 Misc.
Ar-CO, 1.74 1.646 §9.1( 276-1800. 111 2.75 1.632 — | 450-107¢ Misc.
Ar-SFg 1.48 1.596 145.4:| 328-104 II || air-CO. 2.70 1.590 | 102.1| 280-1800 jUii
Kr-N, 0.653 | 1.766 — 248-10¢ I |} air-SFe 1.83 1.576 | 121.1% 328-104 $19
Kx-CO 653 | 1.766 — | 248-10% I | H,0-CO. 9.24 | 1.500 | 307.91296-1640 | Misc.
XeHe 3.68 1.712 16.9 | 242-104 I || CO»-N.Q 0.281 | 1.866 -1 195550 I
Xe-I‘:Ig 0.47 1.789 - | 242104 II | CO.CaHg A77 1 1.896 — | 298~550 Misc.
H.-CH, 3.13 1.765 - | 293~-10* UI || CO-SFs .140 | 1.886 —1 328~472 I
Hz-Qz 4.17 1.732 — 1 252-104 I | H-He 14.2 1.732 — 1 275-104 Misc.
Hz*ajr 3.64 1.750 1 252-104 I || H-Ar 1.45 1.597 — | 275-104 Misc.
He-CO, 3.4 | 1750 | 11.7]200-550 I || HH, 11.3 1 1.728 —1 150-10% Mise.
H;-5F¢ 7.82 1.576 | 102.3 | 298-101 1T I N-N. 1.32 1.774 — | 280104 Misc.
CH4-N, 1.00 1.750 — | 298~-10 11 || O-He 4.68 1.749 —| 280-104 Misc.
CH,-0, 1.68 | 1.695 | 44.2|294-10 oIl O-Ac 0.751 1 1.841 — | 280-10+ Misc.
H-air 1.03 | 1.747 — | 208-101 I || ON, 132 | 1774 —-| 280-10¢ Mise.
CH,:8F J 1.10 | 1.657 | 69.2]298-104 m | 0.0, 1.32 | 1774 — | 9g0-104 Mige.

J. Phys. Chem. Ref. Data, Vel. 1, No. 1. 1972



36 T. R. MARRERO AND E. A. MASON

systems involving dissociated gases have data that
are obtained from measurements of a trace atom
diffusing through a mixture, or from calculations of
‘D1 based on molecular-beam measurements. Since
the uncertainties in both cases are greater than the
compeosition dependence of 9y, it was unnecessary
to adjust these data to .an equimolar composition.

In tables 12 and 13 the gas pairs are ordered as
follows: (1) mixtures of noble gases with noble gases
arranged accerding 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) other mixtures arranged according to
the molecular weight of the lighter component, and
(4) dissociated gases. Excep: for *He-*He and H-D»
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 sec. 2.6, part a). In such a case,
values of @12 may be obtained from the classical
asymptote, eq (4.3-3). The correlation constants
for the classical asymptotes are given in table 14;

TABLE 14. Classical low-temperature asymptotic
values of D12, eq (4.3-3)

10°A [on €fk®
atm-cm? .- * b
System W etal A K

He-Ne 31.2 3.0 1.32 23.7
He-Ar 20.3 9.6 0.86 40.2
He-Kr 17.9 13 .80 39.0
He-Xe 15.6 19 .68 46.5
He-CH, 19.0 14 89 37
He-N. 20.4 10 .96 31
Ne-Ar 8.26 20 .35 61.7
Ne-Kr 6.79 27 .28 69.8
Ne-Xe 5.84 38 .26 69.1
Ne-11, 30.1 8.2 1.35 34
Ne-N; 8.69 21 0.37 57
Ar-Kr 3.51 9] d4F 145
Ar-Xe - 2.93 | 130 11 178
Ar-H, 19.5 28 87 64
Ar-CH, 5.27 98 22 130
Ar-N 4.93 69 21 107
Kr-Xe 2.00 | 190 .08 197
Kr-H, 17.1 40 5 80
Kr-N. 3.91 96 .16 132
Xe-Hs 15.1 58 .07 87
Xe-N; 3.29 | 140 14 145
H,-CH, 17.5 43 .82 68
Hx-N, 19.3 30 .87 62.9
CH¢N: 5.54 | 100 23 120

# Dalgarno (1967). N .
*Based on the 12-6 potential; parameters for noble gas pairs and for Hx-N; from
van Heijningen et al. {1966, 1968), and for other gas pairs from Hirschfelder et al. (1954),

a total of twenty-four gas pairs are listed which have
London dispersion constants available. .

If estimates of Py 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, extrapola-
tions are safer to make than at very low tempera-
tures because of the form of the equations. How-
ever, at elevated temperatures an extrapolation will
neglect the effects of inelastic collisions and internal
excitation of molecules. When extrapolations have
to be made at lower temperatures. hoth the ref-
erence equation and the low-temperature asymptote

I Dhue Cham Raf Nata. Val. 1. No. 1. 1972

should be used to obtain two predictions of &y, at a
given temperature. The larger value calculated is
the better estimate of 9. This procedure neglects
quantum effects, and unfortunately asymptotic
constants are only available for about one-third of
the gas pairs with recommended data.

If values of 2y, are required at pressures not
equal to 1 atm, then the reciprocal pressure rela-
tionship of 9y, is used, as discussed in section 2.2.

The values of 9, can be adjusted to a non-
equimolar 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 D, replaces H,. Omitted from this 1able are

“mixtures 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-Dy, Ar-CO;, N»-CO, N;-O»,
CO-Oz, CO-&iI’, CO;Z'N‘},O, and COz-C:;Hg. Table
15 is convenient for making rapid estimates of the
composition dependence of &,, or for correcting
data to a specific composition, reliable to within the
uncertainties of the experimental measurements.

5.3. Deviation Plots

The experimental diffusion coefficients are com-
pared with correlated values of Py, and devia-
tions are presented in a series of graphs, figures
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.
Systematic trends in the deviation plots should not
be taken too seriously, since the reference equation
is not theoretically precise.

The deviation plots show general features of
experimental values of &y, as follows. First, the
overall consistency of the data is rather good, al-
though some reporied values of &£ show con-
siderable scatter. Second, careful appraisal of the
experimental data is necessary to obtain the most
reliable estimate of 9. A random selection of a
value of &y, from the literature could casily yield
a result with an uncertainty of 5 percent, even
though the original article would probably claim
much less. Third, the results by the closed-tube and
two-bulb methiods are mwore consistent than others,
and show no evidence of any.systematic disagree-
ment. This can be illustrated by the results for
He-Ar and H,-N; which are given in figures 6, 7, 18,
and 19, Fourth, most values of &y, at temperatures
above 1000 X are available oiily 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-chroma-
tography 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 un-
centainty less than 1 percent.
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TABLE 15. Correlation parameters for the composition dependence of P2
according toeq (4.2—1)
System 14 efk® a b System L | elk® a b
X K

3He-He 10 10.21  0.031 0.26 || Xe-H. 1.0 87 0.25 1.53
He-Ne 1.64 23.7 .098 45 Xe-D, 1.0 87 .23 1.43
He-Ar 1.67 40.2 .18 117 Xe-IN, 1.0 145 .10 0.56
He-Kr 1.65 39.0 .23 156 Ha-D. 1.0 33 042 12
He-Xe 1.718 46.5 .29 2081 H.-CH, 1.0 68 15 94
He-H. 1.0 18.4 .033 —011{ HaN, 1.00 62.9 17 .89
Ite-CH, 1.0 37 14 25) H.-CO 1.0 61 .16 .88

e-N, 1.80 31 17 1.2251 Hy0, 1.0 61 16 .81
He-CO 1.0 34 .16 1.19]| Hear 1.0 57 .16 .87
He-O, 1.0 34 17 . 111 H.-CO» 1.84] 80 .21 1.33
Ie-air 1.0 31 A7 1.19)] HaSFs 1.0 93 .33 2.33
He-CO, 1.0 44 23 1.74 || D»-CH, 1.0 68 Al 0.81
He-SF; 1.0 51 .39 3.09]| Da-N. 1.00 62.9 .13 .76
Ne-Ar. 1.2 61.7 .059 0.57|} D.-C 1.0 61 13 74
Ne-Kr 1.01 69.8 12 87l DO, 1.0 61 13 .66
Ne-Xe 1.25 69.1 17 1.31 ff ~De-air 1.0 57 13 74
Ne-H. 1.0 34 10 026} D»CO. 1.84 80 .18 1.20
Ne-D» 1.0 34 .078 16| Da-SFe 1.0 93 .31 2.2
Ne-N. 1.0 57 .043 6501 CH,N. 1.0 120 .035 0.05
Ne-CO, 10 | 82 081 98] CH.0. 10 | 124 03| 00
Ar-Kr 1.4 145 .051 30] CH.air 1.0 120 .035 05
Ar-Xe 1.8 178 .086 ST) CH,-SFs 1.0 188 2 50
Ar-H, 1.73 64 17 .85 N.-H.O 1.0 266 .020 —0.32
Ar-D. 1.73 64 14 74 || N,-CO. 1.0 132 .041 .38
Ar-CH;, 1.0 130 .046 02| N.-SF¢ 1.0 154 .14 1.04
Ar-N. 1.0 107 .029 10| CO-CO» 1.0 145 041 0.38
Ar-CO 1.0 117 029 20 CO-SFs 1.0 169 14 1.00
Ar-0, 1.0 118 026 A5 O:-H,0 1.0 296 033 | —0.03
Ar-air 1.0 109 .029 A1) 0.-CO: 1.0 147 .037 44
Ar-SFy 1.0 179 12 1.07{ 0.SFg 1.0 171 14 L4
Kr-Xe 1.8 197 .039 0.33 || air-ll,O 1.0 | 274 .020 —0.34
Kr-H» 1.0 80 21 1.14 |} air-CO.» 1.0 130 040 39
Kr-D; 1.0 80 .19 1.07| air-8Fg 1.0 159 14 1.06
Kr-N. 1.0 132 .066 0.28| H.0-CO. 1.0 384 060 0.34
Kr-CO 1.0 145 066 281 CO,-SF 1.0 222 .088 .60

“ Based on the i2— s for noble-gas pairs and for He-N2 from van Heijningen et al. (1966, 1968), and for others

6p i
from Hirschfelder et al. {1954).

Detailed remarks on the deviation plots are as
follows. A positive deviation means that an experi-
mental value of 9, is greater than a value calcu-
lated 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 percent by means of a Calcomp
plotter (model 563). When a number in parentheses
is placed by a point, then this number specifies the
magnitude of the deviation (which happens to be
greater than the ordinate scale). The abscissa usu-
ally covers the temperature range from 63 to
10 000 K, but lower temperatures appear on a few
graphs for *He-*He and H,-D,. Along the abscissa,
hash marks (1) have been used to condense the
temperature scale at elevated temperatures. Be-
cause of this hreak in the scale, points fram similar
sources are not connected by lines between 1000
and 10 000 K, as is done at lower temperatures.

For each gas pair the recommended reference
equation for 9, 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 ol 2, calculated in this report from
molecular-beam scattering experiments are re-
ferred to by one of the two laboratory sources,
namely “Beam data of Amdur et al.” for data from
the Massachusetts Institute of Technology, and

“Béam 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 of &, and the usual ‘“absolute”
values (relative values of &;» are obtained by cali-
brating the apparatus against a mixture with
known £y); (3) standard deviations that indicate
significant internal scatter, as published; (4) the
type of radioactive species used in some experi-
mental determinations; (5) the basis of some values
of D, for instance, mixture viscosity.

5.4. Detailed Remarks

This section presents the detailed remarks on the
critical evaluation and the correlations of ..
Reasons are given for the assignment of a gas pair
into a particular category of reliability. Enough
information is reported to allow the recovery and the
wverification of the reference equations; most of this
information is presented in tables 17, 18, and 20
to 25. In these tables the sources of data noted by an
asterisk are for values of 2;, 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 2, was considered extraordi-
narily 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 reliability groups of table
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10. The discussions contain the following informa-
tion: (1) weights for values of 92 used in the least-
squares calculations of thé reference equations,
(2) intermolecular potentials obtained frem molec-
ular-beam experiments which were used to calcu-
late &y, at elevated temperatures, and (3) special
commaents.

For this section, most references are to be found
in the Bibliography by author, and are not given at
the end of the section.

a. Group I (Deviation Plots, Figs. 5 to 20)

Weights and Potentials. Similar weights were
assigned to values of Py, to correlate the data of
Group 1. The accurate measurements (at equimolar
composition) of van Heijningen et al. (1966, 1968)
were weighted unity; almost every other determin-
atioh of Zh» was disregarded at temperatures
helow 400 K for the ten noble gas pairs and Hp-Ns.
At 1000 and 10 000 K selected values, which were
based on molecular-beam measurements, were
weighted 1/5 and 1/10, respectively: these values
are listed in table 17. These are logarithms of 12
which were read from the large-scale graphs and
used directly in the calculations. At 1000 K, the
sclected diffusion coefficients were obtained by
extrapolation of @y, calculated from beam results
down to room temperature, and extrapolation of
data between 295 and 400 K up to elevated tempera-
tures. The selected valnes of @y, were taken to lie
between these two extrapolations. At 10 000 X, the
selected values approximate the mean of 9, based
on the molecular-beamm 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

T. R. MARRERO AND E. A. MASON

TABLE 17. Selected high-temperature points for
curve-fitting, Group [

logi[Z(y=1/2)]
System

1000 K 10 000 K
He-Ne 0.930 2.680
He-Ar L85 2,05
He-Kr 700 2.510
He-Xe .630 2.435
Ne-Ar 410 2.150
Ne-Kr 320 2.065
Ne-Xe 250 2.000
ArKr 070 1.810
ArXe .010 1.730
Kr-Xe —0.150 1.600
Ha-N. 790 2.575

the calculated deviations would have exceeded the
uncertainty limits of Group I. An additional point at
77 K (Z12=0.0607) was used in the least-squares
calculations, and it was weighted 3/10. This value of
9> 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 of van Heijningen et al. (1968). Second,
for H,-N; an additional datum at 562 K (logio
T=2.750, loge %12=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 (995 K) resuit hy
van Heijuingen et al. (1966) and the selected point
at 1000 K.

At temperatures greater than about 1000 K, values
of &,; were based on intermolecular potentiale ob-
tained from molecular-beam scattering experiments.
Leonas et al. performed beam experiments for each
of the ten noble gas pairs, and alse determined

R{2.T%
DEVIATION, PERCENT 2.541 X 102 Ti-5@ .
: POX=0.80 = 0 i/2. 12 x 10712 Exp (L9771 +FT-Ce/s
10.0 65 TO 10 OO0 K
i +VAN HEIJNINGEN, ET AL. 1968
5.0 L x MALINAUSKAS LABSOLUTE) 1968
* = 0IFPIPPO, KESTIM. § QGUCHI 19567
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FIGURE 5. Deviations of diffusion coefficients from reference equation.

Helium —Neon
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1.521 X 102 T1.5%
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FIcuRe 6. Deviations of diffusion coefficients from reference equation.
Helium — Argon
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FiGURE 7. Deviations of diffusion coefficients from reference equation.

Helium— Argon
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DEVIATION, PERCENT 1.521 X 1073 1155
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FIGURE 8. Deviations of diffusion coefficients from reference equation.
Helium— Argon
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FIGURE 9. Deviations of diffusion coefficients from reference equation.
Helium — Argon
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Ficure 10. Deviations of diffusion coefficients from reference equation.
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FIGURE 11.  Deviations of diffusion cocfficients from reference equation.

felium—Xenon
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FicURE 12. Deviations of diffusion coefficients from reference equation.
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FIGURE 13. Deviations of diffusion coefficients from reference equation.

Nevn-—Krypron

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972



GASEOUS DIFFUSION COEFFICIENTS 43
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FicURE 14. Deviations of diffusion coefficients from reference equation.
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FIGURE 15. Deviations of diffusion coefficients from reference equation.

Argon~Krypton
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F1GURE 16. Deviations of diffusion coefficients from reference equation.
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FiGure 17.  Deviations of diffusion coefficients from reference equation.
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FIGURE 18. Deviations of diffusion coefficients from reference equation.
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FIGURE 19. Deviations of diffusion coefficients from reference equation.

Hydrogen —Nitrogen
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FIGURE 20. Deviations of diffusion coefficients from reference equation.

Hydrogen — Nitrogen

TaBLE 18. Molecular-beam potentials, o(x)=K/rs, for Group I 2

Amdur et al.b Leonas et al.¢

System | K, eV(Ay s Range, & K, eV(Ay s Range, A
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-Kr 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-Kr - 367 6.88 2.30-2.92 855 6.92 2.4 -3.1
ArXe 2450 8.15 2.60-3.15 202 5.9 2.148-3.27
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

a Complete reference information is given in Bibliography II.

" All results except I}ie-Ar and Ne-Ar are gall)culatezé.bv combination rules.
Yy

¢ Only the p or Hy-N, is

potentials for Hp-H; and N,-N: which lead to an
H,-N; 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 informa-
tion also vielded potentials for all the noble gas
pairs. Amdur et al. also measured potentials for
He-H, and He-N:, from which the H»-N. potential
was obtained. In table 18 the potential functions are
listed which were used to calculate the deviation
points shown on figures 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 &, are based on mixture viscosity
(Weissman and Mason, 1962 b). After consideration
of the reliability of the viscosity data, of 4%, and
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ion rules.

of the need for a quantum correction, these values
of 91» were not used to extend the lower tempera-
ture limits of the reference equations for these
systems.

The systems Kr-Xe and Hi-N. are borderline
because of the greater uncertainties in their molecu-
lar-beam potentials.

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

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

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

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

and Srivastava and Srivastava {1959).
The magnitudes of the errors are usually a few per-
cent 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 Kr-Xe). A cause for this trend
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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 Z2 by direct measurements are
in reasonable agreement with 22 determined from
other transport properties, as shown in table 19.
Here direct measurements by van Heijningen et al.
(1966, 1968 are compared with 9y calculated
from mixture viscosity and thermal conductivity
data, reported by Weissman and Mason (1962 b)
and by Weissman (1965). For table 19 the deviations
wore extracted from results given in the deviation
plots for Group L. A relative index of reliability has
also been computed, which is defined as the average
absolute deviation of the results by van Hetjningen
et al. divided into the average absolute valuc of
the other deviations, and it is given in the bottom
row of table 19. These results indicate that 9
can be well predicted from other transport property
data at asbout room tcmperature, The diffusion
coefficients calculated from the most accurate
mixture viscosity data available (Kestin et al.) ap-
pear to be better than they should; that is, the vis-
cusity-derived P2 are really less reliable than the
direct measurements of &2 because the uncertain-
ties in the A¥, values are no less than 1 percent.
The other mixture-viscosity sources vyield @1
only as reliable as the Group III uncertainty limits.
However, diffusion coeflicients calculated from
available mixture thermal conduetivities fall outside
the range of Group III, or the average deviation is
greater than 3 percent 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
212 and their weights used in the least:squares

calculations are presented in table 20. The potential
functions obtained from molecular-beam measure-
ments are summarized in table 21. A few systems
have direct molecular-beam measurements, but
most gas pairs of Group 11 have potentials that
were obtained by the combination rules. The cal-
culated potential functions are listed on the left-
hand side of table 21, and the potentials from direct
molecular-beam measurements are listed on the
right-hand side. No potentials are given for He-CO,,
H.-air, Ho-COs and N.-CO. because when this work
was done, there were no molecular-beam measure-
ments available with air or CO,.

The potentials by Amdur et al. for He-CO, He-
0;, and H.-CO were calculated by combination
rules from measurements obtained in different ap-
paratus. The potential energy ranges for these
measurements were not the same. Thus, the de-
rived potentials arc applicable over a smaller tem-
perature range, and are also considered slightly
less reliable than results .obtained from a single
apparatus.

"The puiential for 2Ile-4lle was taken the same as
for ‘4He-*He, and that for H;-D, the same as for
Hz-Hz; that is, potentials were assumed identical
for isotopic pairs. This is only an approximation, but
i[s su]fﬁcie:uly accurate for the preseuat purpuses

1,2}].5

Special Comments. For the seventeen gas pairs of
Group Il special comments are as follows.

“He-*He. This gas pair is exceptional because its
assignment into Group 11 is based mainly on the re-
liability of values of 2, calculated from viscosity
measurements. In some instances, viscosity data
for ‘He-“He (Becker and Misenta, 1955; Coremans
et al., 1958 a: Rietveld et al., 1959) were used along
with the appropriate reduced-mass correction fac-
tor and quantum-corrected values of 4%, and Q. V%
At high temperatures values of 9, were calculated
from the “He viscosity data by Kalelkar and Kestin

*Figures in brackets indicate the literature references at the end of Section 5.

TaBLe 19. Values of 9Dy by direct measurement compared with those from mixture viscosity, and from
thermal conductivity

Direct ) Thermal
measure- Mixture viscosity conductivity
ment
van Trautz van von
System Heijningen | Kestin et al. Thornton | Itterbeek Ubisch |[Thornton
et al. et al.
(295 K) @K | @WK | @K J{-20K |(EeK | ek
Deviation from reference equations, percent
He-Ne- -0.8 | ~0.1s +2.3 +3.5 +14 +2.6 +18.8
He-Ar —0.03 +0.1 +1.2 +1.0 +3.6 -+ 4.9 + 3.3
He-Kr +1.0 +0.6 —_— +3.2 — +4.3 +9.1
He-Xe +0.6 - +0.9 +0.5 — +1.3 +4.5
Ne-Ar +0.1 —0.4 ~0.1 —4.4 +1.8 /| +4.0 | +6.7
Ne-Kr —0.1 — —_ +1.5 e +3.4 +0.45
Ne-Xe +0.8 —— — “+ 0.1 — “+4.5 +2.1
Ar-Krx +0.2 — — -0.3 — +4.9 —4.7
Ar-Xe +0.1 — — -1.1 — +1.9 —-2.8
Kr-Xe ! +0.05 —— e +0.2 — ~1.8 —-0.2
H-N. +0.7 +.5 -1.0 — —0.8 — -
lAvg. dev.| 0.41 0.35 1.1 IR 2.4 3.4 5.3
. #(3.8)
Index of reliability 1 1 3 4 6 8 13
| " (9)

* Disregards large deviation {18.8%) of He-Ne.

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972
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TABLE 20. Diffusion coefficients and weights for curve-fitting, Group II

System T.K logiol22(x=1/2)] | Weight } Note System T.K logio{2 1 (x= 1/2I)] Weight | Note
3He-*He 2.64 —3.1325 1;4 a |[ He-Ar 317 -.045 1 *
4.15 —2.8125 1/4 a 399 140 1 *
1.74 —3.4789 1/4 b 501 320 1 *
2.00 —3.3665 1/4 b 631 .495 1 *
2.31 —3.2396 1/4 b 794 670 1 *
2.66 -=3.1355 1/4 b 1000 845 1 *
3.08 —3.0306 1/4 b 3170 1.710 1/3 *
3.96 - 2.8386 1/4 b 10000 2.590 1/6 *
14.4 - 1.9066 1 b || H-Kr 770 —1.270 151 *1
190.6 ~1.7012 1 b 100 —1.010 1/5 *,1
62.8 - 0.;33%7 } E %;g . - 0.5228 1/5 *1
76.1 -, 7282 . —.1 1 [
192 -.0742 1 b 296.0 —.1564 1 P
296 2253 1 b 562 334 1/5 * 1
290.15 265 1 5 3160 1.632 1/5 *
373.15 4214 1 c 10,000 2.557 1/5 *
473.15 5977 1 ¢t HeD» 14.12 —2.3675 1 q
233 lg .3485 % c 15.47 —2.2832 1 q
731 ‘%011 1 2 1890 o081 } a
873.15 1.0527 1 c 20.32 ~2.0329 1 a
1010.15 1.1550 1 [ 90.0 —0.7721 1 q
1121.15 1.2307 1 ¢ 26.09 —1.8097 1 r
2039 17127 /4 d 32.57 —1.6091 1 r
7746 2.7774 14 . d 41.35 - 1.4117 1 r
3377 2.1038 1/4 e 48.06 ~1.2832 1 r
10 000 2.9983 1/4 e 60.30 -1.1002 1 r
i = I N
2 200, -.
10 000 2.9895 vil e 2500 ~ 205 1 :
He-N, 712 —1.1331 2 l; 293.0 .0864 1 s
251 —0.265 1 . 400 3181 1 s
317 —0.100 1 500 4757 1 s
399 0.071 1 : 763 7882 1 s
501 241 1 . 986 9741 1 s
631 405 1 . 3313 1.9047 1 t
18(9)(45 ?Zg i i 5000 2.2305 1 t
3170 1.640 2/5 * H.-CO 10000 _ 27196 o .
He.CO 10 000 2.530 145 * W Hp-ajr ggg —0.1487 1 v
e- - - - i L0253 1
He-O. 317 —0.085 1 * 447 .1987 1 :
10 000 2.480 1 * 1000 .8048 1 v
He-zir '282 —0.1818 1 j 10 000 2.6635 1 v
355 —.0119 1 j || H:-CO, 200.0 —0.5017 1 w
447 .1584 1 j 298.15 —.1898 1 X
10 000 seo| 1| 1A e | 1| 1}
. j -Ar —. 1 *
Ne-CO., 200 0.5229 1T k ? 3160 1.088 1 *
Mo 238‘]1 - %(2}‘;(2] % 1l N.-CO 77.65 —1.7147 1/5 z
+He -. a. 194 —0.980 1/2 *
194.7 - 1264 1 m 25} ~.790 ]/ *
o IR . ]
. — .45 1
399 .398 1 * 562 —.195 1/2 *
501 .567 1 * 1000 .226 1/5 *
1000 1.080 1/3 * 10 000 1.979 1/10¢ . *
103(1)38 éggg Hg : N,-CO; 228.15 —0.7825 1 X
5 . 447 —.450 1/2 *
HaNe 90.1 —0.8416 1. a 708 —.095 1/2 *
9505 2.6599 1 n 1000 1553 1/2 aa
HrAr 251.2 —0.220 1 * 1800 .5832 12 aa
* Selected value, see explanation in first part of section 5.4. " Calculated from molecular-beam p ial by Amdur et al.,, see table 21
:glenssT:gg E?nd Mason {1962 b). ° ﬁedqrov!etl a{i &89‘;56)
1 ¥ Annis et al. .
© Cill:;u.lalcd flrom viscosity data by Kalelkar and Kestin (1970). 4 Calculated from HD viscosity data by Becker and Misenta (1955).
¢ ‘Qa]culawd grum molecular-bearn potential ll:y j}mgur andIH(:]uzléxl‘ess (1954). 4 ga}culaieg f‘:rom gD vascos:tyddtm by Coremansaci ﬂlM(1958 b)d Rico (1954).
e d from 1. ialb mdur et a g s aleulate rom z VIBBOII ata ag cummanze v agon an. 1ce
! Caiculated from molecular benm polemml by Belyaev and Leonas (1967 b). t Calculated from mol e p 1 by Amdur et al.. see tublc 21.
lated from “beam 1 by Kamnev and Leonas (1965 a). ®Ref ion of HyN. is suitable b of i
“‘Xl?nk and Mc(iulloh‘(h%?‘]( sitable b icoct ool a\: C:;L(;I?‘e‘]d) from reference equations for Hy-N. and H;-O; nccordmg to Blanc’s
eference cquation of He-IN; is suitable because of isosteric molecu E ~
1 Caleulated f?rlum reference equations for He-Na and He-O, accord:lsg to Blanc's lated from d d of thermal diffusion factor (Saxena and
law, £q (2.1-7). Mason‘ 19d59) according lo‘th[egncrl;illl\;c rﬁel‘holcl lf;s?)nms et al, (1968} and results are
* Calculated f re dependence of thermal diffusion S normalized to measurement of 21, by Boyd et al. {
Masmé:. ;9;:;) uc{:(:;:"di(:? f: l;?:: iter:t?:e nfelcheotoifbty j\r::gs et aulls l( l96fgc).l:;é ‘?;el]r;:is a\ar:t: * B°Y¢! et al. (195!)- B
no‘r::aﬁ.zcd to!m’?gzgrcment of &2 by Annis et al. (1969). z%{’,‘?:r"““"é‘s‘t))s“e““ (1964 b).
n ;;’;u:laia\]\rfalir'n.nuskas (1965). 22 Pakurar and Ferron (1966): Ferron (1967).
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TABLE 21. Molecular-beam potentials, ¢(r)=K/r5, for Group II?-P
Potential Source
System - Reference
K, eV(A)s| s Range, A System K, eV(4)*
“He-‘He 4.71 | 5.94 1.27 -1.59 || *He-‘He 4.71 5.94| Amdur and Harkness (1954).
433 | 5.86 1.10 -1.53 | ‘He-‘He 4.33 5.86 | Belyaev and Leonas (1967 b).
He-N» 74.3 | 7.06 179 2.29 || Dircet Amdur et al. (1957).
} measurement
438 6.63 1.72 -2.29 | He-He 4.33 5.86 | Belyaev and Leonas (1967 b).
N.-N, 550 7.4 | Belyaev and Leonas (1966 a).
He-CO 40.3 | 591 1.55 -2.26 || CO-Ar 551 6.99| Jordan et al. (1970).
He-Ar 62.1 7.25 ) Amdur et al (1954).
Ar-Ar 849 8.33) Amdur and Mason (1954).
92.24 | 7.045| 1.705-2.225 He-He 4.33 5.86 | Belyaev and Leonas (1967 b).
CO-CO 1965 8.23 | Belyaev et al. (1967).
He-0. 9.5 7.26 147 —2.08 || He-Ar 62.1 7.25) Amdur et al. (1954).
Ar-O: 1360 8.34 | Jordan et al. (1970).
Ar-Ar 849 8.33) Amdur and Masen (1954).
32.24 | 6.08 1.72 —2.34 || He-He 4.33 5.86 | Belyaev and Leonas (1967 b).
0,-0. 240 6.3 | Belyaev and Leonas {1967 a).
H:He 12.11 | 6.07 1.44 -1.76 || Direct Amdur and Smith {1968).
measurement
5.0 3.8 1.15 -1.89 || Direct Belyaev and Leonas (1967 b).
measurement
H>Ne 98.55 | 8.095| 1.685-2.03 || He-He 4.71 5.94 | Amdur and Harkness (1954).
Ne-Ne 312 9.99{ Amdur and Mason (1955 a).
He-H. 12.11 6.07| Amdur and Smith (1968).
21 4.70 1.45 —-2.215{ He-H: 5 | 3.8 | Belyaev and Leonas (1967 b).
Ne-Ne Kt i 7.65( Kamnev and Leonas (1965 a).
He-He 4.33 5.86 | Belyaev and Leonas (1967 b).
Ha-Ax 160 7.38 1.81 -2.44 || He-H; 12.11 6.07| Amdur and Smith (1968).
He-Ar 62.1 7.25| Amdur et al. (1954).
He-He 4.71 5.94] Amdur and Harkness (1954).
49.1 5965 | 1.80 —2.54; || Ho-Hy 14.1 5.87| Belyaev and Leonas (1967 b).
Ar-Ar 17 6.06| Kamnev and Leonas (1965 a).
H-Kr 70.37 5.81 2.015~2.585 [| He-11s 12.11 6.07 | Amdur and Smith (1968).
KrKr 159 5.42| Amdur and Mason (1955 b).
He-He 4.71 5.94| Amdur and Harkness (1954).
89.33 | 4.72 1.80 —-2.66 || He-H. 5 3.8 | Belyaev and Leonas (1967 b).
Kr-Kr 1382 7.7 | Kamnev and Leonas (1966 a).
He-He 4.33 5.86( Belyaev and Leonas (1967 b).
H,-D. 31.55 | 6.19 1.62 -1.96 || He-H, 12.11 6.07| Amdur and Smith (1968).
He-D, 12.27 6.06] Amdur and Smith (1968).
He-He 4.71 5.94; Amdur and Harkness (1954).
14.1 5.87 1.34 -1.95 || H>-H, 14.1 5.87/ Belyaev and Leonas (1967 b).
H,-CO 107.4 5.81 1.89 -2.17 || Ar-CO 551 6.99| Jordan et al. (1970).
He-H, 12.11 6.07| Amdur and Smith (1968).
He-Ar 62.1 7.25| Amdur et al. (1954).
166.4 7.05 1.825-2.435 || Hy-He 14.1 5.87 Belyaev and Leonas (1967 b).
; CO0-CO 1965 8.23| Belyaev et al. (1967).
Na-Ar 735 7.78 2.28 —2.83 || Direct Amdur et al. (1957).
. measurement
1050 8.16 2.12 -2.67 || Direct Belyaev and Leonas (1967 a).
measurement
Ny-CO 2038 8.70 2.22 —2.77 {| Dircet Belyacv ct al. (1967).
measurement
596 7.27 243 -3.07 || Na-N; 596. 7.27| Amdur et al. (1957).
2Potentials were not determined for air-(He,Hs) and CO.-(He,H:,Ns) b lecular-beam were nnavailabl

P Complete reference information ia given in Biblingraphy 1.

(1970). The direct measurements of &, by Bendt
(1958) are in good agrecement with the low-
temperature results calculated from viscosity.
There are other direct measurements for SHe-tHe
b.y DuBro (1969), which are not shown on the devia-
tion plots because they were unavailable until re-
cently. DuBro used a two-bulb method and covered
the temperature range of 76.5 to 344 K. The average
absoluie deviation of his results from the reference
equation is 2.6 percent.

In the temperature range of 14.4 to 90 X the form
of eq (4.3—1) was not sufficiently flexible for curve-
fitting purposes; that is, the data (obtained from mix-
lure viscosities) were considered more accurate
than the uncertainty specified for a Group II system
in that temperature range. For temperatures be-
tween 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 avcroge absolute deviation of 1.1 per-
cent and a standard deviation of 1.4 percent.

He-N,. This gas pair has many reliable measure-
ments by different major experimental methods
which allow it to be a Group II system, see figures
23 and 24.

He-CO and H,-CO. The diffusion coeflicients of
He-CO and H,-CO can be well approximated by
those for He-N» and H,-N; (Group I), respectively,
because CO and N are isosteric molecules and He-
N, and H:-N; have more reliable measurements than
do He-CO and H,-CO. A comparison of the refer-
ence equations with the reliable measurements by
Ivakin and Suetin (1964 a, b) for He-CO and H,-CO
shows deviations less than about 2 percent. The
H»-CO system was not assigned to Group I, as is
Hs-Na, because of possible uncertainties due to the

J. Phys. Chem. Ref. Daiq, Vol. 1, No. 1, 1972
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3.24 x 1072 Ti.s0

PO X=0.5) = [TX 57405 X 101 )2 EXP -0, 96390771 EXP (1, p9u/70 ~FHCIe/S
10.01 1,74 T0 10 000 K
8.0 +
6.0+
4,0 +
2.0 +
0.0
1 A + BENDT 1958
20 L VISCOSITY-DERIVED COEFFICIENTS
. “WEISSMAN & HASON 1962 B
+ % 4HE DATA, BECKER & MISENTA
o x 3HE DATA, BECKER & MISENTA
. v 4HE DATA, COREMENS, ET AL.
+ x 4HE DATA. RIETVELD, ET AL.
_5'0 4
8.0 +
-10.0 ¢ -+ 4 } ; } " }
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
LOG (1), T= DEGREES KELVIN
FIcURE 21. Deviations of diffusion coefficients from reference equation.
Helium-3 — Helivm-4
QEVIATION, PERCENT 3.24 X 1072 TS0 b-4
T PO X=0.5) = X i 7445 X 109 )2 EXP 1-0. 8630717 EXP 11, 59u/T8) * FTH-CIE/S
10.01 1,74 T0 10 000 K .
0.0 + + BENOT 1958
VISCOSITY-DERIVED COEFFICIENTS
T x “HE DATA, RIETVELD, ET AL,
6.0 + & *rc OHTH, KALELNAR & KESTIN
= BEAM DATA OF AMDUA, ET AL.
T xBEAM QTR OF LEONAS, ET AL.
4.0 +
2.0 +
0.0 2
-2.0 1+
-4.0 +
4. *
-6.0 T
-8.0 +
T 213 K
-10.0 } } L } } i 4 Rt
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4,00
LOG (T3, 7= DEGREES KELVIN

FIGURE 22. Deviations of diffusion coefficients from reference equation.
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1.59 X 102 753

] PO 0.8 =~z 65 g ye -ATH-CIE/S
10.0¢ 77 TO 10 QOO'K ® (4%
T = ELLIS < HOLSEN 1968
5.0 | mKESTIN, WOBRAYASHI, & WOOD 1966 =
-~ T * WALKER [THESIS) 1958
+ « WESTENBEAG ¢ WALKER 1957
6.0 + =BEAM DATA OF AMDUA. ET AL.
: 2 BEAM DATA OF LEONAS, ET AL.
4.0 +
2.0 1 }A
0.0 &Aﬁé&! X 2
-2.0 T
4.0 +
-6.0 +
-3.0 +
T 273 K
-10.0 } —t S } } — } —+
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 .00
LOG(T1 . T= DEGREES KELVIN
FICURE 23. Deviations of diffusion coefficients from reference equation.
Helium— Nitregen
DEVIATION, PERCENT 1.69 X 107 71504
+ PO U0, 8 =~ e e T R LATM-CHE/S
0.0 77 TO 10,000 K
+ » WASIK ¢ MCCULLOH 1969
ol =FROST (THESIS) 1967
9. < CHANG [THESIS) 1956
+ + IVAKIN € SUETIN 1954 8
6.0 + v SEAGER, GEERTSON & GIODINGS 1363
. x GIODINGS & SEAGER 1962
T 3 SUETIN € IVAKIN 1561
y.o 4 +PAUL & SRIVASTAVA 1961 B
: » AUMPEL 1955
2.0 + A
0.0 A ——— . 2
-2.0 +
gD 4+
1 b4
-6.0 +
-B.0 4
T 213K
-10.0 + 4 1 + 4 + + O—t
1.80 2.00 2.20 2.80 3.00 3.20 4,00

2.40 2.60
LOG(T) , T= DEGAEED KELVIN

FIGURE 24. Deviations of diffusion coefficients from reference equation.

Helfum —Nitrogen
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DEVIATION, PERCENT 1.58 X 1072 T1.5%
+ = =t -CM2
POOX=0-9) =y 772,65 g ye  rPTOH/S
10.0+ 77 70 10 000 K
1 (SAME AS HE-N,).
8.0 +
6.0 + + [VAKIN & SUETIN 1964 8
x IVAKIN & SUETIN 1964 A
T = BEAM OATA OF AMDUR. ET AL.
4.0 4 =BEAM DATA OF LEONAS, €T AL, *
2.0 1
0.0 + Q@
1 x \‘H\ " %
~y"
-2.0 1
-4,0 +
4 X
~6.0 -+
-8.0 T+
1 x
273 K
-10.0 + ! - ; : } t e
1.80 2.00 2.20 2.80 2.60Q 2.80 3.00 3.2 4.00
LOG (T}, T= DEGREES KELVIN
FIGURE 25. Deviations of diffusion coefficients from reference equation.
Helium — Carbon monoxide
DEVIATION, PERACENT
+ PO X=0.8)=Y,37 X 105 T30 ATM-CME/S
.01 244 TO 10 D00 K = (12)
8.0 +
6.0 4+
1 'Y
4.0 +
o] /
0.0 \ X. f &
2.0 4 % x WASIK & MCCULLOH 1969
o KESTIN £ YATA 1968
T v SERGER. GEEATSON & GIODINGS 1363
g 4 A GIDDINGS & SEAGER 1962
+ SUETIN € IVAKIN 1961
T + PAUL & SRIVASTAVA 1961 A
6.0 + = GEAM DATA OF AMDUR, ET AL,
1 3 HEAM DATA OF LEONAS, ET AL.
-8.0 + +16%)
T 273 K *
-10.0 { : - } + } i R——t
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00

LOG UT), T= QEGAEES KELVIN

FIGURE 26. Deviations of diffusion coefficients from reference equation.

Heliem —Oxygen
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QEVIATION, PEACENT

0 (X=0.51=3.78 X 10°S T3.728 ATM-CM/S
10,01 Y4 YO 10 Q00 K
L % FEDOROY, IVAKIN & SUETIN 1966
8.0 + IVAKIN ¢ SUETIN 1964 8
T ~ HOLSEM & STAUNK 1364
6.0 + ¥ SUETIN ¢ IVAKIN 1961
’ 2 SUETIN, £T AL. 1960
y.o +
Y
2.0 4 z
X
0.0 3
-2.0 [-
4,0
-6.0 T
-8.0 T
T 273 K
-10.04— t + . “+ — + t P—t
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00
LOG(T] , T~ DECGACCD KCLVIN
FicUure 27. Deviations of diffusion coefficients from reference equation.
Helivm - Air
DEVIATION, PERCENT
- pO(x=0.51= 3.31 X 108 TL™®  ATM-UME/S
L .
10.0 200 TO 530°K
T
8.0 - @ DIPIPPO, KESTIN & OGUCHI 1367
f x SEAGER, GEERTSON & GIDDINGS 1953
r % GIOOINGS & SEAGER 1962
6.0 + © WALKERA, DEHAAS & WESTENBEAG 1960
SONNTS , ET AL 1963
T « THERMAL DIFFUSION FACTOR TEMP.
4.0 + DEPENDENCE, NORMALIZED TO DATUM
1 ACCOADING T ANNIS, ET AL.
2.0 +
-2.0 +
4 X
X
-4.0 +
-6.0 -L
.0 )
T 2713 K
-10.0 + + ] + + -+ +— 22—t
1.80 2.00 2.80 3.00 3.20 u.on

2 '_ un ?2 .60
LOG(D), T= DEGREES KELVIN

FicURE 28. Deviations of diffusion coefficients from reference equation.

Helium—Carbon dioxide
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DEVIATION, PERCENT

T. R. MARRERO AND E. A. MASON

pl (X=0.5)= 3.31 X 10°8 778 ATH-CM/S
10.0F 200 70 590 K
5.0 t LOSCHMIDT TUBE MERSUREMENTS
1 + IVAKIN € SUETIN 1964 8
6.0 + - » HOLSEN & STRUNK 1964
£ 2 SUETIN ¢ IVAKIN 1961
T = SUETIN, €T AL. 1950
4.0 +
2.0 +
0.0 \\ . 2
-2.0 +
4.0 t
-6.0 +
-8.0 +
T 273 K
-10.8 t + 1 t } } t &—t
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00
: LOG (F), T= DEGREES KELVIN
FIGURE 29. Deviations of diffusion coefficients from reference equation.
Helium — Carbon dioxide
DEVIATION, PEACENT 2.70 X 1072 TL510
a4 = - b _ M2
PO 0.8 = 177, 30 XigB1JE | -ATHCH/S
.o 90 TO 10 000 K @ KESTIN 4 YATA 1965®
+ x AMOUR & MALINAUSKAS (HT-TRACER) ,
5.0 4 o "' (T,-TRACER) 1365
. WEISSMAN & HASON 10628 *
T o VISCOSITY BY TRAUTZ, ET AL.
6.0 4 + ' BY GILLE
s ' BY vAN ITTERBEEK, ET fL.
T + IVAKIN & SUETIN 19644
y.0 4 xSUETIN & IVAKIN 1961
1 T ZSUETIN. ET AL. 195Q
/ paNe * RUMPEL 1855
2.0 + % BUNDE 1955
1 g/\ = EEAM DATA OF AMDUR, ET AL.
\ = BEAM DATA OF LECNAS, ET AL,
0.0 o \ &
T A
2.0 +
-4.0 4 *
-6.0 +
I .
-8.0 + 2
T 273 K
-10.0 —t + 1 — } ¢ — e
1.80 2.00 2.20 2.80 3.00 .20 9N )

2.U0 2.60
LOG (), T= DEGREES KELVIN

FIGURE 30. Deviations of diffusion coefficients from reference equation.
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DEVIATION, PERCENT
+ pOX=0.5)= 5.95 X 1075 7173 ,ATM-CME/S

10.0+ 90 70 10 000 K
8.0 & WEISSHAN & MASON
o VISC. BY TRAUTZ. ET AL.
T « ' VAN ITTERBEEK, ET A
6.0 1 @ ' BUDDENBERG & WILKE
* PAUL & SRIVASTAVA
+ * BEAM DATA OF AMOUA, ET AL

1962 B
L.
1861¢C

4.0 -+ 3 BEAM DATA OF LEONAS, ET AL.

]

-
2.0 + m//’,/&\*s\‘
0.0

\)() x
N N
~2.0 1 \\"\’
T *
4,0 +
-6.0 1
1
8.0
4 27E K X (-11.7%)
-10.0 —— —— + —+- + t + Rt
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00
LOG(T) ., T= DEGREES KELVIN
FicURE 31. Deviations of diffusion coefficients from reference equation.
Hydrogen —Neon
QEVIATION, PERCENT (13.9%)
y X(12.3%)
10_0J- o AANOLD < TQOA 1967
= COADES < KERL 1965
- + IVAKIN & SUETIN 19648
5.0 + v IVAKIN € SUETIN 1964 A
x UESTENBEAG & FAAZIERA 1962
T ®x SUETIN & IVAKIN 1961
6.0 + « STREHLOW 1353
1 = BEAM DATA OF AMDUA, ET AL.
= BEAM DATA OF LEONAS, ET AL.
4.0 4
T 3
2.0 +
1
0.0 &
i N
~2.0 + ¥
T jul
-4.0 —r =
6.0 1 2 T1.518
2.35 X 10% T11-
+ =01 Ql= -
oo Pl =0 81 = T, 56 X100 1€ EXP 38,5710 (eSS
- X guz TO 10 000 K
T 2713 K X
-10.0 + ! - + + ¢ + Rt
1.80 2.00 2 2.50 3.00 3.20 4,00

2.0 2.60
LOG (T}, T= DEGAEES KELVIN
FIGURE 32. Deviations of diffusion coefficients from reference equation.

Hydrogen— Argon
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DEVIATION, PERCENT

2.35 X 102 71518
10.04 PO U0 ) = T/ 09 10 12 EXP 38.871) <1 U/
T 242 TO 10 000 K
8.0 +
1 v EVANS & KENNEY 1965
B GOLUBEV & BONDARENKD 1963
6.0 T © HEISSHMAN & HASON 1962 5
T « PAUL & SRIVASTAVA 1861 ¢
wo 4 A % WALDMANN 19Uy
) + ANNIS, ET AL. 1969
2.0 +
0.0 A \/D 2
2.0 1 3
+ \%
4.0
+ Ld
-6.0 +
an 4+
T 273 K
-10.0 ! t - 4 } + } P13
1.80 2.00 2.20 2.40 2.60 z.80 3.00 3.20 y.00
LOG (T), T= DEGAEES KELVIN
F1GURE 33. Deviations of diffusion coefficients from reference equation.
Hydrogen— Argon
DEVIATION, PEACENT 1.82 X 102 TS84
r =0. 5} = - L ATM-CM
i PO X=0. 8} = TNTr/7.69 X 100112 EXP 126, 4/mi - P Css
10.0+ 77 TO 10 DOD K
8.0 +
6.0 +
u.0 4 *
2.0 + .
+ +
0.0 P— T T Py
1 ~ (INNIS, HUMPHREYS & MASON 1300
° T L FENOROV, IVAKIN & SUETIN 1966
-2.0 + + HILLER € CARMAN 1964
R x MILLER & CARMAN 1961
® ANNIS, ET AL. 1969
-4.0 + - ~ THERMAL DIFFUSION FACTOR TEMP-
1 ERATURE OEFPEMDENCE, NORMALIZED
ca 4 TQ ANNIS, HUMPHREYS ¢ MASON
ekl » BEAM DATA OF AMOUR, ET AL.
4 *BEAM OATA QF LEONAS, ET AL.
_B_Q -
4 273 K ] 2 (-32%)
-10.0 } : 1 } + ! + Dt
1.80 2.00 2.20 2.80 3.00 3.20 Y.00

2.40 2.60
LOG (T}, T= DEGAREES KELVIN

FIGURE 34. Deviations of diffusion coefficients from reference equation.

Hydrogen—Krypton
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2.47 X 102 7L

PO BX=0. 8) = prr e e Y 106 1 EXF 6,0727T1 EXF @6, 10778 " FTHCE/S 20
10.04 X (20 %
i 11 TO 10 000 K % ('L}%)
5.0 b « IVRKIN & SUETIN 1964 A
. + BENDT 1958
T Z WALDMANN 194Y
8.0 + % HEATH, 1DDS & WILD 1941
VISCOSITY-DERIVED COEFFICIENTS
T x * H,-D, RIETVELD, ET AL.
uo + % H, SUMMARY BY MASON & RICE,
= BEAM DATA OF AMODUR, ET AL.
T =BEAM DATA OF LEONAS, ET AL.
2.0 +
v - *
0-0 1 -—’/ Ead VYV\\ ()()
-2.0 + /
4.0 4 g
i *
-6.0 +
.—a.U =
][ 273 X
~10. 04— } } - t } m— } P
1.80 2,00 2.20 2.40 2.60 2.80 3,00 3.20 4,00
LOG (71, T= DEGREES KELVIN
Ficure 35. Deviations of diffusion coefficients from reference equation.
Hydrogen--Deuterium
DEVIATION, PERCENT 2.47 X _j0r2 750
T PO X=0.5) = (e 7e 35 X 10°%) 2 EXP (6,072/71 B3P G0, 10778 *1HCH/s
“"“ﬁ' 14 TO 10 00D K
8.0 + + BENDT 1958
VISCOSITY-DERIVED COEFFICIENTS
T x  HD BECKER & MISENTR
6.0 + 4 HD COREMANS, ET AL.
I + M0, RIETVELD, ET AL.
4.0 -r
2.0 4
0.0 -t
-2.0 + /*\&‘.
_q‘o -+ /
-6.0 +
-8.0 1
- ("‘3%)—x
~10.0 -+ —t t —3 \ ¥ } t
1.10 1.20 1.30 1.60 1.70 1.80 1.90

1.40 1.50
LOG(T), 7= DEGREES KELVIN
FIGURE 36. Deviations of diffusion coefficients from reference equation.

Hydrngen —Nentarinm
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DEVIATION, PERCENT 247 X 102 7150
T2 PO =0, 5) = { e 56 X 10 )2 EXP 16.072/T) EXP (3B, 10/78) *F-CH/3
1007 Ge0m 14 70 10 000 K
8.0 4 VISCOSITY-DERIVED COEFFICIENTS
’ X H, BECKER & MISENTA
b + X e
6.0+ * H, COREMANS, ET AL.
+ X H-HD RIETVELD, ET AL.
4.0 + v oGeW o
2.0 +

o

o
3
1

~10.0 4 % 4 + } t -+ +
1.10 1,20 1,30 1.40 1.50 1.60 1.70 1.80 1.90
LOG(T), T= DEGREES KELVIN
FIGURE 37. Deviations of diffusion coefficients from reference -equation,
Hydrogen—Deuterium
DEVIATION, PERCENT 1.533 X 107 71548
T PO X=0.5) = TTy7/3.76 X 1071 12 EXP (<2, 50/T) EXPUI067/18) ~FTM-CHE/s
10-01‘ 65 T0 10 000 K
I (SAME AS Hy-N,)
8.0 +
+ IVAKIN & SUETIN 1964 8
-’~ x IVAKIN & SUETIN 1964 8
6.0 + WEISSMAN & MASON 1962

o VISC. BY TRAUTZ & BAUMANN
¢ VISC. BY TRAUTZ & LUDEWIGS

wo i + 'V VAN ITTERBEEK, ET AL,
1 z VON OBERMAYER 1883
@ LOSCHHIDT 1870 B
2.0 1 a x BEAM DATA OF AMDUR, ET AL.
I3 D\m\ / x BEAM DATA OF LEONAS, ET AL.
0.0 % &

¥

4+ X
-2.0 + =

T 2
4.0 +
-6.0 +
-8.0 +

T 273 K x (-147)
-10.0 —+ } L + 4 ; — Q—t

1.80 2.00 2.20 2.80 3.00 3.20 4.00

2.4l 2.60
LOG (T}, T= DEGREES KELVIN
FiGURE 38. Deviations of diffusion coefficients from reference equation.

Hydrogen — Carbon monoxide
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DEVIATION, PEACENT
- pOX=0.5}=3.64 X 105 TI.79 ATH-CME/S

10.0¢ (30%)x 257 TO 10 00O K
8.0 4 = [VAKIN & SUETIN (D,-AIR196Y A
) w SUETIN € IVAKIN 1961
T + CURRIE 1960
6.0 4+ z SUETIN, ET AL. 1360
« KOSOV 1957
T » BARUS 1924 B
4.0 T + VON DBERMAYER 1893
2.0 +
0.0 X 2
T+ z
-2.0 + E‘S,
-4.0 +
-6.0 + +
4 I\
-8.0 + a(-10%)
i 273 K
-10.0 } —+ ] +— + -+ —
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00
LOC (T) , T= DECHEES KELVIM
FIGURE 39. Deuviations of diffusion coefficients from reference equation.
Hydrogen— Air
DEVIATION, PEACENT ¢ 5 T1.750 LOSCHMIDT TUBE MEASUREMENTS
T pD (X=0.5) = 3. IEL;PkuliO-'l /;] ,ATH-CME/S -
10.0- . + TVAKTN & SIFTIN 1964 B
200 TD 550 K o IVAKIN & SUETIN {D,~AIQ) 1964 &
T & SUETIN & IVAKIN 1861
8.0 - » SLETIN, ET AL. 1960
I ®BOYD, ET AL. 1951
1 x BOARDMAN & WILD 1937
€.0 T © LONIUS (DEUTSCH) 1909
1 . % SCHMIDT 1904
v YON OBERMAYER 1883
u.0 + = VON DBERMAYER 1882 B

i o = VON OBERMAYER 1880
Z WRETSCHKO 1870
2.0 1 )(f » LOSCHMIDT 1870 #.8
c.0 - £ —y 2.
)z '{

-2.0 + \

-4.0 L

_6.0 <4

-8.0 + Y
t 273 K

-10.0 t t 4 —+ — — 4 Xt
1.80 2.00 2.20 2.80 3.00 3.20 4.00

2.40 2.60
LOG{T), T= DEGREES KELVIN

FIGURE 40. Deviations of diffusion coefficients from reference equation.

Hydrogen— Carbon dioxide
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DEVIATION, PERCENT s TLIST
+ pD (X=0.5) = 3'1El;qullD'7 /I] ATM-CME/S
10.0+4 © WEISSMAN 1964
200 TO 550 K MORMALIZED TO BOYD, ET AL.
K MILLER & CARMAN' 1964
8.0 * BONDARENKO & GOLUBEV 1964
1 ¥ GIDDINGS & SEAGER 1962
+ MILLER & CARMAN 1961
6.0 = VYSHENSKAYA & KOSOV 1958
+ 2 WALDMANN 1944
.o 4 * ANNIS, ET AL. 1969
' L e « THERMAL OIFFUSION FACTOR TEMP.
T DEPENDENCE & NORMALIZATION
L ® T0 BOYOD, ET AL.
2.0
1 Y
0.0 /g—<.i_t~ﬁ‘\g *f 2
T .4
2.0 + &
-4,0 +
-6,0 + *
-8.0 +
L 273 K (-10.2%)
10.0 } + p—t } ! t + o
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4,00
LOG (T), T= DEGREES KELVIN
Fi1GURE 41.  Deviations of diffusion coefficients from reference equation.
Hydrogen — Carbon dioxide
DEVIATION, PERCENT
+ pOX=0.5)=9_0u X 10°6 T2 ATM-CMR/S
10.0+4 24l TO 1D QDO K
3.0 1 wDIPIPPO, KESTIN, & QGUCHL L367
1 +PAUL & SAIVAITAVA 1961 B
. x WESTENBEAG & WALKER 1957
o7 x = WALDMANN 199y
1 = BEAM DATA OF AMDUR, ET AL.
wo 4 2BEAM DATA OF LEONAS, ET AL.
T X
2.0 + -
0.0 J] - e
-2.0 + /\/
u.0 4
-6.0 +
+
_8_0 -
T 273 K
-10.0 + — L + + + + R—t
1.80 2.00 2.20 2.80 3.00 3.20 4,00

2.40 2.60
LOG (T), T= DEGREES KELVIN
FiGURE 42. Deviations of diffusion coefficients from reference equation.

Nitrogen — Argon
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DEVIRTION, PEACENT 440 ¥ 103 TI-5% _
N PO =05} = (77,57 X101 )2 EXP (-36.2/1T) EXP@aas/ 1 *ATH-CHess
0.0~ 78 TO 10 QOO K
.+
3o
T 5
I
L
T m
2.0 ~
|
o oo X
. | &—x
i Wﬂ
o i + IVAKIN & SUETIN 1964 A
23 T XAMDUR & SHULER (CO-N;) 1963
T ~AMDUA 4 SHULER 1CO-CO) 1963
g + WEISSMAN & MASON (CO-N.) 1962 B
i WNORMAL IZED TO AMDUR
& SHULER (€D-N,)
5.0 b o BOARDMAN & WILD 1937
= BEAM DATA OF LEONAS, ET AL,
~8.0
T 273 K
-10.0+4 ¢ t - } t ! : &t
1.80 2.00 2 2.40 2.60 2.80 3.00 3.20 4.00
LGG (T}, T= DEGREES KELVIN
FIGURE 43. Deviations of diffusion coefficients from reference equation.
Carbon monoxide—Nitrogen
DEVIARTION, PERCENT 4.40 X 103 TL.5%
T PO X=0.5) = 1077757 X101 )% £XP (-36.2/T) EXP Gaas/1a <P M CH/S
10.0¢ 78 TO 10,000 K
T IN~Nal  SOURCES
8.0 -’-
1 4 BELYAEV & LEONAS (BEeM} 1966
« AMDUR & MASON {BEAM) 1958
6.0 + v DELUCA 195U
1 x WINTER 1951 &
x WINN 1950
4.0 T+ = BEAM DATA OF AMDUR, ET AL,
+ &
2.0 +
0.0 " 2
4 Y
-2.0 +
1
4.0 +
T *
_S'G -+
8.0 4 = N
T 273 K
-10.0 —+ 4 +L — ; — — Q—+
1.80 2.0 2.20 2.80 3.00 3.20 4,00

2.40 2.60
LUG (T, T= DEGRAEES WELVIN
FIGURE 44. Deviations of diffusion coefficients from reference equation.

Carbon monoxide -~ Nitrogen
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DEVIH]:_IUN, PERCENT 3.15 X 10°S T3-570

= - (M2
PO (X=0.5) = 2t L ATH-CHE/S
10.6+ 288 TO 1800 K
8.0 1 ]
ool i
u.0 + !
4 X
2.0 + "
0.0 \{f‘"’\\! 1 2
1 . ]
—2.0 T | u
1 POINT-SOURCE_MEASUREMENTS
"0 T, PAKURAR & FERRON 1966
4 v PAKURRR & FERRON 1964 +
6.0 1 *WALKER, DEHAAS & WESTENBERG 1960
. x WALKER [THESIS) 1658
T  ©WESTENBERG & HALKER 1957
-8.0 +
T 273 K
-10.0 f : 1 t : t } -
1.80 2.00 2.20 2,43 2.60 2.50 3.00 3.20 4.00
LOG (1), T= DEGREES KELVIN
FIGURE 45. Deviations of diffusion coefficients from reference equation.
Nitrogen— Carbon dicxide
DEVIATION, PERACENT s TL.5U
- D =0, 5 = 2B XL T LATH-CHE/S
10.01 v 288 70 1800 K
8.0 + X ELLIS & HOLSEN 1969
@ KESTIN, KOBAYASHI, & WOOD 1966
T  HETSSHAN 1964
6.0 + + IVAKIN & SUETIN 1964 B
v GIDDINGS & SEAGER 1962
- © SUETIN & IVAKIN 1961
g0 b % BOHEMEN & PURNELL 1961
% VYSHENSKAYA & KOSOV 1959
r x - B80YD, ET AL. 1061
2.0 2 HRLOMANN 1944
I \/\‘\ x BOARDMAN & WILD 1937
0.0 % b3
- Y
_2‘0 L.
4,0 t
-6.0 T
-8.0 + LSS
| 273 K -1.5%)
-10.0 + ! 4] } } + ¢ L e
1.80 2.00 2.20 2.80 3.00 3.20 4.00

2.40 2.60
LOG (T3, T- DCGACCS KOLYIN

FiGURE 46. Deviations of diffusion coefficients from reference equation.

Nitrogen — Carbon dioxide
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lack of measurements at low temperatures and
asymmetry between the CO and N: molecules
which may lead to small differences between the
potentials.

He-0,. This gas pair is a borderline system of
Group 11. He-O, was assigned to Group 1l on the
strength of the two-bulb measurements by Paul and
Srivastava (1961 a) and the consistency of its 9y,
with those of He—N, and He—air,

He-air and Hj-air. These two gas pairs are
grouped together 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-N,
and He-0;, and H-air from H;-Ng and H;-0s. The re-
liable determinations of 2, have been by the closed-
tube method; namely, for He-air the room tempera-
ture point from Fedorov et al. (1966) and for Hz-air a
point from Ivakin and Suetin (1964 a). Each of these
direct measurements is in excellent agreement with
the specified reference equations. However, since
Blanc’s law iniroduces a small uncertainty into the
results, the Hs-air system was not assigned to Group
1 along with Hz-Ng, but to Group II.

Each lower temperature limit for the reference
equations of He-air and H,-air has been set by data
of He-O; (244 K) and H,-0, (252 K), respectively. BRnt
the lower temperature limit for He-N, is 77 K, and
for H>-N it is 65 K. In order to estimate %, for He-
air at lower temperatures, if necessary, it is sug-
gested that the ratio of @a for He-O; to He.N, at
room temperature be taken as a constant, inde-
pendent of temperature, and a similar procedure
used for Hy-air. By applying this ratio the correla-
tion range can be extended for He-O: and H;-Os, as
well as He-air and H»-air to the lower temperature
limits for He-N2 (77 K) and for Hy-N; (65 K).

He-CO,. The few closed-tube measurements by
Holsen and Strunk (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.

H,-He. This gas pair is in Group II primarily on
the basis of reliable closed-tube measurements by
Amdur and Malinauskas (1965), by Rumpel (1955),
and by Bunde (1955).

H,-Ne. This gas pair is a borderline Group Il sys-
tem because only one set of direct measurements of
9D, is available, obtdined by the two-bulb method
(Paul and Srivastava, 1961 c).

H;-Ar. There are many indeperdent determina-
tions of Py, for Hy-Ar, but with a number of sig-
nificant discrepancies, see figures 32 and 33. The
most reliable results are probably by Westenberg
and Frazier (1962). The usuaily reliable closed-tube
measurements by Ivakin and Suetin (1964 b) seem
to give too steep a temperature dependence for D s.
The only direct molecular-beam measurement for
H:-Ar gives a potential which is suspected to be too
great (Colgate et al., 1969). Thus the molecular-
h.eam potential for H,-Ar was obtained by applica-
tion of the combination rules, see table 21,

Hy-Kr. The gas pair H,-Kr was placed in Group
Il on the basis of the measurements by Fedorov et
al. (1966) and Annis et al. (1968). The temperature
dependence of the thermal diffusion factor (Annis
et al,, 1968) was used to extend the correlation tem-
perature range from room temperature down to 77 K.
Near the temperature limits of the reference equa-
tion the data may not be as reliable as the Group II

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

H,-D,. Most of the 21, for Hy-D; have been cal-
culated from viscosity measurements of the H,
isotopes or mixtures thereof, see figures 36 and 37.
At low temperatures the viscosity-derived @y, are
considered more reliable than the direct measure-
ments. None of the direct measurements of %y
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
conitgnts were determined on the basis that
s=1.500,

H,-CO,. The most 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 temperature limit of the ref-
erence eqguation because the data were not con-
sidered sufficiently reliable, see figure 41. The
viscosity-derived 9;; reported by Weissman (1964)
were normalized to the datum of Boyd et al. (1951)
because the points seemed systematically high hy
about 5 percent.

Ny-Ar. The Ns-Ar gas pair is in Group II on the
basis of the measurements of Paul and Srivastava
(1961 b) and ane point.source measurement of West-
enberg and Walker (1957); however, these results
cover only a small temperature range, so that this is
a borderline system.

N,-CO. On the basis of two-bulb measurements
by Winn (1950) and closed-tube measurements by
Amdur and Shuler (1963), the gas pair No-CO was
placed in Group II. Since N; and CO are isosteric
molecules, the Np-N,, CO-CO, and N,-CO data could
all be used for 92;;. Determinations of 9, from
molecular-beam measurements have been pub-
lished by Belyaev and Leonas (1966) and Amdur and
Mason (1958) for N2-N, and are in excellent agree-
ment with the present calculations, see figure 44.
The viscosity-derived Z;. reported by Weissman
and Mason (1962 b) seemed systematically low, thus
the published results were normalized to the datum
at 319 K of Amdur and Shuler (1963).

N,;-CO,. 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 recommended 2y, at high temperatures;
a similar trend was evident for Hz-COs.

c. Group I1I (Deviation Plots, Figs. 47 to 75)

Weights and Potentials. The equimolar values of
D12 and their weights used in the least-squares cal-
culations are presenied in table 22. The potential
functions obtained from molecular-beam measure-
ments are summarized in table 23. Since there were
no molecular-beam measurements available for sys-
tems with air or COz, no potentials are listed for the
systems air-(Ar, CH,, CO, SF;) and COy-(Ar, CO,
O, air, N;O, SFg). 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 CHy and SFy,
but both of these gases have been used in experi-
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ments by Amdur et al. Thus there are no independ-
ent confirmations of the potentials of gas pairs
containing CHy or SFs. The directly measured po-
tential for He-CH, was used to derive a potential for
H,-CH,; but the CH,-Ar potential was used for the
heavier gas pairs with methane; CH;-(N2,0:,SFs). If
the He-CHy potential had been used for CHy-N,,
etc., inconsistent results would have been obtained.
Apparently the small helium atom “sees” some of
the structure of the CH4 molecule, and the He-CH4
putential is not generally suitable for combination-
rule calculations based on the assumption of

DEVIATION, PERCENT

spherically symmetric potentials (Mason and
Amdur, 1964). The combination-rule potentials by
Amdur et al. for H,-0,;, CH:-Q;, CO-Kr, CO-O,,
and N;-O: were obtained from two different appa-
ratuses. Such results 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 I1I the special comments are as follows.
Ar-CH,. The closed-tube measurements by
Arnold and Toor (1967) were considered sufficiently
reliable to establish Ar-CH,y as a Group III system.

plX=0.9)= 7.84 X 106 T1-785 ATM-CM2/S
10.01 307 TU 10 OO0 K
8.0 +
-+ E3
6.0 +
4.0
2.0 +
0.0 R P——
T &
-2.0 +
.0 + R ARNDIN & TONR t9R7
' » CARSWELL & STRYLAND 1963
r = BEAM DATA OF AMOUR, ET AL.
-6.0 +
-8.0 +
T 273 K
~10,0 t : + + t + Rt
1.80 2.00 2.20 2.80 3.00 3.20 400

2.40 2.60
LOGLT) , T= DEGREES KELVIN

FIGURE47. Deviations of diffusion coefficients from reference equation.

Methane — Argon
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pOX=0.5)= 9.0 X 105 -7, ATM-CME/S
10,0+ 2u4 TO 10.000 K
4 [SAME AS N,-AR)
8.0 T
6.0 j‘
u.g 4 = (VRKIN & SUETIN 1964 A
: = BEAM DATA OF AMDUR, ET AL,
T = BEAM DATA OF LEONAS, ET AL.
2.0 +
0.0 2
-2.0 +
R
4.0 +
1
X
-6.0 +
-8.0 + *
3 273 K 2(2%)
-10.0+ ! } - . 4 4 t R
.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 4.00
LOG (TL. T= DEGREES KELVIN

FIGURE 48. Deviations of diffusion coefficients from reference equation.

OEVIRTION, PEACENT

10,01
5
8.0 ¢
6.0 +

4.0 +

2.0 T

Carbon monoxide ~ Argon

pD (=0.5)= 9.77 X 10°6 T!-7% QTM-CH/S
243 TQ 10 000 K

+ PAUL & SRIVASTAVA 1961 A
= WALDMANN 19Uy
x = BEAM DATA OF AMDUR. ET AL.

x BEAM DATA OF LEONRS, ET AL.

. 1 I " 2. i

}
=t

2.00

L

2.20

2.u0 2.60 2.680 3.00 .20  u.00
LOG (1), T= DEGREES KELVIN

FIcURE 49. Deviations of diffusion coefficients from reference equation.

Oxygen— Argon
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DEVIATION, PERCENT S 1606
+ 0 x<0.5) =LA ATH-CHR/S
10.07 276 T0 1800 K s
5.0 1 vPAKURAR & FERRON 1966
o KESTIN, KOBRYASHI & WOOD 1966
T % PARURAR & FERRUN 1964
6.0 4  ~HILSEN & STRUNK 1964
+ IVAKIN & SUETIN 1964 B
T ®SUETIN & IVAKIN 1961
4.0 4 xHALDMANN 1994

o LA I
N

o] iy

-4.0 + NB
T I3
-6.0 + X
-8.0 -+
S 273 K x{-12%)
-10.0 } t L } t : + Xt
1.80 2.00 2.40 2.60 2.80 3.00 3.20 4.40
LOG (T, T= DEGAEES KELVIN
FIGURE 50. Deviations of diffusion coefficients from reference equation.
Argon — Carbon dioxide
-DEVIATION, PERCENT 5 T1.5%
B p0 X=0.8) = Lléaxpxuh?s- ‘-IIT} JATM-CME/S
10.07 328 T0 10 000 K
8.0 + X EVANS & KENNEY 1965
+ IVAKIN & SUETIN 196U B
T ¥ SUETIN & [VAKIN 1961
6.0 + v x BEAM DATA OF AMDUA, ET AL.
0o -+
T *
2.0 +
1 "\ *
0.0 A 2
1 \/ \
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-4,0 T
-5.0
-8.0 + X (-307%)
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,m_DL_ i ! 1 } ' ; — &—t
1.80 2.00 2.20 2.80 3.00 3.20 4.00

2.40 2.60
LOG (T3, T= DEGREES KELVIN

FicURE 51. Deviations of diffusion coefficients from reference equation.
Argon—SFe
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DEV[RT}UN. PERCENT 3.69 X 105 TLM2

=0.5) = -CM2
o0 (%=0.5) B e T LATH-CHE/S
10.01 242 T0 10 000 K
8.0 +
T X
6.0 T
4.0 -+ *
2.0 + O\/‘\ﬂ
0.0 &
-2.0 + e RHILLER & CARMAN 1564
o HEISSMAN & MASON 1962 B
T +PAUL & SRIVASTAVA 1961 ¢
4.0 4+ * BEAM DATA OF AMOUR, ET AL.
1 2 BEAM DATA OF LEONAS, ET AL.
6.0 +
-8.0 +
1 79 K *(-10.3%) x(-12.3%)
~10.0+ ¢ : - ! 4 t ! Q—t
1.80 2.00 2.20 2.40 2.60 3.00 3.20 4.00
LOG (T}, T= DEGACES KELYIN
FIGURE 52. Deviations of diffusion coefficients from reference equation.
Hydrogen—Xenon
OEVIATION, PERCENT
+ pDX=0.5)= 3.13 X 10°S TL.765 ATM-CME/S
10,0+ 293 T0 10.000 K
a.0 +
*
6.0 T
+ < AANOLD & TOOR 1967
4o + HEISSMAN & MASON te62 B
: ® VISC. BY TRAUTZ & SORG
T & VISC. BY ADZUMI
a0 + XFEJES & CZARAN (961
) @ BOYD, ET AL. 1951
T = BEAM DATA OF AMDUR, ET AL.
0.0 ki b3
> m b
-2.0 +
4.0 +
-6.0 4 *
_8_0 <4
T 273 K
-10.0 } t } 7 + t + t Rt
1.80 2.00 2.20 2.80 3.00 3.20 4.00
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FIGURE 53. Deviations of diffusion coefficients from reference equation.

Hydrogen —Methane
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pDIX=0.5)=4,17 X 1078 T:-7R QTM-C1e/S
10.0+ 252 T 10 000 K
8.0 T % (18%)
6.0 +
4.0 +
T &
2.0 T &
)
0.0 \\ 2
2.0 4 HEISSMAN & MASON 19628 ®—%
@ VISC. BY TRAUTZ ¢ MELSTEM
T * ' VAN ITTERBEEK. ET AL.
4.0 4 “WALKER & WESTENBERG 1960
~LONIUS (DEUTSCH & JACKMANN) 1509
T Y VON CBERAMAYER 1883
-6.0 + *VON OBERMAYEA 1880
1 " HAETSCHKO 1870
x LOSCHMIOT 1870 A8 »
8.0 + WREAM DATA OF AMOUR. ET AL,
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273 K
-10.0 4 ! 4L } t + t 2—i
1.80 2.00 2.20 2.u0 2.60 2.80 3.00 3.20 4.00
LOG (T}, T= DEGREES KELVIN
FICURE 54. Deviations of diffusion coefficients from reference equation.
Hydrogen —Oxygen
DEVIATION, PERCENT 5 T1.570
+ pD (X=0.5) = 7‘852)(:“10%_ QITJ ,ATM-CME/S
10.0+ 299 T0 10 00O K
8.0 +
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6.0 +
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0.0 &
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T ¥ SUETIN & IVAKIN 1961
3.0 4+ & STREHLOW 1853
o BOYD, ET AL. 1951
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-6.0 1
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-10.0+ t + +— t t t t Qo
1.80 2.00 2.80 3.00 3.20 4.00

FIGURE 55. Deviations of diffusion coefficients from reference equation.
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pDX=0.5)= 3.13 X 105 7170, ATM-CNE/S
10.01 298 TO 10 000 K
T aFROST 1967
8.0 T +RHODES £ AMICK 1987
1 =FULLER & GIDOINGS 1965
¥ CARSKELL & STRYLAND 1963
6.0 T = BEAM DATA OF AMDUR, ET AL.
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1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 u.00
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FIGURE 56. Deviations of diffusion coefficients from reference equation.
MHolinny — Mothana
DEVIATION, PEACENT
+ pOIX=0.51= 1.00 X 105 T2 aTH-CHE/5
10.01 258 TO 10 000 K
8.0 +
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FIGURE 57. Deviations of diffusion coefficients from reference equation.

Methane — Nitrogen

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972

69



70

DEVIATION, PEACENT

T. R. MARRERO AND E. A. MASON

1.68 X LOS 71-6%

ph X=0, 5} = P LT L ATH-CIR/S
0.0 294 TO 10 00O K
s.o 4 +WALKER & HESTENBERG 1960
. = BEAM DATA OF AMDUR, ET AL.
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4.0 4
2.0+ '/I\
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FiGURE 58. Deviations of diffusion coefficients from reference equation.

OEVIATION, PERCENT
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FIGURE 59. Deviations of diffusion coefficients from reference equation.
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OEVIATION, PERCENT

pD X=0,8)= 1,59 X 1075 TI-™3  ATM-CME/S
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FIGURE 60. Deviations of diffusion coeflicients from reference equation.
Neon —Nitrogen
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FIGURE 61. Deviations of diffusion coefficients from reference equation.

Nitrogen —Krypton
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FIGURE 62. Deviations of diffusion coefficients from reference equation.
Nitrogen —Xenon
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FIGURE 63. Deviations of diffusion coefficients from reference equation.

Nitrogen —Oxygen
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FIGURE 64. Deviations of diffusion coefficients from reference equation.
Nitrogen — 8Fg
DEVIATION, PERCENT
+ p0 K=0.9)= B.53 X 1076 T1.786  ATM-CME/S
10.0 248 T0 10 000 K
4 (SAME. AS N,~KR}
8.0 +
6.0 + + SINGH, SARAN & SAIVASTAVA 1967
= BEAM DATA OF AMDUR, ET AL,
T = BEAM DRTA OF LEONAS, ET AL.
u.0 4
2.0 T
0.0 7’\! 2
-2.0 +
-+ b:4
"Q.U e
-6.0 + z
-8.0 -[
T 273 K * (14%)
-10.0 + — + i — ' ' s . ;
1.80 2.00 2.20 2.80 3.00 3.20 4,00

2.40 2.60
LOG (T}, T= DEGREES KELVIN

FIGURE 65. Deviations of diffusion coefficients from reference equation.

Carbon monoxide — Krypton
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DEVIATION, PERCENT
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FIGURE 66. Deviations of diffusion coefficients from reference equation.

Carbon monoxide~ Oxygen
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FIGURE 67. Deviations of diffusion coefficients from reference equation.

Carbon monoxide —Carbon dioxide
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DEVIATION, PERACENT S 71.570
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FIGURE 68. Deviations of diffusion coefficients from reference equation.
Carbon monoxide —Carbon dioxide
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FIGURE 69. Deviations of diffusion coefficients from reference equation.

Carhon monoxide —SFs
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FIGURE 70. Deviations of diffusion coefficients from reference equation.
Oxygen— Curbon dioxtde
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FIGURE 71. Deviations of diffusion coefficients from reference equation.
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FIGURE 72. Deviations of diffusion coefficients from reference equation.
Air—Carbon dioxide
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Ficure 73. Deviations of diffusion coefficients from reference equation.
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FIGURE 74. Deviations of diffusion coefficients from reference equation.
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FIGURE 75. Deviations of diffusion coefficients from reference equation.
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TaBLE 22. Diffusion coefficients and weights for curve-fitting, Group Il *

System
Ar-C} 1 4

Ar-CO
Ar-QO.

Ar-air

Ar-CO,

Ar-5Fs

]‘I -_>-Xe

H.-CIlL,
HyO2

H.-SFs

C}lrfie

CH,N, |

CH.0.

C}L-air

|
|

T.K

307.15
8660
316
3160
282
355
447
1000
10 000
276.2
317.2
328.0
348.0
373.0
410.0
455.0
473.0
1100
1800
328.0
348.0
373.0
410.0
447.0
472.0
1000
4640
242.2
274.2
303.9
341.2
293.2
100.0
500.0
550.0
2320
8290
316
10 000
316
3160
298.15
286.2
306.9
370.8
418.0
313.0
344.4
376.0
401.0
429.0
473.0
1320
7460
316
3160
316
10 000
293.6;
395
402
408
517
521
534
668
669
707

logu{D2(x=1/2)] | Note System T.K logw[@(x=1/2)] | Note
~0.6655 ‘b CH-SFy 297.58 —0.9566 0
1.9232 c 357.92 — 8119 o
_ d 418.19 — 6872 °
~0.670 * 47787 - 5784 0
1.066 * 2045 0.5159 i
~0.7520 e 5000 1.0212 i
~.5784 e N»Ne 293.15 —0.4989 p
—.4029 e 6090 1.7973 i
.2095 e N»Kr 316 ~0.770 *
1.9576 e 5620 1.438 *
—0.8775 ) NaXe 316 —0.855 *
-.7820 f 7940 1.650 *
—.7328 g N»O. 316 0,638 *
— 6819 g 3160 1.086 *
—.6289 & NaSF¢ 328.0 —0.9393 g
— 5528 g 348.0 —.8861 g
—0.4737 g 373.0 —.8327 g
—.4401 g 410.0 —.7471 g
2122 h 455.0 ~ 6615 g
.5752 h 473.0 —.6364 g
- 1.0000 g 1000 —.0640 i
—~0.9508 g 3960 .9294, i
—.8962 g CO-Kr - - d
~.8210 g C0-0» - - d
—.7375 g CO-air 282 - 7077 e
— 6981 g 355 —.5376 e
~.0985 i 447 —.3686 e
1.0086 i 1000 2279 e
—0.3872 j 10 000. 1.9727 e
—.294] j CO-CO, 281.6; —0.8187 q
—~.2132 j 293.3; —.7854 q
—. 1244 i 293.1; —.8027 q
—.2277 k 315.4 —.7328 g
.0065 k 318.0 —.6536 g
.1847 k 373.0 —.5969 g
.2529 k 410.0 —.5302 g
1.2989 i 455.0 —.4449 g
2.2856 i 473.0 —.4191 g
—0.092 * CO-5Fs 296.8 - 1.0521 g
2.556 * 315.4 —0.9788 g
—0.050 * 348.0 — 9031 g
1.682 * 373.4 —.8416 g
—0.3788 1 410.0 —.7595 g
—.4023 m 455.0 —.6737 g
—.3391 m 473.0 —.6536 g
—.1891 m 1000 —.0640 i
—.0768 m 3960 0.9294. i
—.3006 3 0,-CO, 286.9 —.8069 q
—.2441 g 287.15 —.8097 q
-.1791 g 287.1; —.8041 q
—.1249 g 296.5; —.7932 r
—.0680 g 287.8 —.8125 5
.0128 g 206 — 2060 n
.7185 i 409 —.5287 n
1.9782 i 419 —.5229 n
-0.130 . 430 —.4985 n
1.620 ) 596 —.2457 n
~0.625 * 612 —.211 n
2.000 * 635 —.1858 n
—0.6676 n 649 --.1838 n
~.4168 n 768 —.0434 n
-.3936 n 770 —.0297 n
~.3990 n 864 0.0302 n
—.2122 n 867 0546 n
—.2048 n 874 .0492 n
—.1993 n 1080 .2084 n
-.0101 n 1081 .2098 n
—.0031 n 1083 .2049 n
.0378 n 0,-SFe 297 —1.0044 t
0418 n 317 —0.9626 t
.0831 n 340 —.8894 t
0973 n 379 7959 i
.1523 n 408 —.7144 t
1467 n 2930 658 i
.1399 n 6310 1.212 i
1.250 N CO,-air 282 —0.8300 e
2.000 ¥ 355 — 6387 S
—0.7077 e 501 —.3636 e
—.5317 e 708 - 0992 e
—.3551 e 1000 1575 e
0.2577 e 1590 4921 e
2.0009 e
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TABLE 22. Diffusion coefficients and weights for curve-fitting, Group 11l * — Continued
System T,K logio[91(x=1/2)] | Note System T,K log[2:1:(x=1/2)] | Note
CO,-N.O | 287.9; —.9586 q CO,-SF, 328.0 —1.1113 g
287.95 —.9582 q 348.0 —1.0595 g
293.1; —.9520 q 373.0 —1.0088 g
288.15 —.9706 u 410.0 —0.9281 g
298.15 —.9318 v 447.0 —.8446 g
194.8 - 1.2790 w 472.0 —.8210 z
273.2 —0.9974 w SFe-He 316 —.345 *
312.8 -.90562 w 10 000 2.095 *
312.8 -.8887 w SFg¢-air 300 ~-1.0097 €
2696 — 657 w 500 —0.5001 e
300.0 —.9318 X 700 —.3298 e
400.0 —.6946 X 1000 - 0630 e
500.0 —.5143 X 10 000 1.5599 e
550.0 —.4401 b3

* Selected value, see explanation in first pant of section 5.4.

w All listed values of 7, are weighted vne; except in H+SFs for which the datum by

Boyd et al. (1951) at 298.15 K is weighted ten.
" Arnold and Toor (1967).
< 1 1. d i‘rum 1, 1. h P
23.

4 Reference equation of Nr(gas) is

i1able b lecul

of isosteric

ial by Mason and Amdur (1964), see table’

¢ Calenlated from reference equations for Nu-(gas) and O.r{gas) aceording 1o Blanc’s

law, eq {2.1-7).
Holsen and Strunk (1964).
*Iyakin and Suetin (1964 b).
" Pakurar and Ferron (1966) and Ferron (1967).
I Caleulated from niolecular-beam potential by Amdur et al., see table 23.
#Paul and Srivastava (1961 ¢).

* Weissman and Mason (1962 b).

! Boyd et al. (1951}; weight of datum ten for least-squares ealculations.

™ Sirehlow (1953).

# Walker and Westenberg (1960, 1966).

* Manner {1967).

¥ DiPippo et al, (1967).

¢ Loschmidt (1870 b).

* Wretschko (1870},

* Suetin and Ivakin (1961).
tIvakin 1 al. (1968).

“ Boardman and Wild (1937).
* Wall and Kidder (1946).

* Amdur et al. (1952).

* Weissman (1964).

Table. 23. Molecular-beam potentials, o(v)=X/xs, for Group IIT &P

Potential Source
System - Reference
K,eV(A)s s Range, A system K, eV(A)s s
ArCH, a36 7.85 2.31 —2.66 | Dircot ; Mason and Amduar (1964).
measurement
Ar-CO 551 6.99 2,09 -2.68 | Direct Jordan et al. (1970).
measurement
580 7.145 2.28;-3.03 | CO-CO 1965 8.23 | Belyaev et al. (1967).
Ar-Ar 171 6.06 | Kamnev and Leonas (1965 a).
Ar-Q, 1360 8.34 2.01 -2.50 | Direct Jordan et al. (1970),
measurement
5000 9.9 2.15 ~2.63 | Direct Belyaev and Leonas (1967 a).
measurement
Ar-SFg 24.5x10° 12.8 3.24 —4.04 | He-SF¢ 1.86 X 10° | 11.48 | Amdur (1967).
He-Ar 62.1 7.25 | Amdur et al. (1954).
He-He 4.71 5.94 | Amdur and Harkness (1954).
HxrXe 468.5 7.085 2.3} ~2.765 | He-H, 12.11 6.07 | Amdur and Smith (1968).
Xe-Xe 7.05 % 10° 7.97 | Amdur and Mason (1956 a).
He-He 4.71 5.94 | Amdur and Harkness (1954).
517 4.045 1.84 -2.67 |He-H, 5 3.8 | Belyaev and Leonas (1967 b).
Xe-Xe 463 6.35 | Kamnev and Leonas (1966 a),
He-He 4.33 5.86-| Belyaev and Leonas (1967 b).
HoCHJ 1548 9.56 2.09 ~2.54 | He-CH, 602 9.43 | Amdur et al. (1961 b).
He-H, 12.11 6.07 | Amdur and Smith (1968).
He-He 4.71 5.94 | Amdur and Harkness (1954).
H»-0. 265 7.16 1.81 -1.99 | Ar-O. 1360 8.34 | Jordan et al (1970).
He-H. 12.11 6.07 | Amdur and Smith (1968).
) He-Ar 62.1 7.25 | Amdur et al. (1954).
58.2 6.1 1.84 -2.55 | H.-H. 14.1 5.87 | Belyaev and Leonas (1967 b).
0,0y 240 6.3 {Belyaev and Leonas (1967 a).
H.-SFe 478X 105 [11.61 3.04 -3.53 | He-SFs 1.86 X 10> | 11.48 ; Amdur (1967).
He-H. 12.11 6.07 | Aindar and Smith (1968).
He He 4,71 5.94 { Amdur and Harkness (1954).
CH,He 602 9.43 1.92 ~2.37 | Direct { Amdur et al. (1961 b).
‘measurement |
CH N, 832 7.30 2.4] ~2.80 | Ar-N» 755 7.78 | Amdur et al. (1957).
Ar-CH, 936 7.85 | Mason and Amdur (1964).
Ar-Ar 849 8.33 | Amdur and Mason (1954).
CH;-0, 1500 7.86 2.14 —2.47 | Ar-CH, 936 7.85 | Mason and Amdur (1964).
Ar-O., 1360 8.34 | Jordan et al. (1970).
Ar-Ar 849 8.33 | Amdur and Mason (1954).
CH,-SF« 28.0 X103 12.08 3.54 -3.75 | He-SFy 186 X105 | 11.48 | Amdur (1967).
Ar-CH, 936 7.85 | Mason and Amdur (1964).
He-Ar 62.1 7.21 | Amdur et al. (1954).
Ne-N. 605 5.085 2.035-2.56 |He-N. 74.3 7.06 |Amdur et al. (1957).
He-He 4.71 5.94 | Amdur and Harkness (1954).
Ne-Ne 312 9.99 ' Amdur and Mason (1955 a).
207 7.52; 2.02 ~2.61; | Ne-Ne 8 7.65 | Kamnev and Leonas (1965 a).
N.-N. 550 7. Belyaev and Leonas (1967 a).
NxKr 432 6.80 2.365~3.065 | He-N, 74.3 7.06 | Amdur et al. (1957).
Kr-Kr 159 542 { Amdur and Mason (1955 b).
He-He 1.71 5.91 ] Amdur and Harkneos (1954).
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TABLE 23. Molecular-beam potentials,o(r)=K/rs, for Group III* ?~ Continued

Potential Source
System - Reference
K, eV(A) s Range, A System K, eV(A)* s
872 7.55 2.37 =3.035 | N»N» 550 7.4 |Belvaev and Leonas (1967 a).
Kr-Kr 1382 7.7 i{Kamnev and L.eonas (1966 a).
N.Xe 2874 8.07; 2.66 —3.29; { He-N: 74.3 7.06 {Amdur et al. (1957).
He-He 4.71 5.94 | Amdur and Harkness (1954).
Xe-Xe 7050 7.97 }Amdur and Mason (1956 a).
505 6.87, 2,41 -8.07 [NyN, 550 7.4 |Bclyacv and Leonas (1967 a).
Xe-Xe 463 6.35 |Kamnev and Leonas (1966 a).
N»O: 1630 8.15 2.16 -2.52 [ Ar-O, 1360 8.34 |Jordan et al (1970).
He-N. 4.3 7.06 |Amdur et al. (1957).
He-Ar 62.1 7.25 {Amdur et al. {1954).
330 6.8 2.54 —8.05 |Direct Belyaev and Levnus (1967 a).
measurement
N-SFq 29.3X10°  |12.60 3.39 —4.06 |[He-SFs 1.86 X 10° | 11.48 {Amdur (1967).
He:N: 74.3 7.06 |Amdur et al. (1957).
! He-He 4.71 5.94 [Amdur and Harkness (1954).
CO-Kr | 238 5535 | 2.2l —2.90; | Ar-CO 551 6.99 |Jordan e1 al. (1970).
i r-Ar 849 8.33 |Amdur and Mason (1954).
Kr-Kr 159 5.42 [Amdur and Mason (1955 b).
1648 7.96; | 2.35;~2.97 }CO-CO 1965 8.23 |Belyaev et al. (1967).
Kr-Kr 1382 7.7 |Kamnev and Leonas (1966).
CO-Os 883 .00 1.Y2 ~2.49y | CO-Ar 551 6.99 {Jordan et al. (1970).
OxAr 1360 8.34 |Jordan et al. (1970).
Ar-Ar 849 8.33 |Amdur and Mason (1954).
687 7.265 | 2.32:-3.03; {CO-CO 1965 8.23 |Belyaev et al. (1967).
020, 240 6.3 |Belyaev and Leonas (1967 a).
CO-SFs 16,5 X 10° t 11.22 3.32 -3.77 |He-SFs 1.86 X 10> | 11.48 |Amdur (1967).
r-CO 551 6.99 1Jordan et al. (1970).
He-Ar 62.1 7.25 |Amdur et al. (1954).
0,-SF¢ 40.7 X 10* 12.53 3.24 ~3.59 |He-SFs 1.86x 105 | 11.48 [Amdur (1967).
Ar-Q, 1360 8.30 {Jordan et al. (1970).
He-Ax 62.1 7.25 |Amdur et al. (1954).
He-SFs 1.86 X 105 | 11.48 2.87 -3.36 |Direct Amdur (1967).
measurement

2 Potentials were not determined for air-(Ar, CH,, CO, SFe) and COs-(Ar, CO, O, air, NO. SFs) because molecular-beain measurements were unavailable.
b Complete ref information i

is given in Bibliography II.

Ar-CO. The consistency of the closed-tube meas-
urement by Ivakin and Suetin (1964 a) and Z;; by
molecular-beam measurements with the results for
Ar-N; (Group II) were the bases for placing Ar-CO
into Group IHI.

Ar-0,. This gas pair has only one set of direct
measurements of 2, available, obtained by the
two-bulb method {Paul and Srivastava, 1961 a).

Ar-air. There are no direct measurements avail-
able, and the results were calculated by Blanc’s law.

Ar-CO,. The more reliable measurements for
Ar-CO; 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-SFq. This gas pair has only one set of direct
measurements of %2, obtained by the closed-tube
method (Ivakin and Suetin, 1964 b).

H,-Xe. The two-bulb measurements by Paul and
Srivastava (1961 c) and the 9y, from mixture vis-
cosity 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 percent. These resulis are at room
temperature; values of 2, at temperatures up to
523 K were obtained from mixture viscosity data by
Weissman and Mason (1962 b).

H,-0,. The reference equation essentially splits
the difference between the high-temperature re-
Slﬂt_s by Walker and Westenberg (1960) and by

eiseman and Mason (1962 b). For this gas pair the
usually reliable point-source results by Walker and

Westenberg are considered possibly somewhat
high. This conclusion is based on a comparison with
the results of Hy-N; (Group I}, which are expected to
be similar. Spontaneous ignition occurred at about
920 K in the point-source measurements,

H,-SF,. The most reliable measurement for this
gas pair is by Boyd et al. (1951); other reliable de-
terminations by the closed-tube method are by
Strehlow (1953) and by Ivakin and Suetin (1964 a, b).

CH -He. The reliable direct measurements of
Dy, 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.

CH,-O;. The only direct measurements available
are those of Walker and Westenberg (1960) by the
point-source technigque. Spontaneous ignition oc-
curred at about 1020 K. The results are not inconsist-
ent with those of the similar system CHa-No.

CH,-air. There are no direct measurements
lavailable, and the resulis were calculated by Blane’s
aw.

CH,-SFs. This gas pair has only one set of direct
measurements of &2, obtained by the closed-tube
method (Manner, 1967).

N,-Ne. This gas pair has reliable values of 2y
only from mixture viscosity measurements by
DiPippo et al. (1967).

N,-Kr. This gas pair has only one set of direcy
measurements of %y, obtained by the two-bulb
method (Durbin and Kobayashi, 1962).

N.-Xe. This gas pair has only one set of direct
measurements of &,,, obtained by the two-bulb

method (Paul and Srivastava, 1961 b).
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N,-O,. The most reliable results are the closed-
tube measurements by Lonius (1909) and the values
calculated from mixture viscosity by Weissman and
Mason (1962 b). The results reported by Giddings
and Seager (1962) are omitted from the deviation
plot, figure 63, because of difficulties with the mix-
ture composition analysis.

N,-SF¢. The most reliable direct measurements
are by Ivakin and Suetin (1964 b), obtained by the
clnéedJube method.

O-Kr. This gas pair has only one set of direct

measurements of %), obtained by the two-bulb
method (Singh et al., 1967). Since CO and N; are
isosteric molecules, the reference eguation for Np-
Kr was used for CO-Kr, and the data agree, see
figure, 65.

CO-0,. Since CO and N: are isosteric molecules,
the reference equation for N,-O, was used for CO-
0,. The most reliable results are considered to be
from mixture viscosity (Weissman and Mason, 1962
b). However, this judgment implies that the usually
more reliable measurements by Loschmidt (1870 h)
and by Walker and Westenberg (1960) are somewhat
high.

CO-air. There are no direct measurements avail-
able, and the results were calculated by Blanc’s law.

CO-CO,. Since CO and N; are isosteric mole-
cules, the reference equation for Np-COz (Group II)
can be used for CO-CO;; a slightly more precise
corrclation, howcver, is given for CO-CO, based
only on its diréct measurements. The direct meas-
urements for CO-CO, are in the temperature range
of 282 to 473 K. The use of the N2-CO; reference
equation will extend the higher temperature limit to
1800 K, which is a significant advantage.

CO-SF;. This gas pair has direct measurements
of Z,2 which were obtained by the closed-tube
method (Ivakin and Suetin, 1964 a, b).

0,-CO,. The reference equation is based pri-
marily on results of poini-source measurements
(Walker and Westenberg, 1960); at room tempera-
ture the results by closed-tube studies give slightly
higher values of &, (Loschmidt, 1870 b; Wretschko,
1870).

0,-SFs. This gas pair has reliable closed-tube
measurements by Ivakin et al. (1968), which, how-
ever, probably have somewhat too great a tempera-
ture dependence for 21, over 297 10 408 K.

CO;-air. Even though there are many direct
measurements available, the reference equation for
COz-air was caleulated from Blanc’s law. Of the di-
rect measurements, the most reliable are considered
to be closed-tube measurements by Loschmidt
(1870 a, b), by Coward and Georgeson (1937), and by
Holsen and Strunk (1964). The open-tube meas-
urements by Klibanova et al. (1942), which cover the
temperature range of 290 to 1533 K, are not éon-
sidered as reliable as results by Blane’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
(1960) f()l‘ 02-C02.

CO,-N:0. This gas pair has several closed-tube
measurements which agree within about 2 percent
at room temperature (Loschmidt, 1870 b; Bnardman
and Wild, 1937; Wall and Kidder, 1946; Amdur et
al., 1952); values of 9» from mixture viscosity were
used to extend the temperature range to 550 K. The
placement of CO,-N. O into Group III, and not Group
II, was decided upon because of the limited tem-
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perature range of the direct measurements and the
uncertainties in &, obtained from mixture viscosity
for cylindrical molecules.

CO,-SF¢. This gas pair has reliable closed-tube
measurements by Ivakin and Suetin (1964 b).

SF¢-He. This gas pair has a few direct measure-
ments, of which those by Ivakin and Suetin (1964 b)
and by Fedorov et al. (1966) are considered to be the
most reliable.

SF s-air. There are no direct measurements avail-
able, and the results were calculated from Blanc’s
law.

d. Miscellaneous (Figs. 76 to 81)

Weights and Potentials. The values of @, and
their weights used in the least-squares calculations
are presented in table 24. Except for mixtures with
dissociated gases the values of &, are at equimolar
composition. The data for mixtures with dissociated
gases were not corrected to equimolar composition
because the experimental uncertainties are greater
than the composition dependence of 2. The po-
tential functions obtained from molecular-beam
measurements, which are summarized in table 25,
are available only for the mixtures with dissociated
gasces and not the other systems of the misccllancous
group. This information may be helpful for the pre-
diction of @y 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,
11, and I11. There are no deviation plots for mixtures
with dissociated gases because of the large uncer-
tainties in the data available.

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

H,0-N,. This gas pair has direct measurements
obtained only by the evaporation-tube method. The
most reliable results are considered to be by O’Con-
nell et al. (1969), in which the H;O diffused down-
wards through N,. In the other studies the H>O was
located below the N, or the lighter component be-
low the heavier, which would have possible adverse
effects due to convection. Because values of Zy,
are available only from evaporation-tube studies, it
may be noted that the temperature range is limited,
282 to 373 K.

H,0-0, The correlation consists of two power
functions (21,==A4T?%), each applicable over a specific
temperature interval, and which pass through a com-
mon datum. The generation of this type of correla-
tion 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 352K, the
H:0-0; evaporation-tube studies are considered too
uncertain. But, at low temperatures. data by O’Con-
nell et al. (1969) for H,O-N; were systematically in-
creased by 1 percent to obtain values of %, for
H»0-0,. This slight adjustment was based on calcu-
lations for transport properties of polar-gas mix-
tures [3]. But all results for H;0-O, 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 eorrelation fumction 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 tempera-
tures was obtained by least-squares calculations of
the point-source measurements. This equation was
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FIGURE 76. Deviations of diffusion coefficients from reference equation.

Water — Nitrogen
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FIGURE 79.  Deviations of diffusion coefficients from reference equation.

Water--Carbon dioxide

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972



DEVIATION, PERCENT

GASEOUS DIFFUSION COEFFICIENTS

85

pOK=0.51= 1.07 X 1075 T4-78 ,ATH-CIE/S -
10.01 195 T0 625 K
a0 4 © BREETVELD, DIPIPPQ & KESTIN 1966
+ ANNIS, ET AL. 1969
T + THERMAL DIFFUSION FACTOR TEMP-
6.0 + ERATURE DEPENDENCE & NORMALIZED
1 T0 OATUM BY ANNIS, ET AL..
4.0 T
2.0 1
0.0 b/,/’*»\ \ Q
-2.0 1 of
4.0 T
-6.0
-8.0 -+
T 273 K
-10.0 —— t ! + + + — 2—
1.80 2.00 2.20 2.80 3.00 3.20 4.00

DEVIATION, PERCENT

10.0+

8.0 +
6.0 +
4.0 +

2.0 +

2.0 2.50
LOG (1), T= DEGREES KELVIN

Neon—Carbon dioxide

FiGure 80. Deviations of diffusion coefficients.from reference equation.
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FIGURE 81. Deviations of diffusion coefficients from reference equation.
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forced to pass through a point at the intermediate
temperature 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 that the
available data for HoQ-N; and H;0-O; have too
much scatter, and a verification of a correlation by
Blanc’s law from direct measurements for H.O-air
would not be significant. The reference equation for
H;O-air is based on the synthesis of results by
O’Connell et al. (1969) for H;O-N: and by Walker
and Westenberg (1960) for H-0-0,. Since air is ap-
proximately 80 percent N, the reference equation
for H,O-N; cxtrapolated to 450 K, was assumed di-
rectly applicable at low temperatures. For tempera-
tures between 450 and 1070 K, the reference
equation for H0-O: was systematically reduced 1
percent. The more reliable direct measurements are
shown in figure 78. The large deviations are due to
expected uncertainties in results obtained by
evaporation-tube studies. There are many other ex-
perimental determninations for H:O-air, which are
listed in table 16.

H,0-CO,. This gas pair has reliable direct meas-
urements 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). In 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 theo-
retical lower limit for the rigid-sphere model.

COs-Ne. This gas pair has limited data, consist-
ing of a two-bulb measurement at about room tem-
perature plus information on the temperature
dependence of the thermal diffusion factor which
was used to calculate 9, between 195 to 625 K.

CO.,C;H, The closed-tube measurements by
Wall and Kidder (1946) and the values of 92 from
mixture viscosity by Weissman (1964) are con-
sidered sufficient to include this system.

Mixtures with dissociated gases were all corre-
lated hy pawer functions of the form 9= ATS. The
reference equations were calculated from two
points, one at about reom temperature, and the
other at temperatures greater than 1000 K. Devia-
tion plots are not given for mixtures with dissociated
gases. The special comments emphasize the dis-
crepancies among the various- values of 9z ob-
tained by different experiments.

H-He. This gas pair has only one direct meas-
urement by Khouw et al. (1969), obtained at 275 K.
The values of 22 obtained from molecular-beam
measurements by Amdur and Mason (1956 b) and by
Belyaev and Leonas (1967 b, c¢) were essentially
averaged; the difference in &2 between these re-
sults is approximately 25 percent at all temperatures.

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

TABLE 24. Diffusion coefficients and weights for curve-fitting, miscellaneous group?

System T, K logio[Z1:(x=1/2)] | Note System ! T, K logi[212{x=1/2)] |Note
H:0-N; 281.9 —0.6554 b || H.0-CO, 1200 04639 h
298.2 —.5965 b 1300 5198 | h
3275 —5158 b 1400 57751 h
3975 —5200 b 1500 6325 h
327.4 —5131 b 1600 68841 h
353.2 —.4436 b 1700 7482 | h
373.4 —.4029 b || CO.-Ne 175 —9914 | i
H:0-0; 450.0 —9261 c 625 —0097 | i
511 —.1367 d || CO»-CsHs 298.15 —1.0665 j
529 —~.1146 d ' 298,15 ~1.0620 |
698 +.0792 d 300.0 —1.0492 | k
715 .1007 d 400.0 —02007 |
722 21096 d 500.0 —6364 1 k
908 2683 d 550,0 ~5575 | k
917 2721 d || HHe 275 3766 1 1
921 2813 d 4620 2.500 *
1069 3879 d | HAr 989 0.075 *
1069 -3939 d 4620 2.015 *
1070 3928 d || HH, 274 0.2667 | m
Hoto 30745 eoar| Tl NN 10000 2566 17
20-CO,; K —.694 -Ne ¢
328.5, 6757 £l ON, { ol —05876 | n
352.3, —6108 £ 0.0, 120 [ *n
328.6, —.7033 g || O-He 316 0043 | *
349.15 —.5901 g 10 000 2.6665 o
1000 3617 h || O-Ar 316 —0.522 *
1160 4099 h 3760 1.457 *

*Selected value. see explanation in first part of section 5.4.
2All listed values of &y are weighted onc; except in H;0-CO, for which the data be-
tireen 1000 and 1700 K inclusive, are weighted two. For these systems, in almost all
inatances. the composition dependence of P is insignificant; maximum corrertion is

0.45 percent for H:0-0y darum at 1070 K.

5(’Connell et al. (1969).

cCommon poiny for low- and high-temperature correlations, see text (Section 5.4,

pari d).
Walker and Westenbery (1960, 1966).

eSee section 5.4, part d.

Schwenz and Brow (1951).

*Crider {1956).

J. Phys. Chem. Ref. Data, Vol. 1, No. 1, 1972

"Ferron {1967); weight of datum doubled for least. deutati
iCalculated from data on temperature dependence of thermal diffusion factor (Weiss-

man et al., 1961) and method of Annis et al. (1968). The reference equation lower tem-

b

erature limit is reported as 195 K which js in agreement with the correct tomperature

limit of the thermal diffusion factor data: the equation was verified to be eorrect, even
though a value of T of 175 K was used in the curve-fitting caleulations,

Wall and Kidder (1946).

“Weissman {1964},

' Khouw et al. (1969).

“Browning and Fox (1964).

“Morgan and Schiff (1904), average of results for IN-INz, O-INp, and O-0s;,
“Caleulated from potential of Leopas et al., sec 1able 25.
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TABLE 25. Molecular-beam potentials, ¢(ry=K/rs, for miscellaneous group®™®
Potential Source
System Reference
K. eV(A)* s Range, A system K.eVA)* s
H-He 2.34 3.29 1.16-1.71 | Direct Amdur and Mason (1956 b).
measurement
1.2 2.7 0.79-1.35 | Direct Belyaev and Leonas (1967 b).
measurement
H-Ar 31.6 449 2.1 =3.0 | As reported Mason and Vanderslice (1958).
6.26 1.99 1.32-1.88 | He-H 1.2 2.7 | Belyaev and Leonas (1967 b).
He-Ar 22.6 5.15 | Kamnev and Leonas (1965 a).
He-He 4.33 5.86 | Belyaev and Leonas 1967 b).
H-H. 6.02 3.42 1.33-1.88 | He-H 2.34 3.29 { Amdur and Mason (1956 b).
He-H, 12.11 6.07 | Amdur and Smith (1968).
He-He 4.71 5.94 | Amdur and Harkness (1954).
0.91 4.15 1.00-1.24 | Direct Belyaev and Leonas (1967 b).
measurement
N-N. 76.6 6.31 1.76-2.54 | Direct Belyaev and Leonas (1966 b).
measurement
O-He 38.0 7.99 1.20-1.60 | Ar-O 239 8.09 | Belyaev et al. (1967).
He-He 4.33 5.86 { Belyaev and Leonas (1967 b).
Ar-Ar 171 6.06 | Kamnev and Leonas (1965 a).
0-Ar 239 8.09 1.78-2.40 | Direct Belyaev et al. (1967).
measurement
O-Nz 22.0 3.0 2.00-2.48 | Direct Delyacv and Leonas (1966 b).
measurement
0-0, 13.25 44 2.05-2.46 | Direct Belyaev and Leonas (1966 b).
measurement
apotentials were not determined for H:O-(Nz,, s, air, CO:) and €0»-(N.O. C3Hs) b lecular-beam s were unavailable.

bComplete reference information is given in Bibliography 11,

H-H,. For this gas pair the most reliable values of
P» are considered to be from mixture viscosity
(Browning and Fox, 1964). The other determinations
of %y, are considered to be less reliable (Wise, 1961;
Weissman and Mason, 1962 a; 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 =10 percent. The recommended values of
D2 above 1000 K are based on molecular-beam
measurements. These results were derived from
measurements by Amdur et al. and use of the com-
bination rules, which were considered to be much
more reliable than the direct beam measurement by
Belyaev and Leonas (1967 b, c¢). The latter yield @12
which are too high in comparison with both the low-
temperature data, and results of other beam
measurements.

N-N;., O-N,, 0-0,. For these gas pairs, with simi-
lar diffusion characteristics, the resulis by Morgan
and Schiff (1964) are considered to be the most re-

liable. For O-O., at about room temperature, the
measurements by Krongelb and Strandberg (1959)
and by Walker (1961) are within 10 percent (below)
those by Morgan and Schiff; the measurements by
Yolles and Wise (1968) and by Yolles et al. (1970) are
about 20 percent below those of Morgan and Schif.
The results by Walker may be low due to the neglect
of chemical reaction effects. At temperatures he-
tween 1000 and 10 000 K the differences between
D from molecular-beam measurements for N-Ns,
0-N;, 0-O; (Belyaev and Leonas, 1966 c) were so
small that these results were grouped together.

O-He, O-Ar. There are two direct measure-
ments 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 35 percent
for O-He, and high by about 30 percent for O-Ar.
The values of &), at elevated temperatures were
based on a single laboratory source for the potentials
(Leonas et al.).

TapLe 16. Experimental determinations of & \» according to gas pair, temperature noted

The order of listing in Table 16 is as follaws: (i} mixtures of noble gases with noble gases arranged according to the atomic weight of the lighter component, (ii) mixtures of noble gases
with other gases arranged according to the atomic weight of the noble gas component, (iii) dissociated gases, and {iv) ether mixtures arranged according to the molecular weight

of the lighter component.

a. Noble Gases

System Reference T, K
3He-SHe Luszczynski et al. (1962) 1.7 t0 4.2
Luszczynski et al. (1967) 1.13t04.22
3He-“He Bendt (1958) 1.7410 296
‘Weissman and Mason (1962 b) 2.641t04.25
DuBro (1969) 7710 344
DuBro and Weissman (1970) 77 10 888
iHe-tHe Amdur and Mason (1958) 1000 to 15 000
He-Ne Srivastava and Barua (1959) 273 10 318
Holmes and Tempest {1960) 298
Weissman and ‘Mason (1962 b) 2010 523
Weissman {1965) 291 and 302
DiPippo et al. {1967) 293 and 303
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D2 wccording to gas pair, temperature noted— Continued

a. Noble Gases— Continued

Systemn Reference T, K
Malinauskas (1968) 273 to 394
van Heijningen et al. (1968) 65 to 295
DuBro (1969) 77 to 364
Malinauskas and Silverman (1969) 273 10 394
DuBro and Weissman (1970) 77 to 365
Hogervorst (1971) 300 to 1400

He-Ar Schmidt (1904) 28610 292
Lonius (1909) 286 to 295
Strehlow (1953) 28810418
Schifer and Moesta (1954) 20010 400
Amdur and Mason (1958) 1000 o 15 000
Walker (1958) 298
Saxena and Mason (1959) 251 t0 418
Srivastava (1959} 27310 318
Walker and Westenberg (1959} 298 to 1063
Holmes and Tempest {1960) 208
Evans et al. (1961) 293
Mason (1961) 303
Suetin and Ivakin (1961) 287
Evans et al. (1962) 298 and 373
Giddings and Seager (1962) 296
Weissman and Mason (1962 b) 72 10 473
Evans et al. (1963) 298
Golubev and Bondarenko (1963) 298 and 363
Seager et al. (1963) 298 10 498
Holsen and Strunk (1964) 276 to 346
Tvakin and Suetin (1964 b, 287 ro 165
Suetin (1964) 287
Ljunggren (1965) 293
Malinauskas {1965) 273 to 394
Weissman {1965) 291 10 311
Carey ot al. (1966) 300
Fedorov et al. {1966) 291
Kosov and Karpushin (1966) 169 to 296
Kosev and Karpushin (1966 a) 293
Malinauskas (1966) 273 t0 394
Mason and Smith (1966) 334
Coates and Mian {1967) 298 to 522
DiPippo et al. (1967) 293 and 303
Mian (1967) 298 to 522
Carey et al. (1968) 300, 1255 to 4990
Marthur and Saxena (1968) 270 to 350
van Heijningen et al. {1968) 90 to 400
Annis et al. (1969) 295
DuBro (1969) 305 and 335
Hawtin et al. (1969) 293 10 873
Schneider and Schifer (1969) 273 1o 1300
Wasik and McCulloh (1969) 7710 357
DuBro and Weissman (1970) 305 to 335
Hu and Kobayashi (1970) 248 to 323
Kaleikar and Kestin (1970) 298 10 993
Hogervorst (1971) 300 to 1400

He-Kr Srivastava and Barua (1959) 273 to 318
Holmes and Tempest (1960) 298
Durbin and Kebayashi (1962) 308
Srivastava and Paul (1962) 305
Weissman and Mason (1962 b) 291
Watts (1964) 303
Weissman (1965) 291 and 302
Fedorov et al. (1966) 290
Kestin et al. {1966} 293 and 303
Malinauskas (1966) 273 to 394
Mason and Smith (1966) 318
Annis et al. (1968) 77 1o 760
van Heijningen et al. (1968) 112 t0 400
Wasik and McCullols (1969) 298 1o 366
Kalelkar and Kestin (1970} 298 10993
Hogervorst (1971) 300 to 1100

He-Xe Srivastava (1959) 27310 318
Weissman and Mason (1962 b) 291 to 550
Malinauskas (1965) 273 t0 394
Watts (1965) 303
Weissman (1965) 291 to 311
van Heijningen et al. {1968) 169 to 400
Hogervorst (1971) 300 t0 1000

He-Rn Hirst and Harrison (1939) 283 — 286

Ne-Ne Groth and Sussner (1944) 293
Winn (1950) 7810 353
Amdar and Mason (1958) 1000 to 15 000

Ne-Ar Schifer and Schuhmann (1957) 9010 473
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TABLE 16. Experimental determinations of 91> according to gas pair, temperature noted— Continued

a. Noble Gases— Continued

System Reference T, K
Srivastava and Srivastava (1959) 27310318
Weissman and Mason (1962 b) 72 to 523
Weissman {1965) 291 10311
Freudenthal (1966) 300 to 600
DiPippo et al. (1967) 293 and 303
Hogervorst and Freudenthal (1967) 300 1o 650
Malinauckas (1968) 273 1t 394
van Heijningen et al. (1968) 90 to 400
Malinauskas and Silverman (1969) 273 to 394
Kestin et al. (1970} 29810 973
Hogervorst (1971) 300 to 1400
Ne-Kr Srivastava and Srivastava (1959) 273 to 318
Paul (1962) 302
‘Weissman and Mason (1962 b) 291
Watts (1964) 303
Weissman (1965) 291 1o 311
Malinauskas (1968) 273 10 394
Mathur and Saxena (1968) 27010 350
van Heijningen et al. (1968) 112 10 400
Malinauskas and Silverman (1969) 273 10 394
Hogervorst (1971) 300 to 1400
Ne-Xe Srivastava and Barua (1959) 21310 318
Weissman and Mason (1962 b) 291
Watts (1965) 303
Weissman (1965) 291 to 302
Malinauskas (1968) 27310 394
van Heijningen et al. (1968) 169 to 400
Weissman (1968 b) 32810873
DuBro (1969) 304
Malinauskas and Silverman (1969) 213 to 394
Taylor et al. (1969) 32810873
Weissman (1969) 305 to 925
Weissman and DuBro (1970 a) 304 10 922
Hogervorst (1971) 300 10 1400
Ne-Rn Hirst and Harrison (1939) 290 and 293
Ar-Ar Hutchinson (1947) 295
Hutchinson (1949) 90to 327
Winn (1950) 78 to 353
Amdur and Schatzki (1957) 273
Amdur and Mason (1958) 1000 to 15 000
De Paz e al. (1967) 76 to 294
Vugts et al. (1969) 23510418
Ar-Kr Schifer and Schubmann (1957) 20010 473
Srivastava and Srivastava (1959) 27310 318
Durbin and Kobayashi (1962) 248 to 308
Paul (1962) 302
Weissman and Mason (1962 b) 291
Watts (1964) 303
Weissman (1965) 2910 311
Fedorov et al. (1966) 291
Malinauskas (1966) 273 to 394
Ivakin et al. (1968) 297 to 407
van Heijningen et al. (1968) 169 to 400
Humphreys and Mason (1970) 77 t0 600
Kestin et al. (1970) 29810973
Hogervorst (1971} 300 to 1400
Ar-Xe Amdur and Schatzki (1957) 19510 378
Amdur and Schatzki (1958) 330
Srivastava (1959) 27310 318
Weissman and Mason (1962 b) 201
Malinauskas (1965) 273 t0 394
Watts (1965) 303
Weissman (1965) 291 to 311
van Heijningen et al. {1968) 169 to 400
Hogervorst (1971) 500 1 1400
Ar-Rn Uirst and Harrison {(1939) 282 and 286
Kr-Kr Groth and Harteck (1941} 294 and 296
Schifer and Schuhmann (1957) 19910474
Amdur and Mason (1958) 1000 to 15 000
Miller and Carman (1961) 293
Durbin and Kobayashi (1962) 308
Paul (1962) 302
Srivastava and Paul (1962) 305
Wendt et al. (1963) 232 t0470
Miller and Carman (1964) 293
Watts (1964, 1965) 303
Kamnev and Leonas {1966) 2000 to 10 000
Saran and Singh (1966) 303
Annis et al, (1969) 295
DuBro (1969} 305 and 367
Weissman and DuBro (1970 b) 196 to 1036
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TABLE 16. Experimental determinations of @12 according to gas pair, temperature noted— Continued

a. Noble Gases— Continued

System Reference T,K
Kr-Xe Weissman and Mason (1962 b) 291
Watts (1964, 1965) 303
Weissman (1965) 291 and 302
Malinauskas (1966) 273 to 394
van Heijningen et al. (1968) 169 1o 400
Xe-Xe Groth and Harteck (1941) 292
Visner (1951 a, b) 300
Amdur and Schatzki (1957) 195 to 378
Amdur and Mason (1958) 1000 to 15 000
Watts (1965) 303
Kaminev and Leonas (1966) 2000 to 10 000
b. Noble Gases and Another Component
System Reference T.K
He-H. Bunde (1955 298
Rumpel (1955) 298 to 358
van Iterbeek and Nihoul (1957) 52t0 153
Suetin ot al. (1060) 272
Suetin and Ivakin (1961) 292
Giddings and Seager (1962) 298
Weissman and Mason (1962 b} 90 to 523
Suetin (1964) 294
Amdur and Malinauskas (1965) 195 to0 374
Giddings (1968) 298
Kestin and Yata (1968) 293 and 303
He-TH Amdur and Malinauskas (1965) 195 t0 374
He-D: | Ivakin and Suetin (1964 a) 295
He-T. Amdur and Malinauskas (1965} 19510374
He-CH, Carswell and Stryland (1963) 298
Fuller and Giddings (1965) 373
Araij et al. (1967) 313
Frost (1967) 303 to 764
Khodes and Amick {1967) 302 to 627
Hu and Kobayashi (1970) 248 t0 323
He-NH, Giddings and Seager (1962) 297
Srivastava (1962) 27410 333
Ivakin and Suetin (1964 a) 297
He-H.O Schwertz and Brow (1951) 307 t0 352
Lee and Wilke (1954) 298
He-Na von Hartel et al. (1932) 655
Anderson and Ramsey (1963) 427
Ramsey and Anderson (1964) 428
Gozzini et al. (1967) 273 and 443
Violino (1968) 427 t0 443
He-C.H: Suetin and Ivakin (1961) 290
Suetin (1964) 290
He-C.H, Frost (1967) 303 to 765
He-N: Rumpel (1955) 298 to 358
Westenberg and Walker (1957) 293
Walker (1958) 297 to 1124
Walker and Westenberg (1958 a, b) 298 to 1200
Paul and Srivasiava (1961 b) 243 to 333
Suetin and Ivakin (1961) 289
Giddings and Seager (1962) 296 to 304
Seager et al. (1963) 298 to 498
Ivakin and Suetin (1964 b) 289 10 470
Suetin (1964) 289
Chang (1966) 244 to 311
Kestin et al. (1966) 293 and 303
Walker and Westenberg (1966) 297 to 1124
Coates and Mian (1967) 299 to 500
Frost (1967) 303
Henry et al. (1967) 299
Mian (1967) 299 to 500
Zhukhovitskif et al. (1968) 293
Flliz and Holsen (106%) 207 to 882
Hawtin et al. (1969) 293 to 873
Wasik and McCulleh (1969) 7710 370
Hu and Kebayashi (1970) 248 to 323
Nagata and Hasegawa (1970) 310 to 360
He-CO Ivakin and Suctin (1964 a) 296
Ivakin and Suetin (1964 b) 296 to 470
Arai et al. (1967) 313
He-C.H; Frost (1967) 303 to 751
Kaufmann (1967) 373 to 523
He-0. Paul and Srivastava (1961 a) 244 to 334
Suetin and Ivakin (1961). 287
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TABLE 16. Experimental determinations of 92 according to gas pair, temperature noted— Continued

b. Noble Gases and Another Component~ Continued

System Reference T, K
Giddings and Seager (1962) 297
Seager et al. (1963) 298 to 498
Suetin (1964) 287
Kestin and Yata (1968) 293 and 303
Wasik and McCulloh (1969) 298 to 365
He-air Suetin et al. (1960} 273
Suetin and Ivakin (1961) 287
Holsen and Strunk (1964} 276 to 346
Ivakin and Suetin (1964 b) 287 10 469
Suetin (1964) 287
Fedorov et al. (1966) 292
Evans et al. (1969) 295
He-CHUH Seager et al. (1963) 423 to 523
He-K Bernheim and Korte (1965) 358
Khomchenkov et al. (1968) 723
Violino (1968) 358
Ivanovskii et al. (1969) 570 to 930
He-C3Hs Weissman (1964) 293 to 523
Frost (1967) 303 to 764
He-CO. Lonsdale and Mason (1957) 260 to 358
Saxena and Mason (1959) 250 to 404
McCarty and Mason (1960) 303
Suetin et al. (1960) 273
Walker et al. (1960) 299
Suetin and Ivakin (1961) 287
Giddings and Seager (1962) 300
Seager el al. (1963) 298 1o 498
Holsen and Strunk (1964) 276 to 346
Ivakin and Suetin (1964 b) 287 to 465
Suetin (1964) 287
Kosov and Novesad (1966 a) 294
DiPippo et al. (1967} 293 and 303
Ferron and Dunham (1967) 782
Oost et al. (1967) 295 and 343
Kosov and Bogatyrev (1968) 290 10 430
Annis et al. (1969) 295
Hu and Kobayashi (1970) 248 10 323
Nagata and Hasegawa (1970) 314 to 365
He-C5Hy Frost (1967) 303 to 767
Kaufmann (1967) 373 to 503
) Rhodes and Amick (1967) 303
He-CoH;0H Lee and Wilke (1954) 298
Seager et al. (1963) 423 to 523
Hargrove and Sawyer (1967) 298
He-difluoromethane Fuller et al. (1969) 431
He-1-butene Frost (1867) 303 to 522
He-2-butene Weissman (1964) 293 to 523
He-C4Hio Frost (1967) 303 to 751
Rhodes and Amick (1967) 303 to 477
Hargrove and Sawyer (1967) 298 to 473
He-acetone Hargrove and Sawyer (1967) 298 to 473
He-1-propanol Seager et al. (1963) 423 to 523
He-2-propanol Seager et al. (1963) 423 to 523
He-1,1-difluoroethane Fuller et al. (1969) 430
He-n-pentane Hargrove and Sawyer (1967) 298 to 473
He-ether Hargrove and Sawyer (1967) 298 to 473
He-1-butanol Seager et al. (1963) 423 to 523
He-benzene Lee and Wilke (1954) 298
Seager et al. (1963) 423 to 523
Hargrove and Sawyer (1967) 298 to 473
He-1-chloropropane Fuller et al. (1969) 428
He-dichloromethane Fuller et al. (1969) 428
He-Rb Bernheim (1962) 323
Violino (1968) 323 and 340
He-3-pentanone Barr and Sawyer (1964) 300
He-n-hexane Hargrove and Sawyer (1967) 298 10 473
Fuller and Giddings {1965) 417
He-1-pentanol Seager et al. (1963) 423 to 523
He-1-chlorobutane Fuller et al. (1969) 429
He-2-chlorobutane Fuller et al. (1969) 429
He-fluorobenzene Fuller et al. (1969) 430
He-1,2-dichloroethane Fuller et al. (1969) 427
He-n-heptane Clarke and Ubbelohde (1957) 303
He-2,4-dimethylpentane Clarke and Ubbelohde (1957) 303
He-1-hexanol Seager et al. (1963) 423 10 523
He-1-fluorohexane Fuller et al. (1969) 432
He-1-chloropentane Fuller et al. (1969) 428
He-bromoethane Fuller et al. (1969) 428
He-4-fluorotoluene Fuller et al. (1969) 432
He-chlorobenzene Fuller et al. (1909) 431
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TABLE 16. Experimental determinations of &1s according to gas pair, temperature noted— Continued

b. Noble Gases and Another Component— Continued

System Reference T,K
He-n-octane Clarke and Ubbelohde (1957) 303
He-2,2,4-trimethylpentane Clarke and Ubbelohde (1957) 303
He-trichloromethane Fuller et al. (1969) 429
He-1-bromepropane Fuller et al. (1969) 428
He-2-bromopropane Fuller et al. (1969) 428
He-nitrobenzene Lee and Wilke (1954) 298
He-Cs Legowski (1964) 299
Khomoehenkov et al. {1068) 723
Violino (1968) 299
He-1-bromobutane Fuller et al. (1969) 427
He-2-bromobutane Fuller et al. (1969) 427
He-iodomethane Fuller et al. (1969) 431
He-3F% Suetin and Yvakin (1961) 291
Suetin (1964} 291
Ivakin and Suetin {1964 b) 291 to 464
Evans and Kenney (1965) 293
Fedorov et al. (1966) 291
He-iodoecthane Fuller et al. (1969) 428
He-bromobenzene Fuller et al. (1969) 427
He-2-bromo-1-chloropropane Fuller et al. {1969) 427
He-1-bromohexane Fuller et al. {1969) 428
He-2-bromohexane Fuller et al. (1969) 428
He-3-bromohexane Fuller et al. (1969) 429
He-1-iodopropane Fuller et al. {(1969) 430
He-2-iodopropane Fulier et al. (1969) 430
He-dibromomethane Fuller et al. (1969) 428
He-1-iodobutane Fuller et al. (1969} 498
He-2-iodobutane Fuller et al. (1969) 427
He-hexafiuorobenzene Fuller et al. (1969) 429
He-CF;I Belousova et al. (1970) 300
He-CoF,1 Belousova et al. (1970) 300
He-UF, Ljunggren (1965) 203
He-As, Krol et al. (1967) 733 t0 913
Ne-H, Paul and Srivastava {1961) 242 1o 341
Weissman and Mason (1962 b) 90 to 523
Ne-D. Weissman and Mason (1962 b) 293
Ne-NH,4 Srivastava (1962) 274 to 333
Ne-CDgH Vugts et al. (1971) 233 to 422
Ne-Na Anderson and Ramsey (1963) 425
Violino {1968) 425
Ne-N, DiPippo et al. (1967) 293 and 303
Ne-COs». Weissman et al. (1961) 242 10 427
Breetveld et al. (1966, 1967) 293 and 303
Annis et al. (1969) 295
Ne-Rb Franzen (1959) 320
Violino (1968) 340
Ne-Cs Legowski (1964) 299
Violino (1968) 317
Ne-CF3l Belousova et al. (1970) 300
Ne-Hg Tubbs (1967) 323-333
Ne-C;F/I Belousova et al. (1970) 300
Ne-UFs Ljunggren (1965) 293
Ar-H, Waldmann (1944, 1947) 293
Strehlow (1953) 288 to 418
Paul and Srivastava (1961 c) 242 to 341
Suetin and Ivakin (1961) 291
“Westenberg and Frazier (1962) 295 to 1069
Weissman and Mason (1962 b) 293 to 523
Golubev and Bondarenko (1963) 298 to 363
Ivakin and Suetin (1964 b) 291 to 473
Mason ot al. (1964 a) 294
Suetin (1964) 291
Cordes and Kerl (1965) 296
Evans and Kenney (1965) 293
Kesov and Kurlapov (1966) 295
Arnold and Toor (1967) 307
Mason et al. (1967) 296
Annis et al. (1969) 295
Ar-Dy Ivakin and Suetin (1964 a) 297
Ar-Ts Mason et al. (1964 a) 295
Annis et al. (1969) 295
Ar-CH,4 Carswell (1960) 298
Carswell and Stryland (1963) 298
Arnold and Toor (1967) 307
Jacobs et al. (1970) 298
Ar-NH; Ivakin and Suetin (1964 a) 295
Srivastava and Srivastava (1962) 255 to 333
DiPippo et al. {1967} 293 and 303
Ar-H,O (Connell et al. (1969) 282 to 353
Ar CD,H Vugtos ot al, (1971) 232 to 420
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TABLE 16. Experimental determinations of 9» according to gas pair, temperature noted— Continued

b. Noble Gases and Another Component — Continued

System Reference 7. K
Ar-Na von Hartel et al. (1932) 654
Violino (1968) ?)
Ar-CH: Suetin and Ivakin (1961) 287
Suetin (1964) 287
Ivakin et al. (1968) 298 to 407
Ar-C:H, Weissman (1964) 298
Ar-N, Waldmann (1944, 1047) 203
Schifer and Moesta (1954) 233 to 363
Westenberg and Walker (1957) 293
Paul and Srivastava (1961 b) 244 to 335
DiPippo et al. (1967) 293 and 303
Ar-CO Ivakin and Suetin (1964 a) 296
Ar-CoHg Jacobs et al. (1970) 298
Ar-O, Waldmann (1944, 1947) 293
Paul and Srivastava (1961 a) 243 to 334
Scott and Dullien (1962) 293
Ar-air Evans et al. (1969) 295
Ar-K Khomchenkov et al. (1968) 723
Ivanovskil et al. (1969) 630 to 950
Ar-C3Hg Jacobs et al. (1970) 298
Lannus and Grossman (1970 a, b) 242 10 473
Ar-CO; ‘Waldmann (1944, 1947) 293
Suetin and Ivakin (1961) 289
Ivakin and Suetin (1964 b) 289 1o 473
Holsen and Strunk (1964) 276 and 317
Suetin (1964). 289
Pakurar and Ferron (1964) 295, and 1181 to 1676
Kestin et al. (1966) 293 and 303
Kosov and Novosad (1966 a) 294,
Pakurar and Ferron (1966) 1132 to 1798
Ferron (1967) 1100 to 1800
QOost et al. (1967) 295 and 343
Gurvich and Matizen (1968) 308
Ar-Cr Grieveson and Turkdogan {1964} 1600
ArFe Grieveson and Turkdogan (1964) 1600
Ar-acetone Haigrove and Sawyer (1967) 298 10 473
Ar-n-butane Hargrove and Sawyer (1967) 298 to 473
Jacobs et al. (1970) 298
Ar-Ni Grieveson and Turkdogan (1964) 1600
Ar-Co Grieveson and Turkdogan (1964) 1600
Ar-nitromethane Byrne et al. (1967) 303
Ar-SO, Schafer (1959) 263
Ar-Zn Nikolaev and Aleskovskil (1964) 1100 to 2600
Ar-n-pentane Hargrove and Sawyer (1967) 298 to 473
Ar-ether Hargrove and Sawyer (1967) 298 to 473
Ar-benzene Hargrove and Sawyer (1967) 298 to 473
Ar-HBr Mian (1967) 328 to 523
Mian et al. (1969) 328 10 523
Ar-cyclohexane Cummings and Ubbelohde (1953, 1955) 289
Ar-methylcyclopentane Cummings and Ubbelohde (1953, 1955) 289
- Franzen (1959) 320
Violino {1968} 320 and 340
Ar-n-hexane Cummings and Ubbelohde (1953, 1955) 289
Hargrove and Sawyer (1967) 298 to 473
Ar-2,2 dimethylbutane Cummings and Ubbelohde (1953, 1955) 289
Ar-3-pentanone Barr and Sawyer (1964) 300
Artoluene Fairbanks and Wilke (1950) 294
Ar-monofluorobenzene Byrne et al. (1967) 303
Ar-2,4-dimethylpentene Clarke and Ubbelohde (1957) 303
Ar-nheptane Clarke and Ubbeclohde (1957) 303
Ar-p-octane Cummings and Ubbelohde (1953, 1955) 303
Clarke and Ubbelohde (1957) 303
Ar-2,2 4-trimethylpentane Cummings and Ubbelohde (1953, 1955) 303
Clarke and Ubbelohde (1957) 303
ArCs Legowski (1964) 299
Khomchenkov et al. (1968) 723
Violino (1968) 299 and 317
Ar-SFs Suetin and Ivakin (1961) 287
Suetin (1964) 287
Ivakin and Suetin (1964 b) 287 to 472
Evans and Kenney (1965) 293
Ar-}-brome-3-methylbutane Byrne et al. (1967) 303
Ar-Br» Mackenzie and Melville (1933) 289
Ar-CFul Belousova et al. (1970) 300
Ar-Hg Spencer et al. (1969) 459 to 607
Ar-CyFA Belousova et al. (1970) 300
Ar-UF Ljunggren (1965) 293
Ar-As, Krol et al. (1967) 853 10 13
-H- Miller and Carman (1961) 203
Mason et al. (1964 b) 296
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TABLE 16. Experimental determinations of & according to gas pair, temperature noted- Continued

b. Noble Gases and Another Coraponent —Continued

System Reference T, K
Miller and Carman {1964) 293
Fedorav et al. (106A) 201
Annis et al. (1968) 77 to 760
Annis et al. (1969) 295
KrD, Mason et al. (1964 b) 255 to 362
Annis et al. (1969) 295
Kr-Ts Mason et al. (1964 b) 252 to 346
Annis et al. (1969) 295
Kr-NH; Srivastava and Srivastava (1962) 255 to 333
Kr-C;H, Durbin and Kobavashi (1962) 298
Kr-N, Durbin and Kobayashi (1962) 248 and 308
Kr-CO Singh et al. (1967) 274 to 319
Kr-NO Singh et al. (1967) 274 to 318
Kr-Q, Ivakin et al. (1967) 298 1o 408
Kr-air Reist (1967) 273
Kr-CO, Durbin and Kebayasm (1962) 308
Kestin and Yata 6968) 293 and 303
Kr-acetone Srivastava and Saran (1966 a) 284 to 313
Kr-SO. Saran and Singh (1966) 303
Srivastava and Saran (1966 b) 274 to 318
Kr-C.H:Cl Singh and Srivastava (1968) 275 to 318
Kr(C:H3),0 Srivastava and Saran (1966 b) 274 to 318
Kr-CH,Cl, Singh and Srivastava (1968) 278 to 318
Kr-Rb Franzen (1959) 320
Violino (1968) 320
Kr-CHCI, Srivastava and Saran (1966 a) 284 to 313
Kr-Hg Nakayama (1968) 301
Kr-UFs Ljunggren (1965) 293
Xe-H. Paul and Srivastava (1961 c¢) 242 to 341
Weissman and Mason {1962 b) 293 to 550
Miller and Carman (1964) 293
Xe-NH; Srivastava (1962) 274 to 331
Xe-N Paul and Srivastava (1961 b) 242 10 334
Xe-0Q, Paul and Srivastava (1961 a) 242 to 334
Xe-Rb Franzen (1959} 320
Viulino (196G8) 320
Xe-CF;1 Belousova et al. (1970) 300
Xe-Hg Nakayama (1968) 201
Xe-CyF7l Belousova ¢t al. (1970) i 300
Xe-UFy Ljunggren (1965) i 293

The list of studies for Rn mixtures is not comprehensive, and references to other studies are given by
Hirst and Harrison (1939) and by Raabe (1968).

Rn-H. Hirst and Harrison (1939) 288
Rn-air Rutherford and Brooks (1901) Room temperature
Hirst and Harrison (1939) 288
Korpusov et al. (1964) 4]
Vucié¢ and Milojevié (1966) ®
Raabe (1968) 299

c. Dissociated Gases

System Reference T,K
H-He Khouw et al. (1969) 275
H-Ar Wise (1959) 293 (assumed)
Khouw et al. (1969) 275
H-H. Wise (1959) 293 {assumed)
Wise (1961) 293 to 719
Weissman and Mason (1962 a) 200 to 1000
Browning and Fox (1964) 190 to 373
Khouw et al. (1969) 202 to 364
Sancier and Wise (1969) 293 to 719
N-N» Young (1961) 298 (assumed)
Morgan and Schiff (1964) 280
0-He Morgan and Schiff (1964) 280
Yolles and Wise (1968) 298
O-Ar Morgan and Schiff’ (1964) 280
Yolles and Wise (1968) 298
Baker (1970 b) 298
O.Kr Yolles and Wice (1968) 208
O-N; Morgan and Schiff (1964) 280
0-0, Krongelb and Strandberg (1959) 300
Walker (1961) 298
Morgan and Schiff (1964) 280
Yolles and Wise (1968) 298
Yolles et al. (1970) 298 10 873
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TABLE 16. Experimental determinations of 9 » according to gas pair, temperature noted— Continued

d. Other Mixtures

System Reference T, K
1,-H, Harteck and Schmidt (1933) 20 to 293
Lipsicas (1962) 56 to 90
Hartland and Lipsicas (1963) 20
Amdur and Beatty (1965) 195 to 353
Mason et al. (1965) 295
Reichenbacher et al. (1965) 297
Annis et al. (1969) 295
H,-HD Weissman and Mason {1962 b) 72 to 293
H.-TH Reichenbacher et al. (1965) 297
Amdur and Beatty (1965) 195 and 273
Hz-D, Heath et al. (1941) 288
Waldmann (1944, 1947} 293
Bendt (1958) 14 to 296
McCarty and Mason (1960) 303
Weissman and Mason (1962 b) 72 to 293
Ivakin and Suetin (1964 a) 296
Diller and Mason {1966) 14 to 293
H,DT Reichenbacher et al. (1965) 297
HzT. Amdur and Beatty (1965) 195 10 353
Mason et al. (1965} 295
Reichenhacher et al. {1665) 297
H,-CH, von Obermayer (1883) 273 to 289
Boyd et al. (1951) 298
Fejes and Czéaran (1961} 298
Weissman and Mason (1962 b} 293 to 523
Arnold and Toor (19067) 307
Mason et al. (1967) 296
Hy-NHg Bunde (1955) 298 to 358
Schifer (1959) 240 10 403
Scott and Cox (1960) 273 to 533
Ivakin and Suctin (1964 a) 297
Weissman (1964) 293 to 523
Pal and Barua (1967) 306 106 479
H.-H,0 Guglielmo (1882) 291
Winkelmann (1884 a, b) 323 and 366
Winkelmann (1889) 293 and 372
Mache (1910) 300 to 366
Trautz and Miiller (1935} 293 to 372
McMurtie and Keyes (1948) 303 10 338
Hippenmeyer (1949) 283 to 368
Schwertz and Brow (1951) 307 to 353
Crider (1956) 307 and 329
Nelson (1956) 298 to 328
Hx-Na von Hartel and Polanyi {1930) 633
von Hartel et al. (1932) 655
Ramsey and Anderson (1964) 473
Violino (1968) 473
H:CoH, Weissmann (1964) 293 to 373
N2 Lonius (1909) 285287
Boardman and Wild (1937) 288
Waldmann (1944, 1947) 293
Schifer et al. (1951) 193 t0 336
Nettley (1954) 288
Schifer and Moesta (1954) 200 to 400
Bunde (1955) 298 t0 358
van Jtterbeek and Nihoul (1957) 137 and 153
Weisz (1957) 293 ()
Vyshenskaya and Kosov (1959) 293 to 1083
Giddings and Seager (1960) 293
Suott and Coux (1960) 29410 573
Bohemen and Purnell (1961) 324
Fejes and Czaran (1961) 298
Suetin and Ivakin (1961) 289
Giddings and Seager (1962) 297
Scott and Dullien (1962) 293
Weissman and Mason (1962 b) 82 to 523
Bondarenko and Golubev (1964) 273 to 473
Ivakin and Suetin (1964 b) 289 to 471
Suetin (1964) 289
Cordes and Kerl (1965) 296
Vyshenskaya and Kosov (1965) 293 to0 1083
van Heijningen et al. (1966) 65 to 295
Pal and Barua (1967) 307 to 478
Kestin and Yata (1968) 293 and 303
Schneider and Schifer (1969) 273 to 1300
Saxena and Gupta (1970) 313 to 366
H-CO Loschmidt (1870 b) 293
von Qbermayer (1883) 282 - 285
Weiseman and Mason (1962 b) 195 to 523
Ivakin and Suetin (1964 a) 296
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TABLE 16. Experimental determinations of 91 according to gas pair, temperature noted— Continued

d. Other Mixtures — Continued

System Reference T,.K
Ivakin and Suetin (1964 b) 296 to 471
H,C.H, von Obermayer (1883) 287
Weissman (1964) 195 to 523
H.-NO Weissman (1964) 273
H.-CsHg von Obermayer {1883) 288
Boyd et al. (1951) 298
Fejes and Czaran (1961) 298
Weissman (1964) 293 to 523
H.-0, Loschmidt (1870 a) 252 to 286
Loschmidt (1870 b) 252 o 289
Wretschko (1870) 294 and 297
von Obermayer (1880) 286 and 335
von Obermayer (1883) 281 to 291
Lonius (1909) 284 to 288
van Jtterbeek and Nihoul (1957) 142 and 153
Walker and Westenberg (1960) 295 to 900
Weissman and Mason (1962 b) 294 1o 550
Walker and Westenberg (1966) 295 to 901
Zhalgasov and Kosov (1968) 103 to 298
Saxena and Gupta (1970) 313 to 366
Hy-air von Obermaver (1883) 981 ta 284
Barus (1924 b) 297
Kosov (1957) 289
Suetin et al. (1960) 273
Currie (1960) 285 to 309
Suetin and Ivakin (1961) 292
Ivakin and Suetin (1964 a) 297
Suetin (1964) 292
Evans et al. (1969) 295
H.-CH;OH Winkelmann (1885) 299 and 323
Huang et al. (1068) 353 to 423
H,-HC1 Weissman (1964) 293 to 523
H,-K Ivanovskii et al. (1969) 680 to 830
H-C3He Weissman (1964) 293 1o 523
H,-CO» Loschmidt (1870 a) 273 and 286
Loschmidt (1870 L) 273 10 289
Wretschko (1870) 297
von Obermayer (1880) 285 and 335
von Obermayer (1882 a) 284 to 293
von Obermayer (1883) 280 to 294
Schmidt (1904} 288
Lonius (1909) 286 to 294
Boardman and Wild (1937) 288
‘Waldmann (1944, 1947) 203
Boyd et al. (1951) 298
Schifer et al, (1951) 252 to 308
Lonsdale and Mason (1957) 259 1o 358
Saxena and Mason (1959) 250 to 368
Vyshenskaya and Kosov (1959) 293 o0 1083
McCarty and Macon (1960) 303
Suetin et al, (1960) 273
Miller and Carman (1961 293
Suetin and Ivakin (196]} 992
Wicke and Hugo (1961) 295
Ciddings and Seager (1962) 300
Bondarenko and Golubev (1964) 323 and 363
Ivakin and Suetin (1964 b) 292 10 473
Miller and Carman (1964) 293
Suetin (1964) 292
Weissman (1964) 298 to 550
Vyshenskaya and Kosov (1965) 293 to 1083
Mason et al. (1967) 296
Annis et al. (1969) . 295
Schneider and Schifer (1969) 273 to 990
Kosov and Zhalgasov (1970) 196 to 298
Hz-NO von Obermayer (1883) 283
Weissman (1964) 300 to 550
H-C4Hy Fejes and Czaran (1961) 208
Weissman (1964) 273 1o 550
H.-formic acid Winkelmann (1885) 339 and 358
Ho-C.H;0H Baumgartner (1877 a) 291
‘Winkelmann (1884 a) 314 and 340
Winkelmann (1885) 323 and 337
Trautz and Miiller (1935) 340
Huang et al, (1968) 353 to 453
H.2-butene Weissman (1964) 293 to 523
H.-acetone Trautz and Miiller (1935) 296
H;-n-butane Strehlow (1953) 288 to 430
Fejes and Czaran (1961) 298
H,-acetic acid Winkelmann (1885) 339 to 372
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TABLE 16. Experimental determinations of 12 according to gas pair, temperature noted— Continued

d. Other Mixtures — Continued

System Reference T,K
H,-n-propyl alcohol Winkelmann {1885} 340 and 357
H.-nitromethane Byrne et al. (1967) 303
H,-S0O, Loschmidt {1870 b) 286
Schifer (1959) 263 to 473
Weissman (1964) 290 to 472
H:-n-pentane Huang et al. (1968) 353 to 453
H,-ethyl formate | Winkelmann (1884 c) 294 and 319
H,-methyl acetate Winkelmann (1884 ¢) 294 and 319
H,-propionic acid Winkelmann (1885) 366 and 372
H,-n-butyl alcohol Winkelmann (1885) 372
Huang et al. (1968) 393 10 483
Hy-i-butyl alcohol Winkelinann (1885) 840 and 357
H.-sec-butyl alcohol Huang et al. (1968) 393 to 483
H.-ethyl ether Stefan (1873) 292
Baumgartner (1877 a) 29¢
Winkelmann (1884 a) 284 and 293
Trautz and Miiller (1935) 273 and 293
Weissman (1964) 288 to 486
H,-CS, Baumgartner (1877 a) 290
Baumgartner (1877 b) 268 1o 311
H,-benzene Trautz and Ludwig (1930) 296
Trautz and Ries (1931) 296
Trautz and Miiller (1935) 296
Hudson et al. (1960) 31
Huang et al. (1968) 373 10 483
H.-pyridine Hudson et al. (1960) 318
H,-2:3-dimethylbuta-1:3-diene Cummings et al. (1955) 288
H,-hexa-1:5-diene Cummings et al. (1955) 288
H,-thiophen Hudson et al. (1960) 302
Hs-cyclohexane Cummings and Ubbelohde (1953, 1955) 289
Hudson et al. (1960) 289
Huang et al. (1968) 373 to 433
H,-2:3-dimethylbut-2-ene Cummings et al. {1955) 288
H;-methy] eyclopentane Cummings and Ubbelohde (1953, 1955) 289
H,-piperidine Hudson et al. (1960) 315
H.-Rb McNeal (1962) 343
Violino (1968) 343
He2:3-dimethylbutane Cummings and Ubbelohde (1953, 1955) 289
Hy-n-hexane Cummings and Ubbelohde (1953, 1955} 289
Huang et al. (1968) 353 10 453
H. nbutyric acid Winkelmann (1885) 372
Ha-i-butyric acid Winkelmann (1885) 371
Ha-ethyl acetate Winkelmann (1884 c) 319
H.-methyl propionate Winkelmann (1884 ¢) 319 and 340
Ha-propyl formate Winkelmann (1884 c) 319 and 340
H.-n-amyl alcohol Winkelmann (1885) 372
H.-active amyl alcohol Winkelmann (1885) 372
Ha-tetrahydrothiophen Hudson et al. (1960) 318
H-toluene Fairbanks and Wilke (1950) 301
Huang et al. (1968) 393 to 483
Hymonofluorobenzene Byrne et al. (1967) 303
H.-n-heptane Cummings et al. (1955) 303
Clarke and Ubbelohde (1957) 303
H»2:4-dimethylpentane Clarke and Ubbelohde (1957) 303
H.-triethylamine Mehta (1966) 298
H.-ethyl propionate Winkelmann (1884 ¢) 340 and 363
Fairbanks and Wilke (1930) 301
H.-methyl butyrate Winkelmann (1884 c) 340 and 365
Hs-methyl i-butyrate Winkelmann (1884 c) 323 and 340
Hs-i-valeric acid Winkelmann (1885) 372
Ho-n-hexyl alcohol Winkelmann (1885) 372
Ha-n-octane Cummings and Ubbelohde (1953, 1955) 303
Clarke and Ubbelohde (1957) 303
H.-2:2:4-trimethylpentiane Cummings and Ubbelehde (1953, 1955) 303
Clarke and Ubbelohde (1957) 203
H.-i-butyl acetate Winkelmann (1884 c) 340 and 371
H.-ethyl butyrate Winkelmann (1884 c) 340 and 370
Hethyl i-butyrate Winkelmann (1884 c) 340 and 369
H.-propyl propionate Winkelmann (1884 ¢) 370
H>-CHCI, Baumgartner (1877 a} 291
H.-CF.Cl. Miller and Carman (1961. 1964} 293
H.-n-nonane Cummings et al, (1955} 340
H.-i-butyl propionate Winkelmann (1884 ¢} 371
H.-propyl butyrate Winkelmann (1884 ¢) 31
H.-propyl i-butyrate Winkelmann (1884 c) 370
Hethyl valerate Winkelmann (1884 c) 371
Hy1-bromobutane Byrne et al. (1967) 303
H.-2:3:3-trimethylheptane Cummings and Ubbelohde (1953, 1955) 364
Hs-n-decane Cummings and Ubbelohde {1953, 1955) 364
H.amy! propionate Winkelmann {1884 ¢) 37
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TABLE 16. Experimental determinations of & according to gas pair, temperature noted— Continued

d. Other Mixtures—Conti;med

System Reference 7, K
Ha-i-buty! butyrate Winkelmann (1884 c) 371
H.-i-butyl i-butyrate Winkelmann (1884 c) 371
1s-propyl valerate Winkelwann (1884 «) 371
H.SF Boyd et al. (1951) 298
Strehlow (1953) 286 to 418
Suetin and Ivakin (1961) 290
Ivakin and Suetin (1964 b} 290 to 473
Suetin (1964) 290
Evans and Kenney {1965) 293
H:-1-bromo-3-methylbutane Byme et al. (1967) 303
HxCCL, Trautz and Ries (1931) 296
Trautz and Miiller (1935} 296
Hg-amyl i-butyrate Winkelmann (1884 ¢) 371
H.-i-butyl valerate Winkelmann (1884 c) 371
HyBr» Mackenzie and Melville (1932) 286
Mackenzie and Melville (1933} 290
H.-1-jodopropane Byrne et al. (1967} 303
H.-n-dodecane Cummings and Ubbelohde (1953, 1955) 400
HxHg Gaede (1915) Room temperature
. Spier (1939) 314 to 325
Hydi-a-butyl phthalate Birks and Bradley (1949) 293
H.-UF Ljunggren (1965) 203
HD-D, Weissman and Mason (1962 b) 72 to 293
D..TH Reichenbacher et al. (1965) 297
Amdur and Beatty (1965) 195 and 273
D.-DT Reichenbacher et al. (1965) 297
DsT: Amdur and Beatty (1965) 195 to 353
Mason et al. (1965) 295
Reichenbacher ct al. (1965) 297
D»-NH; Ivakin and Suetin (1964 a) 297
D»-N. Ivakin and Suetin (1964 2) 297
Saxena and Gupta (19/U) 313 to 366
D-CO Ivakin and Suetin (1964 a) 296
D-air Ivakin and Suetin (1964 a) 297
D-CO. Saxena and Masen (1959) 250 to 372
Ivakin and Suetin (1964 a) 296
Annis et al. (1969) 295
Ds-n-heptane Clarke and Ubbelohde (1957) 303
D,-2:4-dimethylpentane Clarke and Ubbelohde (1957) 303
Ds-n-octane Clarke and Ubbelohde (1957) 303
D.-2:2:4-trimethylpentane Clarke and Ubbelohde (1957) 303
D.-SFs Ivakin and Suetin (1964 a) 296
TaN. Mason et al. (1964 a) 297
Annis et al. (1969) 295
T..CO. Mason et al. (1964 a) 2938
Annis et al. (1969) 295
CH,CH, Winn and Ney (1947) 293
‘Winn (1950) 90 10 353
Ember et al. (1964) 297
Mueller and Cahill (1964) 298 to 383
1Iu and Kubayashi (1970) 298
Mistler et al. (1970) 293
CH,-NH; Weissman (1964) 288
CH-H.0 Schwertz and Brow (1951) 308 to 352
Kimpton and Wall (1952) 298 to 333
O'Connell et al. (1969) 283 to 328
Table 1 has a misprint, the highest temperature
is not 323 K hut 328 K.
CH,-CH;T Hu and Kobayashi (1970) 298
CH4C.H; Weissman (1964) 313 10 373
CH,-N; Mueller and Cahill (1964) 298 to 383
Arai et al, (1967) 313 and 373
Jacobs et al. (1970) 298
CH-CO Mueller and Cahill (1964) 298 1o 383
CH.-C.H, Weissman (1964) 293 to 523
Chang (1966) 255 to 311
Gover (1967) 295
CH;-0, Walker and Westenberg (1960, 1966, 1968) 294 to 985
CHy-air Coward and Georgeson (1937) 289 to 295
CH¢CO: von Ubermayer {1887) 294-295
Fejes and Czaran (1961) 298
Ember et al. {(1964) 297
Weissman (1964) 298
Kestin and Yata (1968) 293 and 303
Hawtin et al. (1969) 293 1o 873
Weissman (1969) 293 1o 370
CH,CyHy Weissman (1964) 293 to 523
Chang (1966) 255 10 311
CH,-CH,Cl1 Manner (1967) 298 10 478
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TABLE 16. Experimental determinations of 91» according to gas pair, temperature noted— Continued

d. Other Mixtures — Continued

System Reference T.K
CH/n-C,Huwo Chang (1966) 255 to 311
Kestin and Yata (1968) 293 and 303
Beatty (1969) 303
CHRb McNeal (1962) 333
Violino (1968) 333
CHyn-hexane Carmichael et al. (1955 b) 294 to 377
Kohn and Romero (1965) - 298 to 333
CH -3-methylpentane Kohn and Romero (1965) 298 to 333
CHCF; Mueller and Cahill (1964) 298 to 383
Hu and Kobayashi (1970) 298
CHi-n-heptane Carmichael et al. (1955 a) 311 to 377
Reamer and Sage (1963) 311 t0 377
CH,-SF Manner (1967) 298 to 478
CH,-Br: Mackenzic and Melville {1933) 289
CH4T-CF; Hu and Kobayashi (1970) 298
CD,H-CD, Vugts et al. (1971) 233 10 422
NH.-NH; Paul and Watson (1966) 233 to 353
Baker (1970 a) 301 10 446
NH.-N.» Bunde (1955) 298 to 358
Ivakin and Suetin {1964 a) 295
Weissman (1864} . 202 ta 593
NH;-CO Ivakin and Suctin (1964 a 295
NH;-CoHy Weissman (1964) 293 to 523
NHs-air Toepler (1896) 292
Wintergerst (1930) 287 10 298
Andrew (1055) 203
Ivakin and Suetin (1964 a) 295
NH;-CH;NH; Burch and Raw (1967) 273 to 673
NH;-0. Weissman (1964) 293 to 473
NHj-ethyl ether Srivastava and Srivastava (1963) 288 to 338
Pal and Bhattacharyya (1969) 299 to 373
NH;-SFe Ivakin and Suetin (1964 a) 297
H,0-H,0 Ferron (1967) 950 to 1400
H;O-N, Hippenmeyer (1949) 273 to 368
Schwertz and Brow (1951) 307 1o 352
Bosc and Chakrabuity (1955—50) 332 and 330
Crider (1956) 329 and 349
Nelson (1956) 298 to 328
O’Connell et al. (1969) 282 to 373
Nagata and Hasegawa (1970) 393 10 423
H;0-C:ll, Schwenz and Brow (1951) 308 to 353
Kimpton and Wall (1952) 208
H,0-C:H, Kimpton and Wall (1952) 298
Bose and Chakraborty (1955-56) 332 and 336
H,0-0. Schwertz and Brow (1951) 308 to 352
‘Walker and Westenberg (1960, 1966) 390 to 1070
H;O-air Stefan (1871) Room temperature
Guglielmo (1881, 1882) 280 to 296
Winkelmann (1884 a, b) 323 and 366
Winkelmann (1888) 290 to 294
Winkelmann (1889} 290 and 372
Houdaille (1896) 273
Brown and Escombe (1900) 286 to 290
Mache (1910) 301 10 366
Le Blane and Wuppermann {1916) 215
Summerhays (1930) 289-290
Houghton (1933) 293
Ackermann (1934) 356 to 366
Gilliland (1934) 299 10 332
Trautz and Miiller (1935) 281 to 373
Schirmer (1938) 273 to 370
Klibanova et al. (1942) 373 to 1493
Brookfield et al. (1947) 298 to 318
Kimpton and Wall (1952) 298
Rossié (1953) 356 to 575
Lee and Wilke (1954) 298
Bose and Chakraborty (1955—-56) 327 and 336
Narsimhan (1955—-56) 303
Nelson (1956) 298
Richardson (1959) 319
Petit (1965) 293 to 301
H:0-CH;OH Weissman (1968 a) 373
H.0-H:0: Weissman (1968 a) 443 to 513
H:0-CO. Guglielmo (1882) 291
Winkelmann (1884 a, b) 323 and 366
Winkelmann (1889) 294~298 and 373
Trautz and Miiller (1935) 294 o 372
Schwertz and Brow {1951) 307 to 352
Rossié (1953) 433
Crider (1956) 329 and 349
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TABLE 16.- Experimental determinations of %11 according to gas pair, temperature noted— Continued

T. R. MARRERO AND E. A. MASON

d. Other Mixtures — Continued

System Reference T,.K
Ember et al. (1964) 1000 to 1400
Ferron (1967) 1000 to 1700
Nagata and Hasegawa (1970) 394 10 423
H,0-C;Hy Kimpton and Wall (1952) 298
H.0-C.H;0H Weissman (1968 a) 373
H:0-S0, Kimpton and Wall (1952) 298
H:O-ethyl ether Winkelmann (1884 a) 284 and 293
H,O-CCLY: Lee and Wilke (1954} 298
D, O-air Kimpton and Wall (1952) 298 10 333
Na-N. von Hartel and Polyani (1930) 633
von Hartel et al. (1932) 655
Van der Held and Miecowicz (1937) 288
Cvetanovié and Le Roy (1952) 527
Ramsey and Anderson (1964) 453
Violino (1968) 453
Na-C;H,. von Hartel et al. (1932) 655
C.H.-C.H. Mueller and Cahill (1964) 298 to 383
C:H.-C.H, Mueller and Cahill (1964) 298 to 383
C,H-C.Hg Mueller and Cahill (1964) 298 to 383
CoH»-0. Suetin and Ivakin (1961) 287
Suetin (1964) 287
Colls-air Kosov (1957) 289
Suetin and Ivakin (1961) 288
Suetin (1964) 288
C.H.-CoHe Weissman (1964) 313 10 373
HCN-air Klotz and Miller (1947) 273
NyNy Winn (1948) 293
Winn (1950) 78 10 353
Winter (1951) 273 and 318
DeLuca {1954) 273
Amdur and Mason (1958 1000 to 15 000
Belyaev and Leonas (1966) 2000 to 15 000
, Vugts et al. (1970) 233 to 422
N»-CO Boardman and Wild (1937) 288-291
Wicke and Hugo (1961) 295
Weissman and Mason (1962 b) 300 1o 550
Amdur and Shuler (1963} 195 to 373
Ivakin and Suetin (1964 a) 296
Vugts et al. (1970) 233 10 422
N»-C.H, Boyd et al. (1951) 298
Knox and McLaren (1963, 1964) 291
Mueller and Cahill (1964) 298 and 373
Weissman (1964) 300 to 550
Evans and Kenney (1965) 287 and 291
Fuller and Giddings (1967) 303
Fuller ct al. (1969) 303
N.-NO Weissman {1964) 293 and 373
N.-CaHe Boyd et al. (1951) 298
Fejes and Czaran (1961) 298
Arai et al. (1967) 313 and 373
Jacobs et al. (1970) 298
Nz-O; von Obermayer (1880) 286287 and 335
von Obermayer (1882 b) 286-289
Lonius (1909) 285-286
Parker and Hottel (1936) 1157
Waldmann (1944, 1947) 293
Bohemen and Purnell (1961) 324
Giddings and Seager (1962) 298
Weissman and Mason (1962 b) 300 to 550
Belvaev and Leonas (1966) 2000 10 15 000
Arnikar et al. (1967 a, b) 298
Saxena and Gupta (1970) 313 to 366
N:-CH;OH Arnikar and Ghule (1969) 355
N;-HC1 Mian (1967} 324 10 523
Mian et al. (1969) 324 o 523
N.-K Ivanovskil et al. (1969) 630 to 920
N,-CO. Parker and Hottel (1936) 1157
Boardman and Wild (1937) 288-290
Wicke and Kallenbach (1941) 273
Waldmann (1944, 1947) 293
Boyd et al. (1951) 298
Schifer et al. (1951) 252 to 308
Westenberg and Walker (1957) 293
Walker (1958) 296 to 1114
Walker and Westenberg (1958 a) 298 to 1150
Walker and Westenberg (1958 b) 300 to 1150
Vyshenskaya and Kesov (1959) 293 to 1083
Walker et al. (1960) 299
Bohemen and Purnell (1961) 324
Suetin and Ivakin (1901) 290
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TABLE 16. Experimental determinations of &1, according to gas pair, temperature noted— Continued

GASEOUS DIFFUSION COEFFICIENTS

d. Other Mixtures — Continued

System Reference 7, K
Wicke and Hugo (1961) 295
Giddings and Seager (1962) 293 to 299
Ivakin and Suetin (1964 b) 290 to 473
Suetin (1964) 290
Pakurar and Ferron (1964) 295, 1136 to 1653
Weissman (1964) 293
Vyshenskaya and Kosov (1965) 293 to 1083
Kestin et al. (1966) 293 and 304
Pakurar and Ferron (1966) 1081 to 1810
‘Walker and Westenberg (1966, 296 to 1114
Coates and Mian (1967} 301 to 525
Ferron (1967) 1100 to 1800
Mian (1967) 301 to 525
| Ellis and Holsen (1969} 298 to 880
Schneider and Schifer (1969) 273 to 1300
Humphreys and Gray (1970) 300 to 1800
Lannus and Grossmann (1970 a, b) 283 10 399
Nagata and Hasegawa (1970) 314 to 365
N.»CsHg Fejes and Czaran (1961) 298
Arai et al. (1967) 313 and 373
Jacaebs ct al. (1970) 208
Lannus and Grossmann (1970 a, b) 283 to 472
N,-C;H;0H Bose and Chakraborty (1955-56) 327 and 331
Armnikar et al. (1967 b) 353
Arnikar and Ghule (1969) 355
Nyacetoue Mehita (1966) 290
Arnikar et al. (1967 b) 353
Amikar and Ghule (1969) 353
Nagata and Hasegawa {1970) 343 10 383
N-n-butane Boyd et al. (1951) 298
Fejes and Czaran (1961) 298
Arai et al. (1967) 313 and 373
Fuller and Giddings (1967) 302
Hargrove and Sawyer (1967} 298
Manner (1967) 298
Fuller et al. (196Y) 302
Jacobs et al. (1970) 298
N.-i-butane Boyd et al. (1951) . 298
N.-i-propyl alcohol Armnikar and Ghule (1969) 358
Nagata and Hasegawa (1970) 363 and 383
Nu-nitromethane Byme et al. (1967) 303
NSO, Schifer {1959) 263
No-n-pentane Arnikar and Ghule (1969) 353
Na-n-butylamine Mehta (1966) 298 -
Na-ethyl formate | Nagata and Hasegawa (1970) 344 to 403
Nz-methyl acetate Amnikar et al. (1967 b) 353
Arnikar and Ghule (1969) 358
Nagata and Hasegawa (1970) 364 to 403
Nabenzene Bose and Chakraborty {1955-56) 326 and 332
Hudeon et al. (1960) 311
Armnikar and Ghule (1969} 353
Nagata and Hasegawa (1970) 364 10 423
‘Na-pyridine Hudson et al. (1960) 318
NyHBr Mian (1967) 336 to 525
Mian ct al. (1969) 336 o 525
N»2:3-dimethylbuta-1:3-diene Cummings et al. {1955) 288
Na-thiophen Hudson et al. (1960) 302
Nu-cyclohexane Cummings and Ubbelohde (1953, 1955) 289
Hudson et al. (1960) 289
Nagata and Hasegawa (1970) 363 to 403
N,-2:3-dimethyl but-2-ene Cummings et al. (1955) 288
N.-methyl cyclopentane Cummings and Ubbelohde (1953, 1955) 286
N,-piperidine Hudsen et al. (1960) 315
N:-Rb McNeal (1962) 328
Violino (1968} 328
N.-3-pentanone Barr and Sawyer (1964) 300
N.-2:3-dimethylbutane Cummings and Ubbelohde (1953, 1955) 289
N.-n-hexane Cummings and Ubbelohde (1953, 1955) 289
Huber and van Vught {1965) 353
Arnikar et al. (1967 b) 353
N.-hexa-1:5-diene Cummings et al. (1955) 288
Ny-ethyl acetate Arnikar and Ghule (1969) 355
N-tetrahydrothiophen Hudson et al. (1960) 319
+NaOy Chambers and Sherwood (1937) 273 and 283
N.-monofluorobenzene Byme et al. (1967) 303
Ng-n-heptane Cummings et al. (1955) 303
Clarke and Ubbelohde {1957) 303
N,-2:4-dimethylpentane Clarke and Ubbelohde (1957) 303
N tricthylamine Mchta (1966) 208
N-Cd Spier (1940) 290-293
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TABLE 16. Experimental determinations of 212 according to gas pair, temperature noted— Continued

T. R. MARRERO AND E. A. MASON

d. Other Mixtures — Continved

System Reference T.K
Na-n-octane Cummings and Ubbelohde (1953, 1955) 303
Clarke and Ubbelohde (1957) 303
Ny2:2:4-trimethylpentane Cummings and Ubbelohde (1953, 1955) 303
Clarke and Ubhelohde (1957) 303
N,-CHCl, Nagata and Hasegawa (1970) 361 10 418
Ne-n-nonane Cummings et al. (1955) 340
N»Cs Violino (1968) 317
Ny1-bromobutane Byme et al. (1967) 303
N;-2:3:3-trimethylheptane Cummings and Ubbelohde (1953, 1955) 364
N,-n-decane Cummings and Ubbelohde (1953, 1955) 364
N»-SF Suetin and Ivakin (1961) 290
Ivakin and Suetin (1964 b) 290 to 473
Suetin (1964) 290
Evans and Kenney (1965) 293
Na-1-bromo-3-methylbutane Byme et al. (1967) 303
N,-CCl, Bose and Chakraborty (1955-56) 323 and 330
Nagata and Hasegawa (1970) 364 to 423
N.-Br, Mackenzie and Melville (1932) 286
Nu-1-iodopropane Byrne et al. (1967) 303
N,-n-dodecane Cummings and Ubbelohde (1953, 1955) 400
N.He Mullaly and Jacques (1924) 203
Trautz and Miiller (1935) 203
Spier (1940) 292-298
Nakayama (1968) 301
No-I, Mullaly and Jacques (1924) 293
Trautz and Miller (1935) 293
Vyshenskaya and Kosov (1965) 452 1o 873
N-UFy Ljunggren (1965) 293
CO-CO Amdur and Shuler (1963) 195 to 373
Vugts et al. (1970) 233 10 422
CO-C.H, von Obermayer (1883) 290-296
Weissman (1964) 300 to 550
C0-0. Loschmidt (1870 b) 294
von Obermayer (1883) 287 and 335
Walker and Westenberg (1960) 295 to 800
Weissman and Mason {1962 b) 300 to 500
Walker and Westenberg (1966) 295 to 796
CO-CO. Loschmidt (1870 b) 282 and 293
von Obermayer (1887) 292
Ivakin and Suetin (1964 a) 296
Ivakin and Suetin (1964 b) 296 to 473
CO-SF; fvakin and Suetin (1964 a) 297
Ivakin and Suetin (1964 b) 297 to 473
C:H,-CoHy Mueller and Cahill (1964) 298 to 383
CaH -CoHe Mueller and Cahill (1964) 208 tna 3R3
C.H0. Weissman (1964) 293 to 373
C.H,CO. von Obermayer (1887) 295
C.HrRb McNeal (1962) 333
Violino (1968) 333
NO-N,O Weissman (1964) 550 to 700
C.Hg-C:He Mueiier and Cahill (1964) 298 to 383
C,HeCHg Weissman (1964) 293 to 523
Gover (1967) 295
CgHs—COg Gover (1967) 295
C:He+Rb McNeal (1962) 333
Violino (1968) 333
C.H¢-n-hexane Carmichael et al. (1955 b) 294 to 377
0,0, Winn (1950) 78 10 353
Winter (1951) 273 and 318
Belyaev and Leonas (1966) 2000 to 15 000
0,CO, Loschmidt (1870 b) 287
Wretschko (1870} 297
von Obermayer (1882 a) 284293
Waldmann (1944, 1947) 203
Walker and Westenberg (1960) 297 to 1080
Suetin and Ivakin {1961) 288
Suetin (1964) 288
Walker and Westenberg (1966) 296 10 1083
Kosov and Zhalgasov (1970) 202 to 297
0.-C,H;011 Bose and Chakraborty (1955-56) 327 and 331
O»-benzene Trautz and Ludwig (1930) 296
Trautz and Miiller (1935) 296
Bose and Chakraborty (1955-56) 326—332
Hudson et al. (1960) 311
Qs-pyridine Hudson et al. {1960) 318
Oxthiophen Hudsen et al. (1960) . 302
(.-cyclohexane Cummings and Ubbelohde (1953, 1955) 289
Hudson et al. (1960) 289
(w-methyl cyclopentane Cummings and Ubbelohde (1953, 1995) 287
O.-piperidine Hudson et al. (1960) 315
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TABLE 16. Experimental determinations of 21 according to gas pair, temperature noted— Continued

d. Other Mixtures —Continued

System Reference T, K
0,-2:3-dimethylbutane Cummings and Ubbelohde (1953, 1955) 288
0:-n-hexane Cummings and Ubbelohde (1953, 1955) 289
O;-tetrahydrothiophen Hudson et al. (1960) 319
Oy-n-octane Cummings and Ubbelohde (1953, 1955) 303
0,-2:2:4-trimethypentane Cummings and Ubbelohde (1953, 1955) 303
0,-SFs Suetin and Ivakin (1961) 287

Suetin (1964) . 287
Ivakin et al. (1968) 297 to 408
0,-CClL Trautz and Miiller (1935) 296
Bose and Chakraborty {1955-56) 323 and 330
0,-Br, Mackenzie and Melville (1932) 286
0,-UFx Liungeren (1965) 293
air-0;, von Obermayer (1882 b) 290-294
von Obermayer (1887) 287-288
air-CH;OH Winkelmann (1885) 299 and 323
Vaillant (1911) 283
Altshuller and Cohen (1960) 298
Stevenson (1965) 293
Getzinger and Wilke {1967) 308
Lugg (1968) 298
Mrazek et al. (1968) 328
Katan (1069) 295
air-H;0, McMurtie and Keyes (1948) 333
air-COa Loschmidt (1870 a) 252 to 299
Loschmidt (1870 b) 252 10 291
von Obermayer (1880) 218-285 and 335
von Obermayer (1082 a) 284292
von Obermayer (1882 b) 283 o 298
Waitz (1882 a, b) 290292
von Obermayer (1883) 280~283 and 335
von Obermayer (1887) 281-298
Toepler (1896) 291292
Brown and Escombe (1900) 280288
Buckingham (1904) 300
Foch (1913) Room temperature
Coward and Georgeson (1937) 273
Klibanova et al. {1942) 290 10 1533
Andrew (1955) 291 to 293
Kosov (1957) 291
Suetin and Ivakin (1961) 289

air-formic acid

air-C;HsOH

air-acrylonitrile
air-acetone

air-allyl aleohol
air-acetic acid

air-methyl formate

air-n-propyl alcohol

air-i-propyl alcohol

air-ethylene diamine
air-CNCI
air-cthylenc glycol
air‘SOE

Holsen and Strunk (1964)
Suetin (1964)
Winkelmann (1885)

Lugg (1968)
Baumgartner (1877 a)
Winkelmann (1884 a)
Winkelmann (1885)
Vaillant (1911)

Le Blanc and Wuppermann (1916)
Trautz and Miiller (1935)
Lee and Wilke (1954)
Bose and Chakraborty (1955-56)
Narsimhan (1955-56)
Getzinger and Wilke (1967)
Lugg (1968)

Katan (1969)

Lugg (1968)

Goryunova and Kuvshinskii (1948)
Gush (1948)

Richardson (1959}
Sievenson (1965)

Pryde and Pryde (1967)
Lugg (1968)

Lugg (1968)

Winkelmann (1885)
Pochettino (1914)

Lugg (1968)

Griboiedov (1893)
Pochettino (1934)

Lugg (1968)

Winkelmann (1885)
Vaillant (1911)
Pochettino (1914)

Lugg (1968)

Pochettino (1914)
Gilliland (1934}

Lugg (1968)

Lugg (1968)

Klotz and Miller (1947)
Lugg (1968)

Andrew (1955)

J. Phys.

276 and 317
289
339 and 358
298
290
314 and 340
323 and 337
283 to 291
315 and 340
340
298
327 and 331
303
308
298
295
298
273
323
293 to 328
298
295
298
298
339 to 372
336 to 372
298
289295
284 and 293
298

340 and 357
287
288 to 355
298
288 and 333
299 to 332
298
298
273
208
203
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TABLE 16. Fxperimental determinations of 91» according to gas pair, temperature noted— Continued

T. R. MARRERO AND E. A. MASON

d. Other Mixtures — Continued

System Reference T,K
air-2-methyl-1,3-butadiene Altshuller and Cohen (1960) 288
air-Cl, Andrew (1955) 293

Kosov (1957) 289
air-methylethylketone Lugg (1968) 298
air-pentane Lugg (1968) 298
air-dimethylformamide Lugg (1968) 298
air-n-butylamine Pochettino (1914) 334-335
Tugg (1968) 208
air-i-butylamine Pochettino (1914) 292 and 335
Lugg (1968) 298
air-diethylamine Pochettino (1914) 283 and 324
Lugg (1968) 298
air.methyl acetate Winkelmann (1884 ¢) " 204 and 319
Griboiedov (1893) 300 to 317
Pochettino (1914) 283 1o 324
i Lugg (1968) 298
air-ethyl formate Winkelmann (1884 ¢) 294 and 319
Pochettino (1914) 284 1o 323
Lugg (1968) 298
air-propionic acid Winkelmann (1885) 366 and 372
Pochettino (1914) 324 to 372
Lugg (1968) 298
air-n-butyl alcohol ‘Winkelmann (1885) 372
Pochettino (1914) 334 and 373
Gilliland (1934) 299 1o 332
Lugg (1968) 298
air-i-butyl alcohol Winkelmann (1885) 340 and 357
Pochettino (1914) 333 and 372
Lugg (1968) 298
air-sec-butyl alcohol Gilliland (1934) 299 to 332
Lugg (1968) 298
air-tert-butyl aleehol Pochettino (1914) 294 and 340
Lugg (1968) 298
air-ethyl ether Stefan {1873) 292
Baumgartner (1877 a) 289
Stefan (1889, 1890) 292
Griboiedov (1893) 289292
Winkelmann (1884 a) 284 and 293
Naccari (1909, 1910) 285 to 299
Pochettino (1914) 283 to 303
Trautz and Miiller (1935) 288-293
Pryde and Pryde (1967) 205
Lugg (1968) 298
air-CS, Stefan (1873) 289
Baumgartner (1877 a) 291
Baumgartner {1877 b) 269 to 315
Stefan (1889, 1800) 289
Arnold (1944) 303
Lugg (1968) 298
air-ethylene glycol-monomethyl
ether Lugg (1968) 298
air-propylene glycol Lugg (1968) 298
air-allyl chloride Lugg (1968) 298
air-benzene Griboiedov (1893) 315 to 338
Le Blanc and Wuppermann (1916) 315 and 340
Lee and Wilke (1954) 208
Bose and Chakraborty (1955-56) 321 10 332
Narsimhan (1955-56) 303
Altshuller and Cohen (1960) 300 10 334
Jorgensen and Watts (1961) 308
Heinzelmann et al. (1965) 308
Stevenson (1965) 298
Ben Aim et al. (1967) 298
Getzinger and Wilke (1967) 308
Nafikov and Usmanov (1967) 293 10 333
Lugg (1968) 2
Grob and El-Wakil (1969) 297
Katan (1969) 295
Belousova et al. (1970) 300(?)
air-ethylene chlorohydrin Lugg (1968) 298
air-cyclohexane Goryunova and Kuvshinskii (1948) 318
air-hexene Altshuller and Cohen (1960} 293 and 303
air-dichloromethane Lugg (1968) 298
air-methylpropylketone Lugg (1968) 298
air-n-hexane Schlinger et al. (1952-53) 294 10 328
Altshuller and Cohen (1960) 298 to 323
Galloway and Sage (1967) 311
Nafikov and Usmanov (1967) 293 to 333
Lugg (1968) 298
Grob and EI-Wakil {1969) 207
air-n-hutyric acid Winkelmann (1885) 372
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TABLE 16. Experimental determinations of 91 according to gas pair, temperature noted— Continued

d. Other Mixtures — Continued

System Reference KX
Pochettino (1914) 348 and 373
. Lugg (1968) 298
air-i-butyric acid Winkelmann (1885) 371
Pochettino (1914) 351 and 373
Lugg (1968) 298
air-ethyl acetate Winkelmann (1884 ¢) 319
Pachettino (1914) 283 tn 343
Gilliland (1934) 299 to 332
Lugg (1968) 298
Grob and El-Wakil (1969) 297
Katan {1969) 295
air-methyl propionate Winkclmann (1881 ¢) 319 and 310
Griboiedov (1893) 316 and 332
Pochettino (1914) 288 to 343
Lugg (1968) 298
air-propyl formate Winkelmann (1884 c) 319 and 340
Pochettino (1914) 293 and 353
Lugg (1968) 298
air-p-dioxane Lugg (1968) 298
air-n-amyl alcohol Winkelmann (1885) 372
Lugg (1968) 298
air-active amyl alcohwol Winkelmann (1885) 372
air-sec-amyl alcohol Gilliland (1934) 299 to 332
Lugg (1968) 298
air-ethylene glycol- Lugg (1968) 298
monoethyl ether
air-toluene Mack (1925) 298
Gilliland (1934) 299 to 332
Fairbanks and Wilke (1950) 301
Narsimhan (1955-56) 303
Altshuller and Cohen (1960) 298 and 318
Stevenson (1965) 298
Yuan and Cheng (1967) 310 to 343
. Lugg (1968) 298
air»n-!?qtyl chloride Grob and E1-Wakil (1969) 297
air-aniline Mack (1925) 298
Gilliland (1934) 299 to 332
) Lugg (1968) 298
airfurfural Brookfield ot al. (1947) 298 to 323
air-fluorobenzene Grob and ElWakil (1969) 297
air-mesityl oxide Tugg (1968) 208
air-COCl, Klotz and Miller (1947) 273
air-1,1-dichloroethane Lugg (1968) 298
air-1,2-dichloroethane Lugg (1968) 298
Grob and El-Wakil (1969) 297
air » hoptane Schlinger ot al, (1952-53) 204 to 361
Altshuller and Cohen {1960) 290 and 338
Stevenson (1965) 298
Galloway and Sage (1967) 339-350
Nafikov and Usmanov (1967) 293 to 353
Grob and EI-Wakil (1969) 297
air-triethylamine Lugg (1968) 298
air-i-butyl formate Pochettino (1914) 298 to 358
. . Lugg (1968) 298
air-ethyl propionate Winkelmann (1884 c) 340 and 363
Pochettino (1914) 283 to 366
Fairbanks and Wilke (1950) 301
Lugg (1968) 298
air-methyl n-butyrate Winkelmann (1884 ¢) 340 and 365
Pochettino (1914} 295 to 372
, Lugg (1968) 298
air-methyl i-butyrate Winkelmann (1884 ¢) 323 and 340
Pochettino (1914) 285 and 353
Lugg (1968) 298
air-n-propyl acetate Le Blane and Wuppermann (1016) 315 and 340
Pochettino (1914) 283 10 372
. Lugg (1968) 298
air-i-propyl acetate Lugg (1968) 298
air-valeric acid Pochettino (1914) 355 and 373
air-i-valeric acid Winkelmann (1885) 372
Pochettino (1914) 344 and 373
Lugg (1968) 298
air-2-ethyl-1-butanol Lugg (1968) 298
air-n-hexyl alcohol Winkelmann (1885) 372
Lugg (1968) 298
air-i-propylether Lugg (1968) 298
air-methyl-2-pentanol Lugg (1968) 298
air-benzonitrile Lugg (1968} 298
air-phenylethylene Lugg (1968} 298
air-diethylene glycol Lugg (1968) 298
air-ethyl benzene Pochettino (1914) 323 10 373
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TABLE 16. Experimental determinations of %12 according to gas pair, temperature noted— Continned

d. Other Mixtures — Continued

System Reference K
Lugg (1968) 298
air-m-xviene Pochettino (1914} 293 tn 272
Lugg (1968) 298
air-o-xylene Pochettino (1914) 323 to 373
Lugg (1968) 298
air-p-xylene Pochettino (1914) 294 to0 373
Lugg (1968) 298
air-benzyl alcohel Lugg (1968) 298
air-ethyl bromide Lugg (1968) 298
Grob and El-Wakil (1969) 297
air-propylene dichloride Lugg (1968) 208
air-J-octcne Altshuller and Colen (1960) 313 and 370
air-chlorobenzene Le Blanc and Wuppermann (1916) 315 and 340
Gilliland (1934) 299 to 332
Lugg (1968) 298
air-ethyl cyanoacetate Lugg (1968) 298
atr-n-octane Mack (1925) 298
Galloway and Sage (1967) 364
Nafikov and Usmanov (1967) 293 to 353
Lugg (1968) 298
air-n-amyl formate Pochettino (1914) 310 to 373
Lugg (1968) 298
air-i-amyl formate Pochettino (1914) 322 and 373
Lugg (1968) 298
air-n-butyl acetate Pochettino (1914) 325 and 373
Lugg (1968) 298
airi-butyl acetate ‘Winkelmann (1884 c} 340 and 371
Pochettino {1914) 324 and 373
Lugg (1968) 298
air-n-caproic acid Pochettino (1914) 355 and 373
Tngp (1968) 208
air-i-caproic acid Pochettino (1914) 355 and 373
Lugg (1968) 298
air-diacetone alcohol Lugg (1968) 298
air-ethyl n-butyrate Winkelmann (1884 ¢) 340 and 370
Pochcttine (1914) 315 ansd 373
Lugg (1968) 298
air-ethyl i-butyrate Winkelmann (1884 c) 340 and 369
Pochettino (1914) 332 and 373
Lugg (1968) 298
air-methyl valerate Pochettino (1914) 319 to 373
Lugg {1968) 298
air-propyl propionate Winkelmann (1884 c) 370
Pochettino (1914) 326 to 373
air-n-heptyl alcohol Lugg (1968) 298
air-CHCly Baumgartner (1877 a) 292
Goryunova and Kuyshinskii (1948) 273
Getzinger and Wilke (1967) 308
Lugg (1968) 298
Mrazek et al. (1968) 323
air-mesitytene Pochettino (1914) 334 and 373
Lugg (1968) 298
air-n-propyl benzene Pochettino (1914) 325 to 372
Lugg (1968) 298
air-i-propyl benzene Pochettino (1914) 333 te 272
Lugg (1968) 298
air-pseudo-cumene Lugg (1968) 298
air-benzoic acid Yuan and Cheng (1967) 413 to 433
air-n-propyl bromide Pochettino (1914) 294 and 336
Lugg (1968) 298
air-i-propyl bromide Pochettino (1914) 292 and 325
Lugg (1968) 298
air-nitrobenzene Lee and Witke (1954) 298
Lugg (1968) 298
air-benzyl chloride Pochettino (1914) 357 and 372
Lugg (1968) 298
air-o-chlorotoluene Pochettino (1914) 338 to 371
Lugg (1968) 298
air-m-chlorotoluene Pochettino (1914) 338 and 371
Lugg (1968) 298
air-p-chlorotoluene Pochettino (1914) 333 to 373
Lugg (1968) 298
air-n-CyHzo Nafkov and Usmanov (1967) 293 to 353
air-napthalene Mack (1925) 298
air-bromochloromethane Lugg (1968) 298
air-n-amyl acetate Lugg (1968) 298
air-n-butyl propionate Lugg (1968) 298
air-i-butyl propionate Winkelmann (1884 ¢)’ 371
Pochettino (1914) 329 to 373
Lugg (1968) 208
air-ethyl valerate Winkelmann {1884 ¢) 371
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TABLE 16. Experimental determinations of 212 according to gas pair, temperature noted— Continued

d. Other Mixtures — Continued

System Reference T, K
Pochettino (1914) 324 to 372
Lugg (1968) 298
air-methyl-n-caproate Lugg (1968) 298
air-n-propyl n-butyrate Winkelmann (1884 ¢) 371
Pochettino (1914) 323 to 373
Lugg (1968) 298
air-n-propyl i-butyrate Winkelmann (1884 ) 270
Pochettino (1914) 339 t0 373
Lugg (1968) 298
air-i-propyl i-butyrate Pochettino (1914) 323 and 373
Lugg (1968) 298
air-octyl aleohol Lugg (1968) 208
air-n-butylether Lugg (1968) 298
air-trichloro-ethylene Lugg (1968) 298
air-1,1,1-trichlorethane Lugg (1968) 298
air-1.1,2-trichlorethane Lugg (1968) 298
air-diethylene glycol-monoethyl
ether Lugg (1968) 298
airp-cymene Lugg (1968) 298
airi-phorone Lugg (1968) 298
air-toluene-2,4-diisocyanate Lugg (1968) 298
atr-n- CipHazs Altshuller and Cohen (1960) 313 to 422
Nafikov and Usmanov (1967} 313 to 353
air-dichloroethylether Lugg (1968) 298
air-amyl propionate Winkelmann (1884 ¢) 371
Pochettino (1914) 323 and 373
Lugg (1968) 298
air-I-butyl-n-butyrate Winkelmann (1884 ¢} 371
Pochettino (1914) 348 to 373
Lugg (1968) 298
air-i-butyli-butyrate Winkelmann (1884 ¢) an
Pochettino {1914) 348 and 373
Lugg (1968) 298
air-propyl valerate Winkelmann (1884 c) 37
Pochettino (1914) 343 to 373
Lugg (1968) 298
air-SFs Suetin and lvakin (1961) 290
Suetin {1964) 290
air-ethylene glycel-monoethylether
acetate Lugg (1968) 208
air-p-tert-butyltoluene Lugg (1968) 290
air-triethylene glycol Lugg (1968} 298
air-benzyl acetate Lugg (1968) 298
air-methyl salicylate Brookfield et al. (1947) 298 and 323
air-CCly Bose and Chakraborty (1955-56) 323 and 330
Narsimhan (1955 56) 303
Richardson (1959) 315 to 335
Getzinger and Wilke (1967) 308
Pryde and Pryde (1967) 295
Lugg (1968) 298
Grob and El-Wakil (1969) 297
air-diphenyl Mack (1925) 298
Gilliland (1934) 491
air-n-C; Hay Nafikov and Usmanov (1967) 333 and 353
air-ethyl iodide Grob and EI-Wakil {1969) 297
air-amyl n-butyrate Pochettino (1914) 324 and 373
Lugg (1968) 298
air-amyl i-butyrate Winkelmann (1884 ¢} 371
Pochettino (1914) 357 and 273
Lugg (1968) 208
air-i-butyl valerate Winkelmann (1884 ¢) 371
Pochettino (1914) 353 and 373
Lugg (1968) 298
air-Bry Andrew {1955) 293
Brackett (1966) 301
Lugg (1968) 298
air-safrole Pochettino (1914) 350 and 373
air-i-safrole Pochettino (1914) 336 and 373
air-engenol Pochettino (1914) 359 and 372
air-i-eugenol Pochettino (1914) 358 and 372
air-chlorpicrin Lugg (1968) 298
air-CCLLNO, Klotz and Miller (1947) 298
air-tetrachloroethylene Lugg (1968) 298
air-1,1.2 2-tetrachlorethane Lugg (1968) 298
air-n-propyl iodide Pochettino (1914) 304 to 373
Lugg (1968) 298
air-i-propyl iodide Pochettino (1914) 324 to 352
Lugg (1968) 298
air-r-CaHag Nafikov and Usmanov (1967) 333 and 353
air-anithracene Mack (1925) 372
air-triethyl phesphate Lugg (1968) 298
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TABLE 16. Experimental determinations of 912 agcording to gas pair, temperature noted — Continued

d. Other Mixtures — Continued

System Reference 7, XK
air-benzidine Mack (1925) 372
air-ethylene dibromide Call (1957) 273 10 293

Lugg (1968) 298
air-Hg Gaede {(1915) Room temperature
413 and 473
Gilliland (1934) 614
Trautz and Miiller (1935) 413 and 473
Mikhailov and Kochegarova (1967) {?)
Lugg (1968) 298
air-pentachlorocthane Lugg (1968) 298
air-diethyl phthalate Lugg (1968) 298
air-n-CieHaq Bradley and Shellard {1949) 288 10 308
air-1,2-dibromo-3-chloropropane Lugg (1968) 293
air-n-CH e Bradley and Shellard (1949) 288 to 313
air-bromoform Lugg (1968) 208
air-I. Langmuir (1918) 203
Mack (1925) 208
Topley and Whytlaw-Gray (1927) 287 to 303
Trautz and Miiller {1935) 287 to 303
de Nordwall and Flowers (1958) 298
air.n.CgHqg Bradley and Shellard (1049) 288 1o 313
air-Sg Bradley (1951} 303
air-tributyl phosphate Lugg (1968) 298
air-di-n-butyl phthalate Bradley et al. (1946) 293
Birks and Bradley (1949) 288 to 313
Lugg (1968) 298
air-tetraethyl pyrophosphate Lugg (1968) 298
air-bis-2-ethylhexyl phosphate Lugg (1968) 298
air-(C;H;5)sCH Bradley and Waghorn (1951) 298 to 308
air-diisooctyl phthalate Lugg (1968) 208
air-butyl stcarate Diadley et al. (1946) 293
air-tri-orthocresol phosphate Lugg (1968) 298
air-(CoHz21);CH Bradley and Waghorn (1951) 298 to 308
air-n-CieFas Bradley and Waghorn (1951) 288 to 303
CH;0H-CO., Winkelmann (1885} 299 and 323
CH;OH-i-butanol Weissmann (1968 a) 423
H,S-ethyl ether Pal and Bhattacharyya (1969) 298 to 373
HCLDC1 Braune and Zehle (1941) 293 - 296
HCLCO, Weissman (1964) 291
HCI-Br» Mackenzie and Melville (1933) 288
C3;He-C3Hs Weissmann (1964) 313 t0 373
C0,-CO; Winn (1950) 195 to 353
Timmerhaus and Drickamer (1951) 296 —297
Winter (1951) 273 and 318
Amdur et al. (1952) 195 to 363
Miller and Carman (1961) 293
Ember et al. {1962} 297, 1180 to 1680
Schifer and Reinhard (1963) 233 t0 513
Wendt et al. (1963) 248 to 362
Ember et al. (1964) 297
Miller and Carman (1964) 293
Pakurar and Ferron (1964) 295, 125¢ to 1650
Pakurar and Ferron (1965) 1103 to 1944
Ferron (1967) 300 to 1900
Amnis ct al. (1969) 295
Mistler et al. (1970) 293
CO:-N,0 Loschmidt (1870 b) 288 and 293
von Obermayer (1880} 283—285 and 335
von Obermayer (1882 b) 283 287
Boardman and Wild (1937) 286287
Wall and Kidder (1946) 298
Amdur et al. (1952) 195 o0 363
Weissman (1964) 300 to 550
Kosov and Abdullina (1966) 298
CO;-ethylene oxide Wall and Kidder (1946) 298
CO,-C3Hg ‘Wall and Kidder {(1946) 298
Weissman (1964) 300 to 550
CO;-formic acid Winkelmann (1885) 339 and 358
CO»-C,H;OH Winkelmann (1884 a) 314 and 340
Winkelmann (1885) 323 and 337
Trautz and Miiller (1935) 315 and 340
COs-acetic acid Winkelmann {1885) 339 to 372
COy-n-propyl alcohol Winkelmann (1885) 340 and 357
COy-ipropyl aleohol Nagata and Hasegawa (1970} 363 o 418
C0,-50; Schifer (1959) 263 to 473
Weissman (1964) 289
COs-ethyl formate Winkelmann (1884 ¢} 294 and 319
Nagata and Hasegawa (1970} 334 10 363
CO:-methyl acetate Winkelmann (1884 ¢) 294 and 319
Nagata and Hasegawa (1970) 363 and 383
CO:-propionic acid Winkelmann (1885) 366 and 372
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TaBLE 16. Experimental determinations of 92 according to gas pair, temperature noted— Continued

d. Other Mixtures —Continued

System

Reference

T, K

CO.-n-butyl alcohol
CO.-i-butyl alcohol
CO.-ethyl ether

CO,-CS:

CO--benzene
CO.-cyclohexane
CO.-n-butyric acid
COy-i-butyric acid
CO.-ethyl acetate
CO.-methyl propionate
CO.-propyl formate
CO;-n-amyl alcohol
C0;-active amyl alcohol
CO2-ethyl propionate
CO»-methy! butyrate
CQO;-methyl i-butyrate
COy-i-valeric acid
COq-n-hexyl aleohol
COy-i-butyl acetate
CO»-ethyl buryrate
CQOy-ethyl i-butyrate
CO,-ethyl valerate
COy-propyl propionate
CO,-CHCl;

COy-i-butyl propionate
CO;-propyl butyrate
COy-propyli-butyrate
CQOz-amyl propionate
COy-i-butyl butyrate
COy-i-butyli-butyrate
COs-propyl valerate
CO»-

CO,-CCL4

CO,-amyl i-butyrate
CO,-i-butyl valerate
CO,.Br,

CO.- 1,
N:0-ethylene oxide
N.0-C3;H;g

N,O-Br,
CsHg-n-hexane
NO,-N: 0,
C:H;0H-C:H,OH
C:H;OH-CCLF,
(CH;).0-CH5Cl1

(CH;)0-S0;
CH;C1-S0,

CH;Cl-C;H;Cl
1,3-butadiene-1-butyne
C3H,0H-C,;H,OH
S Pl 2F2
BF;-BF;

BF;-CCly

n- Cs,H |2~ﬂ~C5H 12
n- P&Ha Q'C(Cns)d
(C.H5)0-CHCl;
CeHe-CCly
CsHa'CC}:zF‘z
HBr-DBr
cyclohexane-Rb

CH,CL-CCly
CF4-SFs
i-octane-CgHsNO,
triethylamine-CCLF:
CgHie-CsF6
BCl,-CCl,
CHCI,;-CCl,
CLCF»-CLCYF;

Winkelmann (1885)
Winkelmann (1885)
Baumgartner (1877 a)
Winkelmann (1884 a)
Trautz and Miiller (1935)
Baumgartner (1877 a)
Baumgartner (1877 b)
Nagata and Hasepawa (1970)
Nagata and Hasegawa (1970)
Winkelmann (1885)
Winkelmann (1885)
Winkelmann (1884 ¢)
Winkelmaon (1884 )
Winkelmann (1884 ¢)
Winkelmann (1885)
Winkelmann (1885)
Winkelmann (1884 ¢)
Winkelmann (1884 ¢)

. Winkelmann (1884 ¢)
. Winkelmann (1885)

Winkelmann (1885) -
Winkelmann (1884 ¢)
‘Winkelmann (1884 ¢)
Winkelmann (1884 ¢)
Winkelmann (1884 ¢)
‘Winkelmann (1884 ¢)
Baumgartner (1877 a)
Nagata and Hasegawa (1970)
Winkelmann (1884 ¢)
Winkelmann {1884 ¢)
Winkelmann {1884 c)
Winkelmann {1884 ¢)
Winkelmann (1884 ¢)
Winkelmann (1884 ¢)
Winkelmann (1884 ¢)
Suetin and Ivakin (1961)

! Suetin (1964)
i Ivakin and Suetin (1964 b)

Nagata and Hasegawa (1970)
Winkelmann {1884 ¢)
Winkelmann (1884 ¢)
Mackenzie and Melville (1932)
Mackenzie and Melville (1933)
Vyshenskaya and Kosov (1965)
Wall and Kidder (1946)

Wall and Kidder (1946)
Weissman (1964}

Mackenzie and Melville (1933)
Carmichael et al. (1955 b)
Weissman (1968 a)

Weissman (1968 a)

Lee and Wilke (1954}
Chakraborti and Gray (1966)
Weissman {1968 a)
Chakraborti and Gray (1966)
Weissman (1968 a)
Chakraborti and Gray (1966)
Weissman (1968 a)

Manner (1967)

Bournia et al. (1961)
Weissman (1968 a)

Chang et al. (1970)

Zmbov and Knezevié (196])
Raw (1955)

Beatty (1969)

Reatty (10A9)

Weissman (1964)

Weissman (1964)

Lee and Wilke (1954)

Braune and Zehle (1941)

i McNeal (1962)

Violino (1968)

Weissman (1964)

Khoury and Kobayashi (1970)
Raw and Tang (1963)

Huber and van Vught (1965)
Mehta (1966)

Weissman (1964)

Raw (1955)

Weissman (1964)

Miller and Carman {1961)

372
340 and 357
291
283 and 293
290293
290
267 10 313
364 10 423
363 10 423
372
371
319
R19 and 240
319 and 340
372
372
340 and 363
340 and 365
323 and 340
372
372
340 and 371
340 and 370
340 and 369
371
370
291
363 to 404
371
371
370
371
371
371
371
291
291
291 to 472
363 to 423
31
371
288
290
452 10 1275
298
298
200 to 550
290
294 to 377
303 to 343
423
298
303 to 333
308 and 353
303 to 333
308 and 353
303 to 333
308 and 353
298 to 419
300
423
273 to 673
298 and 316
303
273
273
293
293
298
294296
323
323
293 to 413
243 1o 348
303 to 342
298
298
303 and 323
303
293
293
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TABLE 16. Experimental determinations of %12 according to gas pair, temperature noted — Continued

T. R. MARRERO AND E. A. MASON

d. Other Mixtures — Continued

System Reference 7. K
CCLF,-di-n-butyl phthalate Birks and Bradley (1949} 293 and 303
Heg-Hg Coulliette (1928) 338 to 376

Bivndi (1933) 350
MecCoubrey (1954) 473
McCoubrey and Matland (1954) 473(2)
Matland and McCoubrey (1955) 380 to 580
McCoubrey and Matland (1956) 473
He-L Mullaly and Jacques (1924) 292
GeBra-GeBry Jona (1965) 684
Gel,-Gely Jona (1965) 684
UFe-UFe Ney and Armistead (1947) 297—301
Brown and Murphy (1965) 273 to 344

References for Section 5

[1] Mason, E. A., Amdur, 1., and Oppenheim, L., J. Chem. Phys.

6. Acknowledgments

This work is based on the Ph.D. dissertation of

43,4458 (1965). T. R. Marrero at the University of Maryland. It
2] D‘ﬁ’g’ég' E., and Mason, E. A., J. Chem. Phys. 44, 2604 was supported in part by National Aeronautics and
[3] Mason, E. A., and Monchick, L., J. Chem. Phys. 36, 2746 Space .Adm‘lmstratlon Grant NGE—Zl-—UUZ—Ubd to
(1962). the University of Maryland, and in part by Army

J. Phys. Chem. Ref. Data, Vol. 1, Ne. 1, 1972

Research Office (Durham) Grant DA-ARO-D-
31-124-G925 to Brown University. The first
author thanks Truman 8. Storvick, University of
Missouri— Columbia, for his support during the
proofreading phase of this work.



GASEOUS DIFFUSION COEFFICIENTS 111

Bibliography L. Gaseous Diffusion Coeflicients for Binary Mixtures
(1870 to 1970)

References are in alphabetical order of the (first) author.
Papers with one author precede those with two. which precede
those with three or more authors.

Ackermann, G. (1934), Ing.-Arch. 5, 124; H,0-air, evaporation
tube.

Altshuller, A. P., and Cohen, I. R. (1960), Anal. Chem. 32,
802; air-(methanol, n-hexane, n-heptane, n-decane, l-hexene,
l-octene, 2-methyl-1,3-butadiene, benzene, toluene), evapora-
tion tube.

Amdur, 1., and Beatty, J. W., Jr. (1965), J. Chem. Phys. 42,
3361; Ha-(H,, TH, Ty), D.-(TH, T.), closed tube.

Amdur, 1., and Malinauskas, A. P. (1965), J. Chem. Phys. 42,
3355; He-(H,, T., TH), closed tube.

Amdur. L., and Mason, E. A. (1958), Phys. Fluids 1,370; He-(He
An), Ne-Ne, Ar-Ar, Kr-Kr, Xe-Xe, N2-Nz, molecular beam
scattering,

Amdur, 1., and Schatzki, T. F. (1957). J. Chem. Phys. 27, 1049;
Ar-(Ar, Xe), Xe-Xe. closed tube.

Amdur, 1., and Schatzki, T. F. (1958), J. Chem. Phys. 29, 1425;
Ar-Xe, closed tube.

Amdur, 1., and Shuler, L. M, (1963), J. Chem. Phys. 38, 188;
CO-(CO, Ny), closed tube.

Amdur, L., Irvine, J. W., Jr., Mason, E. A, and Ross, J.(1059),
J. Chem. Phys. 20, 463; CO,-{CO:, No0), closed tube.

Anderson, L. W., and Ramsey, A. T. (1963), Phys. Rev. 132,
712; Na-(He, Ne), optical pumping.

Andrew, S. P. S. (1955), Chem, Eng. Sci. 4, 269; air-(NHg, COs,
50z, Cly, Bry), two-bulb apparatus. )

Annis, B. K., Humphreys, A. E., and Mason, E. A. (1968), Phys.
Fluids 11, 2122; Kr-(He, H,), two-bulb apparatus.

Annis, B. K., Humphreys, A. E., and Mason, E. A. (1969), Phys.
Fluids 12, 78; Ar(He, H;, Ty), Kr-(Kr, Hz, D2, T2), Ha-H.,
N3z-Tz, CO»(Ile, Ne, Iz, D2, Tz, COz), two-bulb apparatus,
recalculations.

Arai, K., Saito, S., and Maeda, S. (1967), Kagaku Kogaku 31,
25; He-(CH4. CzHa), Nz—(CH.g, Csz. CsHs,, C4Hm)~ gas (3}1!’01113.-

togrdphy.

Arnikar, H. J., and Ghule, H. M. (1969), Int. J. Electron. 26,
159; N.-(CH;OH, ethanol, i-prepyl alcohol, methyl acetate,
ethyl acetate, benzene, n-pentane, acetone), gas chroma-
tography. !

Arnikar, H. J., Rao, T. S., and Karmarkar, K. H. (1967 a), J.
Chromatog. 26, 30; N;-Q,, gas chromatography (packed
column). )

Arnikar, H. J., Rao, T. S., and Karmarkar, K. H. (1967 b), Int.
J. Electron. 22, 381; Na-(O., ethanol, acetone, methyl acetate,
n-hexane, CCly), gas chromatography (packed column).

Arnold, J. H. (1944), Trans. Amer. Inst. Chem. Eng. 40, 361;
air-CS,, unsteady evaporation. }

Arnold, K. R., and Toor, H. L. (1967), AIChE J. 13, 909; H,-
{Ar, CHy), CHs-Ar; closed tube.

Baker, C. E. (1970 a), J. Chem. Phys. 52, 2159; NH,;-NH,,
closed tube.

Baker, C. E. (1970 b), NASA Report SP-239, p. 63; O-Ar, dis-
sociated gases.

Barr, J. K., and Sawyer, D. T. (1964), Anal. Chem. 36, 1753;
3-pentanone-(He, Ar, N;), gas chromatography.

Barus, C. (1924 a), Proc. Nat. Acad. Sci. U.S.A. 10, 153; coal
gas-air, open tube

Barus, C. (1924 b), Proc. Nat. Acad. Sci. U.S.A. 10, 447; H;-air,
open tube.

Baumgartner, C. (1877 a), Siteber, Akad. Wice, Wien 75, 313;
ethanol-(H., coal gas, zir), CS,-(H,, coal gas, air, CO:), ethyl
ether-(H,, coal gas, air, COz), CHCly-(Hs, coal gas, air, CO.),
evaporation tube.

Baumgartner, G. (1877 b), Sitzber. Akad. Wiss. Wien 75, 679;
CSz-{H3, coal gas, air, C02), evaporation tube.

Beatty, J. W. (1969), J. Chem. Phys. 51, 4673; CH,-butane,
n-pentane-n-pentane, . n-pentane-necpentane, closed tube.

Belousova. 1. M., Kiselev, V. M., and Kurzenkov, V. N. (1970),
Soviet Phys.-Tech. Phys. 15, 301 [Zh. Tekh. Fiz. 40, 402
(1970)); CFsl-(He, Ne, Ar, Xe), GF/I-(He, Ne, Ar, Xe), air-
benzene, closed tube.

Belyaev, Yu. N., and Leonas, V. B. (1966), High Temp. (USSR)
4, 686 [Teplofiz. Vys. Temp. 4,732 (1966)]; No-(Nz, O.),
0,-Q,, molecular beam scattering.

Ben Aim, R., Eggarter, R. P., and Krasuk, J. H. (1967), Chem.
Ind., Genie Chem. 97, 1638; air-benzene, evaporation tube.

Bendt, P. J. (1958), Phys. Rev. 110, 85; 3He-*He, H,-D., diffu-
sion bridge.

Bernheim, R. A. (1962), J. Chem. Phys. 36, 135; He.Rb, optical
pumping.

Bernheim, R. A., and Korte, M. W. (1965), J. Chem. Phys. 42,
2721; He-K, optical pumping.

Biondi, M. A. (1953), Phys. Rev. 90, 730; Hg-Hg, mercury hand
fluoreseence.

Birks, J., and Bradley, R. S. (1949), Proc. Royal Soc. A198,
226; di-n-butyl phthalate-(H,, air, Freon-12), droplet evaporation.

Boardman, L. E., and Wild, N. E. (1937), Proc. Royal Soc. A162,
511; Ny-(Hz, CO, CO,), CO,-(H:, N20), closed tube.

Bohemen, J., and Purnell, J. H. (1961), J. Chem. Soc., p. 360;
Na-(Hz, Oz, CO;), gas chromatography.

Bondarenko, A. G., and Golubev, I. ¥. {1964), Gasov. Prom. 9,
50; Hp-(N2, CO3), two-bulb apparatus,

Bose, N. K., and Chakraborty, B. N. (1955-56), Trans. Indian
Inst. Chem. E% 8, 67; HoO-(Nz. O, air), ethanol(Ng, O,
aill']), benzene-(N2, O,, air), CCly-(Ny O., air), evaporation
tube.

Bournia, A., Coull, J., and Houghton, G. (1961), Proc. Royal
Soc. A261, 227; 1,3-butadiene-1-butyne, gas chromatography.

Boyd, C. A., Stein, N., Steingrimsson, V., and Rumpel, W. F.
(1951), J. Chem. Phys. 19, 548; H,-(CH,, C.Hs, CO:, SFs),
N,-(C2Hs, C2Hs, CO:, n-butane, i-butane), closed tube.

Bradley, R. S. (1951), Proc. Royal Soc. A205, 553; air-Ss.
droplet evaporation.

Bradley, R. 8., and Shellard, A. ). (1949), Proc. Rayal Sac. AT198,
239; air{n-hexadecane, n-heptadecane, n-octadecane), droplet
evaporation.

Bradley, R. 3., and Waghorn, G. C. S. (1951), Proc. Royal Soc.
A206, 65; air-(triheptyl methane, tridecyl methane, per-
fluorohexadeocanc), droplet evaporation,

Bradley, R. S., Evans, M. G., and Whytlaw-Gray, R. W. (1946),
Proc. Royal Soc. A186, 368; air-(butyl stearate, dibutyl
phthalate), droplet evaporation.

Braune, H., and Zehle, F. (1941), Z. Physik. Chem. B49, 247;
HCI-DCI, XIB:-DBr, closed tube,

Breetveld, J. D., DiPippo. R., and Kestin, J. (1966), J. Chem Phys.
4.5, 124; Ne-CQy», mixture viscosity.

Breetveld, J. D., DiPippo, R., and Kestin, J. (1967), J. Chem.
Phys. 46, 1541; Ne-CO., mixture viscosity.

Brockett, C. P. (1966), J. Chem. Educ. 43, 207; air-Br, evapora-
tion tube.

Brookfield, K. J., Fitzpatrick, H. D. N., Jackson, J. F., Matthews,

B., and Moelwyn-Hughes, E. A. (1947), Proc. Royal Soc.
A})90, 59; air-(H.0, furfural, methyl salicylate), evaporation
tube.

Brown, H. T., and Escombe, F. (1900), Phil. Trans. Royal Soc.
B193, 223; air-(H.0, CQ,), diffusion-controlled absorption.

Brown, M., and Murphy, E. G. (1965), Trans. Faraday Soc.
61, 2442: UF:-UFs. two-bulb apparatus.

Browning, R., and Fox, J. W. {1964), Proc. Royal Soc. A278,
274; H-H 1, mixture viscosity.

Buckingham, E. (1904}, U.S. Dept. Agr. Bur. Seils, Bull. No. 25;
air-CO., diffusion bridge (porous septum).

Bunde, R. E. (1955), Univ. Wisconsin, Naval Research Lab. Re-
port CM—850; H.-(He, NH;, N;), NH;-N,, closed tube.

Burch, L. G., and Raw, C. J. G. (1967), J. Chem. Phys. 47, 2798;
NH:-methylamine, mixture viscosity,

Byrne, J. J., Maguire, D., and Clarke, J. K. A. (1967), J. Phys.
Chem. 71, 3051; nitromethane-(Ar, H,, N.), monofluoroben-
zene-(Ar, Hi, Nj), l-bromo-3-methylbutane-(Ar, H., Ns),
l-iodopropane-(H., N»), 1-bromobutane-(H., N.), evaporation
tube.

Call, F. (1957), J. Sci. Food Agric. 8, 86; air-ethylene dibromide,
evaporation tube.

Carey, C. A., Camnevale, E. H., and Marshall, T. (1966), Para-
metrics Inc., Tech. Rept. AFML~TR-65-141, part II, He-Ar,
sound absorption.

Carey, C., Carnevale, E. H., and Uva, S. (1968), Private communi-
cation from C. Carey, He-Ar, sound absorption.

Carmichael, L. T., Reamer, H. H., Sage, B. H., and Lacey, W. N.
(1955 a), Ind. Eng. Chem. 47, 2205; CH,-n-heptane, evapora-
tion tube.

Carmichael, L. T., Sage, B. 1., and Lacey, W. N. (1955 b), AIChE
J. 1, 385; n-hexane-{CH,, C:Hs, C;Hs) evaporation t“b{?-

Carswell, A. L. (1960), see Islam and Stryland (1969); Ar-CH,,
closed tube.

Carswell, A. L, and Stryland, J. C. (1963), Canadian J. Phys. 41,
708; CH.-(He, Ar), closed tube

Chakiaborti, P, K., and Gray, P. (1966), Trans, Faraday Soc. 66,
3331; SOs(methyl chloride, dimethyl ether), methyl chloride-
dimethyl ether, iwo-bulb apparatus.

Chambers. F. S.. Ir.. and Sherwood. T. K. (1937). Ind. Eng. Chem.
29, 1415; N.-N.Q., evaporation tube.
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Chang, G. T. (1966), Ph. D. Thesis, Rice Univ., Texas; He-N,
CH,-(CoHs, C3Hs, n-butane), gas chromatography

Chang, K. C., Hesse, R. J., and Raw, C. J. G. (1970), Trans. Fara-
day Soc. 66, 590; SO-_»-SOng, mixture viscosity.

Clarke, J. K., and Ubbelohde, A. R. (1957), J. Chein. Soc., p. 2050;
n-heptane-(He, Ar, Hs, Ds, N1), n-octane-(He, Ar, Hs, D2, NJ),
2,2 4-trimethylpentane-(He, Ar, H:, D., N.), 24-dimethyl-
pentane-(He, Ar, Ha, D, N.), evaporation tube.

Coates, J.. and Mian, A. A. (1967), Industrie Chimique Belge 32
(specnal number), part 1, p. 285; He-(Ar, Ngj, Ne- 802, diffusion
bridge (porous septum).

Cordes, H., and Kerl, K. (1965), Z. Physik. Chem, (Frankfurt) 45,
369; Ha{Ar, N»), closed tube.

Coulliette, J. H. (1928), Phys. Rev. 32, 636; Hg-Hg. mcercury band-
fluoreseence.

Coward, H. F., and Georgeson, E. H. M. (1937), J. Chem. Soc.,
p. 1085; air-(CH,, CO3), closed tube,

Crider, W. L. (1956), J. Amer, Chem. Soc. 78, 924; H.0-(H», N.,
COy), evapuration wbe.

Cummings, G. A. McD., and Ubbelohde, A. R. (1953), J. Chem.
Soc., p. 3751; n-hexane-(Ar, Hz, N2, 02), 2,3-dimethylbutane-
(Ar, H., Na, 0.), cyclohexane-(Ar, Hs, Ns, O.), methyleyclo-
pentane-(Ar, Ha, Ny, O.), n-octane-(Ar, Hs, N:, 02), 224-
trimethylpentane-(Ar, H,, Ni, O:), n-decane-(H., N:), n-
dodecane-(Hs, Nai), 2,3.3-trimethylheptane<{H:, N:), evapora-
tion tube.

Cummings, G. ‘A. McD., and Ubbelohde, A. R. (1955), J. Chem.
Soc., p. 2524 n-octane-(H, N»), No-n-decane. 2.2 4-trimethyl-
pemane (H,, N.), and recalculations for preceding reference,
evaporation tube.

Cummings, G. A. McD., McLaughlin, E., and Ubbelohde, A. R.
(1955), J. Chem. Soc.. p. 1141; n-nonane-(H, N;), n-heptane-

(H:, Ng). 2,3-dimethylbut-2-ene (H:, N.), 2,8-dimcthylbuta-1:3-
diene-(H2, N.), hexa-1:5-diene-(H;, N,), evaporation tube.

Currlije, J. A. (1960), Brit. J. Appl. Phys. 11, 314; H,-air, open
tube.

Cvetanovié, R. J., and Le Roy, D. J. (1952), J. Chem. Phys. 20,
343; Na-Nz, cvaporation tube.

DeLuca, L. B. (1954), Phys. Rev. 95, 306A; N:-N., two-bulb
apparatus.

de Nordwall, H. J., and Flowers, R. H. (1958), U. K. A. E. A.
Research Group, A. E. R. E. C/M 342; air-l., unsteady
evaporation.

De Paz, M., Turi, B., and Klein, M. L. (1967), Physica 36, 127;
Ar-Ar, capillary leak.

Diller, D. E., and Mason, E. A. (1966), . Chem. Phys. 44, 2604;
H-D,, mixture viscosity.

DiPippo, K., Kestin, J., and Oguchi, K. (1967), J. Chem. Phys
4.6, 4986; He-(Ne, Ar, COy), Ne-(Ar, Nz), Ar-(NH;, N2}, mix-
ture viscosity.

DuBro, G. A. (1969), Monsanto Research Co., Report MLLM-1635;
3He4He, He-(Ne, Ar), Ne-Xe, Kr-Kr, two-bulb apparatus.

DuBro, G. A., and Weissman, S. (1970), Phys. Fluids 13, 2682;
3He-*He, He-(Ne, Ar), two-bulb apparatus.

Durbin, L., and Kobayashi, R. (1962), J. Chem. Phys. 37, 1643;
Klr-(He. Ar, Kr, C:Hy, Ny, CO.), two-bulb apparatus (porous
plug).

Ellis, C. S., and Holsen, J. N. (1969), Ind. Eng. Chem., Fundam.
8, 787; N»-(He, COy), diffusion bridge (porous septum).

Ember, G.. Ferron, J. R., and Wohl, K. (1962). J. Chem. Phys.
37, 891; CO,-CO,, point source.

Ember, G., Ferron, J. R., and Wohl, K. (1964), AIChE J. 10,
68; CH,-CHy, CO,-(CH4, H»0, COy), point source.

Evans, E. V., and Kenney, C. N. (1965), Proc. Royal Soc. A284,
540; H.-(Ar, SFs), Np-C;H,, SFe-(He, Ar, Np), gas chroma-
tography.

Evans., R. B., IIl, Truitt, J., and Watson, G. M. (1961). J. Chem.
Eng. Data 6, 522; He-Ar, diffusion bridge (porous septum).

Evans, R. B., ITI, Watson, G. M., and Truitt, J. (1962), J. Appl.
Phys. 33, 2682; He-Ar, diffusion bridge (porous septum).

Evans, R. B., III, Watson, G. M., and Truitt, J. {1963), J. Appl.
Phys. 34, 2020; He-Ar, diffusion bridge (porous septum).

Evans, R. B., I], Love, L. D., and Mason, E. A. (1969), J. Chem.
Educ. 46, 423; air-(He, Ar, H;), Graham diffusion tube.

Fairbanks, D. F., and Wilke, C. R. (1950), Ind. Eng. Chem.
42, 471; 1oluene-(Ar. H,, air), ethyl propionate{H,, air),
unsteady evaporation.

Fedorov, E. B., Ivakin, B. A., and Suetin, P. E. (1966), Soviet
Phys.-Tech. Phys. 11, 424 [Zh. Tekh. Fiz. 36, 569 (1966)];
He-(Ar. Kr, air, SFg), Kr-(Ar, Ha), closed tube.

Fejes, P., and Czéaran. L. (1961}, Hungary Acta Chim. 29, 171;
Hz<(CHa, Nz, CoHs, CsHs, butane), CH-CO;,, Ni-(CoHe, CsHs,
butane), gas chromatography.

Ferron. J. R. {1967), Private communications; H,0-H,0, CO,-
(Ar, HoO, N2, CO,), peint source.

Ferron, J. R, and Dunham, P. C. (1967), Ind. Chim. Belge 32,
(Special number), part 1, 313; He-CO,, shocktube.
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Foch, R. (1913), Ann. Chim. Phys. 29, 597; air-CO:, open tube.

Franzen, W. (1959), Phys. Rev. 115, 850; Rb-(Ne, Ar, Kr. Xe),
optical pumping.

Freudenthal, J. (1966), Proceedings of the Seventh International
Conference on Phenomena in Ionized Gases (Beograd, 1965),
B. Perovié¢ and D. Togié, Eds. {Gradevinska Knjiga Publishing
House, Beograd), Vol. 1, pp. 53—7; Ne-Ar, cataphoresis.

Frost, A. C. (1967}, Ph.D. Thesis, "Columbia Uniy. , New York;
He-(N;, CH4, C:Hq, C3Hs, butane, C:Hi, propylene, 1-butene),
open tube.

Fuller, E. N., and Giddings, J. C. (1965), J. Gas Chromatog. 3,
222; He-(CH,, n-hexane), gas chromatography.

Fuller, E. N., and Giddings. J. C. {1967). in Giddings and Mallik
(1967); Na-(Ca by, butanc), gas cluvmatography.

Fuller, E. 'N., Ensley, K., and Giddings, J. C. (1969), J. Phys.
Chem. 73, 3679; N.(C:H;, butane), He-{l-fluorohexane,
fluorobenzene, difluoromethane, 1,1-difluorethane, hexafluoro-
benzene, 4-fluorotoluene, dichloromethane. trichloromethane.
1,2-dichloroethane, l-chloropropane, 1l-chlorobutane, Z-chioro-
butane, 1-chloropentane, chlorobenzene, dibromomethane,
bromoethane, 1-bromopropane. 2-bromopropane, 1-bromobu-
tane. 2-bromobutane, l.bromohexane, 2-bromohexane, 3
bromohexane, bromobenzene, 2-bromo-1-chloropropane, iodo-
methane, iodoethane, l-iodopropane, 2-iodopropane, I-iodo-
butane, 2-iodobutane), gas chromatography.

Gaede, W. (1915), Ann. Physik 46, 357; Hg-(H.. air), condensable
vapor pumping cffect and evaporation tube.

Gallowa and Sage, B. H. (1967); Chem. Fng Sei 22,070,
air-(n- hexane. n- heptane n-octane), evaporation tube.

Getzinger, R. W., and Wilke, C. R. {1967). AIChE J. 13, 577; air-
(CH,0H, ethanol, benzene, CHCly, CClLy). evaporation tube.

Giddings, J. C. {1968). Private communication; H.-He, gas
chromatography

Giddings, J. C.. and Mallik. K. L. (1967), Ind. Eng. Chem. 59 (4),
18; (see Fuller and Giddings, 1967).

Giddings, J. C., and Seager, S. L. (1960), ]. Chem. Phys. 33, 1579;
H3-Na, gas chromatography.

Ciddinge, J. C., and Seoger, 5. L. {1962), Ind. Eng. Chem.,
Fundam. 1 271 He-(Ar, NH’;, Nz, Oz, COQ) Hz (H(’:, Nz, CO,),
No(Oy. COg ), gas chromatography.

Gillitand, E. R. (1934), Ind. Eng. Chem. 26, 681; air-(H.O,
2-propanol, l-butanol, 2-butanol, 2-pentanol, toluene, ethyl
acletate, chlorobenzene, aniline, diphenyl, Hg), evaporation
tube.

Ginsel, L. A., and Ornstein, L. 5. (1933), Z. Physik 84, 276; Na-
flame atmosphere flame diffusion.

Golubev, I. F., and Bondarenko, A. G. (1963), Gazov. Prom. 8,
46; Ar-(He, Hz), wo-bulb apparatus.

Goryunova, N. A., and Kuvshinskir, E. V. (1948), Zh. Tekh. Fiz.
(USSR) 18, 1421; air-(acetone, CHCh cyclohexane), evapora-
tion tube.

Gover, T. A. (1967), J. Chem. Educ. 44, 409; C,H¢(CH., C3Hs,
CO), closed tnbe.

Gozzini, A., JIoli, N., and Strumla, F. (1967), Nuovo Cimento B49,
185; He- Na, optlcal pumping.

Griboiedov. S. (1893), J. Russ. Phys-Chem. Soc. 25, 36; air-
{benzene, cthyl ether, methyl formate. methyl acetate, methyl
propionate), evaporation tube.

Grievesen, P., and Turkdogan, E. T. (1964), J. Phys. Chem. 68,
1547; Ar-(Cr, Fe, Co, Ni), evaporation tube.

Grob, A. K., and El-Wakil, M. M. (1969), Trans. ASME, J. Heat
Transfer 91C, 259; air-{n-hexane, n-heptane, benzene, CCl,,
ethyl acetate, 1,2-dichloroethane, ethyl iodide, fluorobenzene,
n-butyl chloride, ethyl bromide), unsteady evaporation.

Groth, W., and Harteck, P. {1941), Z. Elektrochem. 47, 167;
Kr.Kr, Xe-Xe, closed tube.

Groth, W., and Susener, E. (1944), Z. Physik. Chem. (Leipzig)
A193, 296; Ne-Ne, closed tube.

Guglielmo, G. (1881), Aui Accad. Torino 17, 54; HpO-air, evapo-
ration tube.

Guglielmo, G. (1882), Atti Accad. Torino 18, 93; H»O-(H.,, air,
COy), vvaporation tube.

Gurvich, V. 8., and Matizen, E. V. (1968), {sv. Sib. Otd. Akad.
Nauk SSSR, Ser. Khim. Nauk 6, 8; in Chem. Abstr. 70, 71226
j (1969); Ar-CO,, capillary method (?); method not given in
abstract.

Gush, L. L. (1948), Trans. Inst. Chem. Eng. (London) 26, 142;
air-acetone, evaporation tube.

Hargrove, G. L., and Sawyer, D. T. (1967), Anal. Chem. 39, 244,
He-(ethanol, n-butane, n-pentane, n-hexane, ether, acetone,
benzene), Ar-(n-butane, n-pentane, n-hexane, ether, acetone,
benzene), Np-n-butane, gas chromatography.

Harteck, P., and Schmidi, H. W. (1933), Z. Physik. Chem.
(Leipzig) B21, 447: p-H. in normal-Hs, closed tube and back
diffusion.

Hartland, A., and Lipsicas, M. (1963), Phys. Letters 3, 212,
H.-H., nuclear magnetic resonance.
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Hawtin, P., Dawson, R. W., and Roberts, J. (1969), Trans. Inst.
Chem. Eng. (London) 47, T109; He-(Ar, Np), CH,-CO,, diffu-
sion bridge (porous septum).

Heath, H. R., Ibbs, T. L., and Wild, N. E. (1941), Proc. Royal

" Soc. A178,380; H.-Ds, closed tube.

Heinzelmann, F. J., Wasan, D. T., and Wilke, C. R. (1965), Ind.
Eng. Chem., Fundam. 4,55; air-benzene, evaporation tube.

Henry, J. P., Jr., Cunningham, R. S., and Geankoplis, C. ]. (1967),
Chem. Eng. Sci. 22, 11; He-N,, diffusion bridge {porous
septum). )

Hippenmeyer, B. (1949), Z. Angew. Phys. 1, 549; H.0-(H, N,
evaporation tube.

{Lirst. W., and Harrison, C. E. (1939), Proc. Royal Soc. A169,
573: Rn-(He, Ne, Ar, Ha, air), closed tube.

Hogervorst, W. (1971}, Physica 51, 59; He-(Ne, Ar, Kr, Xe),
Ne-(Ar, Kr, Xe), Ar-(Kr, Xe), cataphoresis.

Hogervorst, W., and Freudenthal, J. (1967}, Physica 37, 97;
Ne-Ar, cataphoresis.

Holmes, R., and Tempest, W. (1960), Proc. Phys. Soc. (London)
75,898; He-(Ne, Ar, Kr), sound absorption.

Holsen, J. N., and Strunk, M, R. (1964), Ind. Eng. Chem., Fundam.
3, 143; He-(Ar, air, COs), CO»(Ar, air), closed tube.

Houdaille (1896), Théses, Paris; in Landolt-Bérnstein, Physi-
kalisch-Chemische Tabellen (J. Springer, Berlin, 1923) Vol. I,
p. 251; H.O-air, evaporation tube.

Houghton, H. G. (1933), J. Appl. Phys. 4, 419; H,O-air (at various
humidities). droplet evaporation.

Hu, A. T-C., and Kobayashi, R. (1970), J. Chem. Eng. Data 15,
328 He-(Ar, CH4, Ng, COg), CH.V(CH;, CH:;T, CFJ)o CI{:;T-CF;,
gas chromatography.

Huang, T-C., Sheng, $-]., and Yang, I. J. F. (1968), J. Chin.
Chem Sae. (Taipei) 15, 127, Ho-(henzene, toluene, n.pentane,
n-hexane, cyclohexane, ethanol, methanol, butanel-1, butanol-
2), gas chromatography.

Huber, J. F. K., and van Vught, G. (1965), Ber. Bunsenges. Phys.
Chem. 69, 821; N:-n-hexane, nitrobenzene-i-octane, gas
chromatography.

Hudson, G. H., McCoubrey, J. C., and Ubbelohde, A. R. (1960),
Trans. Faraday Soc. 56, 1144; benzene-(Hz, Nz, O;), cyclo-
hexane-(Hp, Ng, O;), pyridine-(Hz, Ny, Oy), piperidine-(H;, N,
0s), thiophen-(H,, N., 0O,), tetrahydrothiophen-(H:, Na, Oa),
evaporation tube.

Humphreys, A. E., and Gray, P. (1970), Proc. Royal Soc. A320;
397; N2CO., temperature dependence of thermal diffusion
factor.

Humphreys, A. E., and Mason, E. A. (1970), Phys. Fluids 13,
65; 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.

Islam, M., and Stryland, J. C. (196%), Physica 45, 115 (reports
result by A. I. Carswell, Ph. D. Thesis, Univ. Toronto, 1960);
Ar-CH,, closed tube.

Ivakin, B. A., and Suetin, P. E. (1964 a), Soviet Phys.-Tech. Phys.
8, 748 [Zh. Tekh. Fiz. 33, 1007 (1963)]; H.-(D., NH;, CO),
Ds{He, Ar, NH;, N., CO, air, CO., SEs), NH:-(He, Ar, No,
CO, air, SFy), CO-(He, Ar, Ny, CO:, SFs). closed tube.

Ivakin, B. A., and Suetin, P. E. (1964 b), Soviet Phys.-Tech.
Phys. 9, 866 [Zh. Tekh. Fiz. 34, 1115 (1964)]; He-(Ar, N,
CO, air, CO,,, SFr;). Hz—(AL Nz, CO, COz, SF(;), CO;(AI‘, N-_g,
CO), SFe(Ar, N2, CO, CO,), closed tube.

Ivakin, B. A., Suetin, P. E., and Plesovskikh, V. P. (1968), Soviet
Phys.-Tech. Phys. 12, 1403 [Zh. Tekh. Fiz. 37, 1913 (1967)};
Ar-(Kr, C;Hy), O:-(Kr, SFe), closed tube.

Ivanovskii, M. N., Sorokin, V. P. Subbortin, V. 1., and Chulkov,
B. A. (1969), High Temp. (USSR) 7, 433 [Teplofiz. Vys. Temp.
7, 479 (1969); K-(He, Ar, H,, N,), diffusion-controlled con-
densation.

Jacobs, T., Peeters, L., and Vermant, J. (1970), Bull. Soc. Chim.
Belges 79, 337; Ar(UH,, CoHe, CsHs, n-CiHp), No(CH,
Csz. CsHs, n-C4Hm), closed tube.

Jona, F. (1965), J. Chem. Phys. 42, 1025; GeBr.-GeBr,, Gel,-
Gel,, diffusion-controlled evaporation,

Jorgensen, F., and Watts, H. (1961), Chem. Ind. (London), p.
1440; air-benzene, evaporation tube.

Kalelkar, A. S., and Kestin, J. (1970), J. Chem. Phys. 52, 4248;
He-(Ar, Kr), mixture viscosity.

Kamnev, A. B., and Leonas, V. B. (1966), High Temp. (USSR}
4,283 [Teplofiz. Vvs. 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-{(C:Hs, CsHs); open tube.

Kestin, J., and Yata, J. (1968), J. Chem. Phys. 49, 4¢80; He-
(H2,0:), H;-Nz, CH;-(CO., n-butane), CO,-Kr, mixture viscosity.

Kestin, J., Kobayashi, Y., and Wood, R. T. (1966), Physica 32,
1065; He~(Kr, N2}, CO,-(Ar, Nz), mixture viscosity.

Kestin, J., Wakeham, W., and Watanabe, K. (1970), J. Chem.
Phys. 53, 3773; Ar-(Ne, Kr), mixture viscosity.

Khomchenkov, B. M., Aref’ev, K. M., Borishanskii, V. M., Paleev,
I. 1, Ivashchenko, N. I., Ulitskii, R. I., Kholmiskii, I. G.,
and Suslova, L. A. (1968), High Temp. (USSR) 6, 956 [Teplofiz.
Vys. Temp. 6, 999 (1968)}; He-(K, Cs), Ar-(K, Cs), evaporation
tube.

Khoury, F., and Kobayashi, R. (1970); Preprint, Presented at
68th National A.I.Ch.E. Meeting, Denver, Colorado, 1970;
CF4-CFy, nuclear magnetic resonance.

Khouw, B., Muigan, J. E., and Sclifl, I1. 1. (1969), J. Chem. Phys.
50, 66; H-(He, Ar, H,), dissociated gases.

Kimpton, D. D., and Wall, F. T. (1952), J. Phys, Chem. 56, 715;
H,0<(CHy, C.Hs, CsHs, C:Hy. air, SO;), D,O-air, evaporation
tube.

Klibanova, Ts. M., Pomerantsev, V. V., and Frank-Kamenetskii,
D. A. (1942), Zh. Tekh. Fiz. (USSR) 12, 14; air-(H,O, CO),
capillary leak. o

Klotz, I. M., and Miller, D. K. (1947), J. Amer. Chem. Soc. 69,
2557; air-(HCN, CNCl, COCl;, CCl3NO), evaporation tube.

Knox, J. H., and McLaren, L. (1963), Anal. Chem. 35, 449;
Ne-CoH,, gas chromatography.

Knox, J. H., and McLaren, L. (1964), Anal. Chem. 36, 1477;
Na-CpHy, gas chromatography.

Kohn, 1. P., and Romero. N. (1965), I. Chem. Eng. Data 10,
125: CHa-{n-hexane, 3-methylpentane), evaporation tube.

Korpusov, V. L., Ogorodnikov, B. ., and Kirichenko, V. N.
(1964), At. Energ. (USSR} 17, 221; air-RaA, precipitation from
laminar flow.

Kosov, N. D. (X957), Issledovanie Fiz. Osnov Rabochego Protsesea
Topok i Pechei (Alma-Ata: Akad. Nauk Kazakh. S. 8. R.)
Shornik, pp. 285-90; in Chem. Abstr. 56, 8026i (1962); air-
(Hz, CO,, Clp, CoHs), capillary leak.

Kosov, N. D., and Abdullina, S. B. (1966), Probl. Teploenerg.
Prikl. Teplofiz. No. 3, 242; in Chem. Abstr. 68, 93904 2 (1960),
CO0,-N:0, closed tube.

Kosov, N. D., and Bogatyrev, A. F. (1968), Teplo. Massoperenas
7, 497; in Chem. Abstr. 71, 105496k (1969); He-CO;, (ex-
perimental method not specified in abstract).

Kosov, N. D., and Karpushin, A. G. {1966), Nekot. Vop. Obshch.
i Prikl. Fiz., Trudy Gorodskoi- Konf., Alma-Ata (1965), pp.
94-1-c6; in Chem. Abstr. 67, 67831y (1967); He-Ar, capillary
leak.

Kosov, N. D., and Kurlapov, L. I. (1966), Soviet Phys.-Tech. Phys.
;q& 1023 [Zh. Tekh. Fiz. $5, 2120 (1965)): Hy-Ar, diffusion

ridge.

Kosov, N. D., and Novosad, Z. I. (1966 a), Nekot. Vop. Obshch.
Prikl. Fiz., Trudy Gorodskoi Konf., Alma-Ata (1965); pp.
90-3; in Chem. Abstr. 67, 47396d (1967); He-(Ar, COy),
Ar-COy, two-bulb apparatus.

Kosov, N. D., and Novosad, Z. I. (1966 b), Probl. Teploenerg.
Teplofiz, No. 3, 251; in Chem. Abstr. 68, 98898a (1968);
He-(Ar+COz), Ar{N;+C0,), CO,-(He+N;), (method not
given in abstract).

Kosov, N. D., and Zhalgasov, A. (1970), Zh. Tekh. Fiz. 40, 1325;
CO(H4, O.>), diffusion bridge. .

Krol, L. Ya., Ponomarev, N. M., Rakov, V. V., and Eremeev, V. V.
(1967), Isv. Akad. Nauk SSSR, Neorg. Mater. 3(2), 275; in
Cl'];em. Abstr. 67, 47391b (1967); Ass-(He, Ar), evaporation
tube.

Krongelb, S., and Strandberg, M. W. P. (1959), J. Chem. Phys.
31, 1196; 0-0,, dissociated gases.

Langmuir, 1. (1918), Phys. Rev. 12, 368; air-1,; droplet evapora-
tion,

Lannus, A., and Grossmann, E. D. (1970 a), Ind. Eng. Chem.,
Fundam. 9, 655; N»-CQ.,, C3Hg-(Ar, Ns), two-bulb apparatus,

Lannus, A., and Grossmann, E. D, (1970 b), Private communica-
tion from A. Lannus; N;-CO,, C3Hs-(Ar, Nz), two-bulb appara-
tus.

Le Blanc. M., and Wuppermann, G. (1916), Z. Physik. Chem.
(Leipzig) 91, 143; air-(H»0, ethanol, benzene, propyl acetate,
chlorobenzene), evaporation tube.

Lee, C. Y., and Wilke, C. R. (1954), Ind. Eng. Chem. 46, 2381;
He-(H:O, ethanol, benzene, nitrobenzene), air-(H»0, ethanol,
benzene, nitrobenzene), CCLF.-(H.0, 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; H»-H., nuclear
magnetic resonance,

Ljunggren, S. (1965), Arkiv Kemi (Sweden) 24, 1; He-Ar, UFs-

(He, Ne, Ar, Kr, Xe, Hs, N2, O,), closed tube.

Loniug, A. (1909), Ann. Physik 29,664; He-Ar, H,-(N3, 02, CO.),

N.-Qa, closed tube.
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Lonsdale, H. K., and Mason, E. A. (1957), J. Phys. Chem. 61,
1544; CO.-(He, H.), thermal separation rate.

Loschmidt, J. (1870 a), Sitzber. Akad. Wiss. Wien 61, 367; H.-
(02, CO:), air-CO:, closed tube.

Loschmidt, J. (1870 b), Sitzber. Akad. Wiss. Wien 62, 468;
H»-(CO, O:, CO:, SO.), CO-(0:, CO.), CO,-(0:, air, N0,
marsh gas), closed tube.

T.nge, G A. (1968), Anal. Chem. 40, 1072; air-(pentane, hexane,
octane, benzenc, toluene, phenylethylene, ethylbenzene,
o-xylene, m-xylene, p-xylene, mesitylene, n-propylbenzene,
i-propylbenzenc, pseudo-cumene, p-cymene, p-tert-butyltolu-
ene, benzyl alcohol, chlorobenzene, nitrobenzene, aniline,
benzyl chloride, o-chlorotoluene, m-chlorotoluene, p-chloro-
toluene, toluene-24,-diisocyanate, methanol, ethanol, 1-pro-
panol, 2-propanol, 2-propenol, l-butanel, 2-butanol, i-butyl
alcohol, tert-butyl alcohol, n-amyl alcohol, sec-amyl alcohol,
diacetone alcohol, 2-ethyl-1-butanol, 1-hexanol, 1-heptanol,
wethiyl-2-pentanul, l-vctanol, dichlorvethyleither, p-divxane,
diethylether, i-propylether, n-butylether, acetone, methyl
ethylketone, methylpropylketone, 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 for-
mate, 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
acelate, 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-monoethylether acetate, n-
amyl acetate, rn-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, bromoform, chloreform, bromochloro-
methane, dichloromethane, tetrachloro-cthylene, trichloro-
ethylene, pentachlor-ethane, 1,122 .tetrachlorethane, 1,11-
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,
ethylenc glycol, propylenc glyeol, dicthylenc glyeol, tricthylenc
glycol, ethylene glycol-monomethylether, ethylene-glycol mono-
ethylether, diethylene glycol-monoethylether, ethylene diamine,
n-butylamine, i-butylamine, diethylamine, triethylamine, di-
methylformamide, acrylonitrile, benzonitrile, triethyl phos-
phate, tributyl phosphate, tetraethylpyrophesphate, bis-2-
ethylhexyl phosphate, tri-ortho-cresol phosphate, bromine,
carbon disulfide, chlorpocrin, ethylene chlorhydrin, mercury),
evaporation tube,

Luszczynski, K., Norberg, R. E., and Opfer, J. E. (1962), Phys.
Rev. 128, 186; *He-*He, nuclear magnetic resonance.

Luszezynski, K., Norberg, R. E., and Opfer, J. E. (1967), Private
communication from J. E. Opfer; 3He-3He, nuclear magnetic
resonance, recalculations.

Mache, H. (1010), Sjtzber. Akad. Wiss. Wien 119, 1300; H,O-
(H., air), evaporation tube.

Mack, E., Jr. (1925), J. Amer. Chem. Soc. 47, 2468; air-(I.,
toluene, CiiHio, napthalene, diphenyl, benzidine, n-octane,
aniline), evaporation tube.

Mackenzie, J. E., and Melville, H. W. (1932), Proc. Royal Soc.
(Edinburgh) 52, 337; Bro-(H., Nu, 02, CO.), unsteady evapora-
tion.

Mackenzie, J. E., and Melville, H. W. (1933); Proc. Royal Soc.
(Edinburgh) 53, 255; Br.-(Ar, H., CH,, HC], CO., N.0), un-
stcady evaporation.

Malinauskas, A. P. (1965), J. Chem. Phys. 42, 156; He-(Ar, Xe),
Ar-Xe, two-bulb apparatus (relative measurements).

Malinauskas, A. P. (1966), J. Chem. Phys. 45, 4704; Ne-(Ar, Kr),
Kr-(Ar, Xe), two-bulb apparatus (relative and absolute meas-
urements).

Malinauskas, A. P., (1968), Private communication; Ne-(He, Ar,
Kr, Xe), two-bulb apparatus, see Malinauskas and Silverman
{1969).

Malinauskas, A. P., and Silverman, M. D. (1969), J. Chem. Phys.
50, 3263; Ne-(He, Ar, Kr, Xe), two-bulb apparatus.

Manner, M. (1967), Ph.D. Thesis. Univ. Wisconsin, Madison;
CI;,,—(CHJCL SF,), N:-n-butene, CH;Cl-ethyl chloride, closed
tube.

Mason, E. A. (1961), Phys. Fluids 4, 1504; He-Ar, Kirkendall
effect.

Mason, E. A., and Smith, F. J. (1966); J. Chem. Phys. 44, 3100;
?e-(Ar, Kr), composition dependence of thermal diffusion

actor,
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Mason, E. A., Weissman, S., and Wendt, R. P. (1964 a), Phys.
Fluid$ 7, 174; Ho(Ar, Tx-Ar, N», CO»), two-bulb apparatus,
Mason, K. A., Islam, M., and Weissman, S. (1964 b), Phys. Fluids
7, 1011; Kr(H., Dy, T:), two-bulb apparatus and thermal

separation rate.

Mason, E. A., Annis, B. K., and Islam, M. (1965), J. Chem. Phys.
42, 3364; Hy-(H,, T,), Do-T.. two-bulb apparatus.

Mason. E. A., Miller. L.. and Spurling, T. H. (1967). I. Chem.
Phys. 47, 1669; Ha-(Ar, CH,, CQ,), Dufour effect (ratios).

Mathur, B. P., and Saxena, S. C. (1968), Appl. Sci. Res. 18, 325;
He-Ar, Ne-Kr, iwo-bulb apparatus.

Matland, C. G., and McCoubrey, A. O. (1955), Phys. Rev. 98,
558; (the first author’s name i¢ incorrectly spelled ag Maitland),
Hg-Hg, mercury band fluorescence.

McCarty, K. P., and Mason, E. A. (1960), Phys. Fluids 3, 908;
H:-(D;, CO), He-CO,, Kirkendall effect (relative values).

McCoubrey, A. O. (1954), Phys. Rev. 93, 1249; Hg-Hg, mercury
band fluorescence.

McCoubrey, A. O., and Matland, C. G. (1954). Phys. Rev. 96,832,
Hg-Hg, mercury band fluorescence.

McCoubrey, A. O., and Matland, C. G. (1956), Phys. Rev. 101,
603; Heg-Hg, mercury band fluorescence.

McMurtie, R. L., and Keyes, F. G.-(1948), J. Amer. Chem. Soc.
70,3755; Hy-H,0, H20;-air, evaporation tube.

McNeal, R. J. (1962), J. Chem. Phys. 37, 2726; Rb-(H;, N,
CH,, C;Hs, C:H,, cyclohexane), optical pumping.

Mehta, V. D. (1966), M. Sc. Thesis, Bombay Univ., Bombay;
Private communication of M. M. Sharma; H:-triethylamine,
N:-(acetone, n-butylamine, triethylamine), CCLF,-triethyl-
amine, evaporation tube.

Mian, A. A. (1967), Ph.D. Thesis, Louisiana State Univ.. Baton
Rouge, Ar-(He, HBr), N:-(He, HCl, CO,, HBr), diffusion bridge
{porous septum). .

Mian, A. A., Coates, J., and Cordiner, J. B. (1969), Canadian J.
Chem. Eng, 47, 499; Ar-HBr, N;-(HC], HBr), diffusion bridge
(porous septum).

Mikhailov, V. K., and Kochegarova, M. I. (1967), Sh. Nanch.
Tr. Gos. Nauch.-Issled. Inst. Tsvet. Metal, No. 26, 138; in
Chem. Absir. 69, 61664r (1968); air-Hg, evaporation tube.
Only the abstract was available,

Miller, L., and Carman, P. C. (1961}, Trans. Faraday Soc. 57,
2143; Kr.Kr, Hy.(Kr, CO,, CCLF:), CO..CO,, CCLF;-CCLF,.
two-bulb apparatus (relative).

Miller, L., and Carman, P. C. (1964), Trans. Faraday Soc. 60,
33; KrKr, He-(Kr, Xe, CO;, CCLF:), CO:-CO., two-bulb
apparatus (relative).

Mistler, T. E., Correll, G. R., and Mingle, J. O. (1970), AIChE J.
16, 32; CH,;-CH,, CO;-CO., two-bulb apparatus.

Morgan, J. E., and Schiff, H. 1. (1964), Canadian J. Chem. 42,
2300; N-Nz, O-(He, Ar, Nz, 0,), dissociated gases.

Mrazek, R. V., Wicks, C. E., and Prabhu, K. N. S. (1968), J. Chem.
Eng. Data 13, 508; air-(CH;OH, CHCl,), evaporation tube.

Mueller. C. R., and Cahill, R. W. (1964), J. Chem. Phys. 40,
651; CH,(CH:, N, CO, CFy), C:H.(C:H:, C,Hs), C.H,-
(C2Hy, Nz, GoHe, CoHy), C2He-CoHs, two-bulb apparatus.

Muilaly, J. M., and Jacques, H. (1924), Phil. Mag. 48. 1105:
Hg-(N2, I.), 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, evaporation

tube.

Nafikov, E. M., and Usmanov. A. G. (1966}, Isv. Vyssh. Ucheb.
Zaved., Khim. Khim. Tekhnol. 9, 991; in Chem. Abstr. 67,
25934d (1967); air-(benzene, n-hexane, n-heptane, n-octane,
r-nonane, n-decane, n-undecane, n-dodecane), evaporation
tube.

Nagata. 1., and Hasegawa, T. (1970), J. Chem. Eng. Japan 3, 143;
He-(N2. CO:), Nz-(H,0, CO., cyclohexane, benzene, methyl
acetate, CCl,. CHCI;, ethyl formate, isopropanol. acetone),
CO,-(H:0, benzene, methyl acetate. CCly, CHCls, cyclo-
hexane, ethyl formate, isopropanel), gas chromatography.

Nakayama, K. (1968), Japan J. Appl. Phys. 7, 1114; Hg-(Kr, Xe,
N.), condensable vapor pumping effect.

Narsimhan, G. (1955-56), Trans. Indian Inst. Ch. Eng. 8, 73;
air-(H.0, ethanol, benzene, toluene, CCly), evaporation tube.

Nelson, E. T. (1956), J. Appl. Chem. 6, 286; H,O-(H,, N, air,
coal gas), coal gas-benzene, unsteady evaporation.

Nettley, P. T. (1954), Proc. Phys. Soc. (London) B67,753; Hy-N,,
thermal separation rate. .

Ney, E. P., and Armistead, F. C. (1947), Phys. Rev. 71, 14;
UFs-UFe. two-bulb apparatus.

Nikolaev, G. 1., and Aleskovskii, V. B. (1964), Soviet Phys.-Tech.
Phys. 9. 575 [Zh. Tekh. Fiz. 34, 753 (1964)]: (the second
author’s name is incorrectly transliterated as “Aleksovskii”
in the English translation); Ar-Zn, unsteady evaporatjon,
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O’Connell, J. P., Gillespie, M. D., Krostek, W. D.. and Prausnitz,
J. M. (1969), J. Phys. Chem. 73, 2000; H.O-(Ar, CH,. Ny),*
evaporation tube.

Uost, W. A., Los, J., van der Steege. A. IN., Boerboom, A. J. H.,
and de Vries, A. E. (1967), Physica 36, 637; COx(He, Ar),
two-bulb apparatus (relative measurements).

Pakurar. T. A. (1965), Ph. D. Thesis, Univ. Delaware; see Ferron

1967).

Pa(kurax)a T. A., and Ferron, J. R. (1964), Preprint, presented at
the Conference on Performance of High-Temperature Systems,
Calif., 1964; available from CFSTI, AD-~609597; CQO,-(Ar. Ny,
CO.), point séurce.

Pakurar, T. A., and Ferron. J. R. (1965), J. Chem. Phys. 43,
2917, CO;-CO., point source.

Pakurar, T. A., and Ferron, J. R. (1966), Ind. Eng. Chem.,
Fundam 5, 553; CQO,-(Ar, N), point source.

Pal, A. K., and Barua. A. K. (1967), J. Chem. Phys. 47, 216;
I, {(NH;, N2), mixturc viscosity.

Pal, A. K., and Bhattacharyya, P. K. (1969), J. Chem. Phys. 51,
828; ethyl ether-(NH;, HpS}, mixture viscosity.

Parker, A. 8., and Hottel, H. C. (1936), Ind. Eng. Chem® 28,1334.
Nu-(0s, CO,), microanalysis of diffusion film.

Paul, R. (1962), Indian J. Phys. 86, 464; Kr-(Ne, Ar, KrJ, two-bulb
apparatus.

Paul, R., and Srivastava, I. B. (1961 a), Indian J. Phys. 35, 465;
Os-(He, Ar, Xe), two-bulb apparatus.

Paul, R., and Srivastava, . B. (1961 b}, Indian J. Phys. 35, 523;
N-tke, Ar, Xe), two-bulb apparatus.

Paul, R., and Srivastava, I. B. (1961 c), J. Chem. Phys. 35, 1621:
H.-(Ne, Ar, Xe), two-bulb apparatus.

Paul, R., and Watson, W. W. (1966). J. Chem. Phys. 45, 2675;
NH;-NH;. two-bulb apparatus.

Petit, M-C. (1965), Compt. Rend. 260, 1368; H,O-air, unsteady

- evaporation.

Pochettino, A. (1914), Nuovo Cimento 8, 5; air-(acetic acid,
methyl formate, propionic acid, methyl acetate, ethyl formate,
butyric acid. i-butyric acid, methyl pronionate. ethyl acetate.
propyl formate, valeric acid. i-valeric acid, methyl butyrate,
methyli-butyrate, ethyl propionate, propyl acetate, i-butyl
formate, caprylic acid, i-caprylic acid, methyl valerate, ethyl
butyrate, ethyl-i-butyrate, propyl propionate, butyl acetate,
7-butyl acetate, amyl formate, i-amyl formate, othyl 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-propy! bromide, r-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-chlorotoluene, ¢-butyl alcohol), evaporation

tube.

Pryde, J. A., and Pryde, E. A. (1967), Physics Educ. (GB) 2, 311;
air-{acetone, ethyl ether, CCly), evaporation tube.

Raabe, O. G. (1968), Nature 217, 1143; air-RaA, preciptiation
from laminar flow.

Ramsey, A. T., and Anderson, L. W. (1964}, Nuovo Cimento 32,
1151; Na-(He, Hz. N,), optical pumping.

Raw, C. J. G. (1955), J. Chem. Phys. 23, 973; CCl-(BF3, BCly),
evaporation tube.

Raw. C. J. G., and Tang, H. (1963), J. Chem. Phys. 39, 2616;
CF-SFs, mixture viscosity.

Reamer, H. H., and Sage, B. H. (1963), J. Chem. Eng. Data 8,
34; CH,-n-heptane, evaporation tube.

Reichenbacher, W., Miiller, P., and Klemm, A. (1965), Z. Natur-
forsch. 20a, 1529; H,-(H,, HT, DT, T,), D.-(HT, DT, T.),
closed tube.

Reist, P. C. (1967), Environ. Sci. Technol. 1, 566; air-Kr. diffusion
bridge {porous septum).

Rhodes, R. P., and Amick, E. H., Jr. (1967), in Frost (1967);
He-(CH,, CaHs, butane), open tube.

Richardson, J. F. (1959), Chem. Eng. Sci. 10, 234; air-(H;O,
acetone, CCly), evaporation tube.

Rossié, K. (1953), Forsch. Gebiete Ingenieur. 19A, 49; [1,0-(air,
COy), evaporation tube.

Rumpel, W. F. (1955), Univ. of Wisconsin, Naval Research Lab.
Report CM-851; He-(H,, N,), closed tube.

Rutherford, E., and Brooks, H. T. (1901), Trans. Royal Soc. Canada
7,21; Rn-air, closed tube.

Sancier, K. M., and Wise, H. (1969), J. Chem. Phys. 51, 1434;
H-H;, dissociated gases.

Saran, A., and Singh, Y. (1966), Canadian J. Chem. 44, 2222;
Kr-(Kr, 50,), two-bulb apparatus.

*A misprint appears in table 1; the highest temperature for CHy-H.0 is not 323 K
but 328 K.

Saxena, S. C., and Gupta, G. P. (1970), J. Chem. Eng. Data
15, 98; Ha(Na, 02}, Nu-(Dy, O2), mixture thermal conductivity.
Saxena, S. C., and Mason, E. A. (1959), Mol. Phys. 2, 379; He-Ar,
COy-(He, Hz, Dy), two-bulb apparatus and thermal separation

rate. .

Schifer, K. (1959), Z. Electrochem. 63, 111; H.-NH;, SO.-(Ar,
H;, N;, CO;), two-bulb apparatus. -

Schéifer, K., and Moesta, H. (1954), Z. Electrochem. 58, 743;
He-Ar, N,-(Ar, Hy), two-bulb apparatus.

Schifer, K., and Reinhard, P. (1963), Z. Naturforsch. 18a,
187; CO,-CO., two-bulb apparatus.

Schifer, K., and Schuhmann, K. (1957), Z. Electrochem. 61,
246; Ar-(Ne, Kr), Kr-Kr, two-bulb apparatus.

Schifer, K., Corte, H., and Moesta, H. (1951). Z. Electrochem.
55,662; Hy-(Na, COy), Na-CO:, two-bulb apparatus.

Schirmer, R. (1938}, Z. Ver. Deut. Ing. Beiheft Folge, p. 170;
in Chem. Abstr. 33, 32237; H,0-air, evaporation tube.

Schlinger, W. G., Recamor, H. H., Sagc, B. H., and Lacey, W. M.
(1952-53), Report of Progress-Fundamental Research on
Occurrence 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, H,-CO.. closed
tube.

Schneider, M.. and Schifer, K. (1969), Ber. Bunsenges. Phys.
Chem. 73, 702; He-Ar, H»-(N2, CO;), N»-CO,, diffusion bridge
(porous septum).

Schwertz, F. A., and Brow, J. E. (1951), J. Chem. Phys. 19,
640; H,0-(He, Hp, CHy, C3H4, Ny, O., COy), evaporation tube.

Scott, D. S., and Cox, K. E. (1960), Canadian J. Chem. Eng. 38,
201; H,«(NHj;, Nb), diffusion bridge {porous septum).

Scott. D. S., and Dullien, F. A. L. (1962), AIChE J. 8, 113; H>-Na,
O:-Ar, diffusion bridge (porous septum).

Seager, S. L., Geertson, L. R., and Giddings. J. C. (1963), J. Chem.
Eng. Data 8, 168; He-(Ar, Nz, 0., CO;, methanol, ethanol,
1.propanol, 1-butanol, l-pentanol, 1-hexanol, benzene, 2-pro-
panol), gas chromatography.

Singh, Y., and Srivastava, R. N.(1968), Jnt ] Heat Mass Transfer
11, 1771; Kr-(methylene chloride, ethyl chloride), two-bulb
apparatus.

Singh, Y., Saran, A.. and Srivastava, B. N. (1967), J. Phys.
Soc. Japan 23, 1110; Kr-(CO, NO), two-bulb apparatus.

Spencer, H. B., Toguri, J. M., and Kurtis, J. A. (1969); Canadian
J. Chem. 47, 2197; Ar-Hg. evaporation tube.

Spier, J. L. 1939), Physica 6, 453; H;-Hg. back diffusion.

Spier, J. L. (1940), Physica 7, 381; N,-(Cd, Hg), back diffusion.

Srivastava. B. N., and Paul R. (1962), Physica 28, 646; Kr-(He,
Kr). two-bulb apparatus.

Srivastava, B. N., and Saran, A. (1966 a), Physica 32, 110; Kr-
{acetone, chloroform), two-bulb apparatus.

Srivastava, B. N., and Saran, A. (1966 b), Canadian J. Phys. 44,
2595; Kr-(SO., ethyl ether), two-bulb apparatus.

Srivastava, B. N., and Srivastava, 1. B. (1962), J. Chem. Phys.
36, 2616; NHy-(Ar, Kr), two-bulb apparatus.

Srivastava, B. N., and Srivastava, I. B. (1963), ]. Chem. Phys. 38,
1183; NHy-ethyl ether, two-bulb apparatus.

Srivastava, B. N., and Srivastava, K. P. (1959), J. Chem. Phys.
30, 984; Ne-{Ar. Kr). Ar-Kr, two-bulb apparatus.

Srivastava, [. B. (1962), Indian J. Phys. 36, 193; NH,-(He, Ne,
Xe), two-bulb apparatus.

Srivastava, K. P. (1959), Physica 25, 571; He-(Ar, Xe), Ar-Xe,
twa-bulb apparatus.

Srivastava, K. P., and Barua, A, K. (1959); Indian J. Phys. 33,
229; He-(Ne, Kr), Ne-Xe, two-bulb apparatus.

Stefan, J. (1871), Sitzber. Akad. Wiss. Wien 63, 63; H,0-air,
porous plug (transpiration).

Stefan, J. (1873), Sitzber. Akad. Wiss. Wien 68, 385; air-CS.,
ethyl ether-(H;, air), evaporation tube.

Stefan, J. (1889), Sitzber. Akad. Wiss. Wien 98, 1418; air-(ethyl
ether, CS,), evaporation tube.

Stefan, J. (1890), Ann. Physik 41, 725; air-(ethyl ether, CS,),
evaporation tube.

Stevenson, W. H. (1965), Ph. D. Thesis, Purdue Univ., Indiana;
air-(methanol. acetone. benzene, toluene. n-heptane), evapora-
tion tube.

Strehlow, R. A. (1953), J. Chem. Phys. 21, 2101; He-Ar, Hy-{(Ar,
n-butane, SF), closed tube.

Suetin, P. E. (1964), ORNL~TR-316, Translated by A. L. Monks
for Oak Ridge National Laboratory [Teplo- i Massoperenos,
Iedatel'stvo Akademii Nauk BSSR, Minsk (1962), Vol. 1,
188-190]; .in Chem. Abstr. 59, 1112g (1963) reported as
Templo i Massoperenos Pervoe Vses. Soveshch., Minsk 1,
188'90 (1961) (Plll]. 1962), He-(Ar. Csz, Nz, 02, air, COz.,
SF5)7 Ar'(C2HZ) COZv SFG)a HZ'(He9 Al‘, 4Nz, air, COZ) SFG)a
N(CO,, SFi), 0:-(C:H,, CO., SF;), air-(CO;, C.H:, SFe),
CO.-5Fs, closed tube.

Suetin, P. E., and Ivakin, B. A. (1961), Soviet Phys.-Tech. Phys.
6, 359 [Zh. Tekh. Fiz. 31, 499 (1961)]; He-(Ar, C;H., N,,
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0, air, COy, SFe), Ar{C:H;, CO;, SFe), Hy-(He, Ar, N, air,
CO:, SFg), NeoCO., SFe), 0:-(CeHp, CQ., SFe), air{(CO:,
SFu). Na(CO.. SFo). O.-facetylene, COs, SFy), air<(COy, acety-
lene, SF). CO.-SFe, closed tube.

Suetin, P. E., Shchegolev, G. T., and Klestov, R. A. (1960).
Soviet Phys.-Tech. Phys. 4, 964 [Zh, Tekh. Fiz. 29, 1058
(1959)]; He-(air, CO:), Hs-(He, air, COu), closed tube.

Summerhays, W. E. (1930), Proc. Phys. Soc. (London) 42,
218; H,0-air, evaporation tube.

Taylor, W. L., Weissman, S., Haubach, W. J., and Pickett,
P. T. (1969), J. Chem. Phys. 50, 4886; Ne-Xe. composition
dependence of thermal diffusion factor.

Timmerhaus. K. D., and Drickamer, H. G. (1951), J. Chem.
Phys. 19, 1242; C0.-CO., closed tube.

Toepler, M. (1896), Ann. Physik 58, 599; air-(NHs. CO.), open
tube.

Topley. B., and Whytlaw-Gray, R. (1927), Phil. Mag. 4, 873;
air-I,, droplet evaporation and evaporation tube.

Trautz, M., and Ludwig, O. (1930}, Ann. Physik 5, 887; benzene-
(Ha. Qy), evaporation tube.

Trautz, M., and Miiller, W. (1935). Ann. Physik 22, 313, 329, 333,
353; Hr-(acetone. CCL). H-O-(Ha. air. CO.). ethanol-(H.. air.
CO.), 0,-CCL, ethyl ether-(H;, air, CO,), benzene-(H;, O.),
L.-(air, N:), Hg-(N.. air), evaporation tube, and corrections to
data by others.

Trautz, M., and Ries, W. (1931), Ann. Physik 8, 163; H,-(benzene,
CCl,), evaporation tube.

Tubbs, E. F. (1967), Amer. J. Phys. 35, 1026; Ne-Hg, mercury
band fluorescence.

Vaillant, P. (1911), J. Phys. 1, 877; air-(methanol, ethanol, pro-
panol), evaporation tube.

Van der Held. E. F. M., and Miesowicz, M. (1937), Physica 4., 559;
N;-Na, back diffusion.

van Heijningen, R. J. J., Feberwee, A., van Oosten, A., and Bee-
nakker, J. J. M. (1966), Physica 32, 1649; H,-N,, two-bulb
apparatus.

van BHeijningen, R. J. J., Harpe, J. P, and Becoakker, J. J. M.
(1968), Physica 38, 1; He-(Ne, Ar, Kr, Xe), Ne-(Ar, Kr, Xe).
Ar-(Kr, Xe), Kr-Xe, two-bulb apparatns.

van Itterbeek, A., and Nihoul, J. (1957), Acustica 7, 180; H,-(He,
Nz, 0.), thermal separation rate. ]

Yiolino, P. {(1968), Nuove Cimento Suppl. 6, 440; Na-(He, Ne, Ar,
Ha. N2), K-He, Rb-(He, Ne, Ar, Kr, Xe, H,. Nz, CHs, C:Hs, C,H,.
CgHyg), Cs-(He, Ne, Ar, N), 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 Polanyi, M. (1930), Z. Physik. Chem. B11, 97;
Na-(Hz, N»), diffusion-controlled condensation.

von Hartel, H., Meer, N., and Polanyi, M. (1932), Z. Physik. Chem.
B19, 139; Na-(He, Ar, H;, N, CsHys), diffusion-controlled
condensation.

von Obermayer, A. (1880), Sitzber. Akad. Wiss. Wien 81, 1102;
H.-(0:, COL), No-O., COQu.(air, N, closed tube.

von Obermayer. A. (1882 a), Sitzber. Akad. Wiss. Wien 85, 147;
CO;-(Hgz, O2, air), open tube.

von Obermayer, A. (1882 b), Sitzber. Akad. Wiss. Wien 85, 748;
02-(N2, air), air-COz, N2 O-COy, closed tube.

von Obermaycr, A. (1883), Sitzbor. Akad. Wiss. Wicn 87, 188;
H:-(CH,, CoHs, G:Hy, CO, 0y, air, N:0, CO), CO«0;, C.Hy),
air-CQ;, closed tube and open tube.

von Obermayer, A. (1887), Sitzber. Akad. Wiss. Wien 96, 546;
COx-(CHs, €O, CoH,, air), air-Og, closed tube and open tube;
recalculations.

Vuéié, V. V., and Milejevié, S. V. (1966), Rad. Zavod. Fiz. (Yugo-
slavia) No. 6, 5; in Phys. Abstr. 70A, 36422 (1967); air-radon,
two-bulb apparatus.

Vugts, H. F., Boerboom, A. J. H., and Los, J. {1969). Physica 44,
219; Ar-Ar, two-bulb apparatus (relative measurements).

Vugts, H. F., Boerboom, A. J. H., and Los, J. (1970), Physica
50, 593; Np-(Ne, CO), CO-CO, two-bulb apparatus (relative
measurements).

Vugts, H. F., Boerboom, A. J. H., and Los, J. {1971), Physica

1, 311; CD;H-(Ne, Ar, CDs), two-bulb apparatus (relative
measurements). :

Vyshenskaya, V. F., and Kosov, N. D. {1959), Issledovanie
Protsessov Perenosa. Voprosy Teorii Otnositel’nosti. Alma-
Ata. Sbornik. pp. 114-25; in Chem. Absir. 56, 6681b (1962):
H;-(Ns. CO:), No-COQ,, capillary leak.

Vyshenskaya, V. F., and Kosov, N. D. {1965}, ORNL~TR~506.
Translated by A. L. Monks for Oak Ridge National Laboratory
[Teplo i Massoperenos, Pervoe Vsesoyuznoe Soveschanie,
Minsk (1961), pp. 181-7}; in Chem. Abstr. 59, 2184f (1963):
Hz-(Nz, CO2}, L+(Ns, €CO.), N,-COy, capillary leak.

Waitz, K. (1882 a), Ann. Physik 17, 20}; air-COy. open tube.
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Waitz. K. (1882 b), Ann. Physik 17, 351; air-CO,, open tube.

Waldmann, L. (1944), Naturwiss. 32, 223; Ho-(Ar, D., N, COy),
No-(Ar. O». COs). Ox(Ar, CO.). Ar-CO., Dufour effect.

Waldmann, L. (1947), Z. Physik 124, 2; H.-(Ar, D;, Na, COy),
No-{Ar, 0., COu), Op-(Ar, CO,), Ar-CO,, Dufour effect.

Walker, R. E. (1958), Ph. D. Thesis, Univ. of Maryland, College
Park; He-(Ar, N2), N2-COz, point source.

Walker, R, E, (1961), J. Chem. Phys. 34, 2196; O.0., dissociated
gases.

Walker, R. E., and Westenberg, A. A. (1966); (1958 a), J. Chem.
Phys. 29, 1139; N,-(He, CO), point source.

Walker, R. E., and Westenberg, A. A. (1958 b), J. Chem. Phys.
29, 1147; Na-(He, COy). point source.

Walker, R. E., and Westenberg, A. A. (1959), J. Chem. Phys. 31,
519; He-Ar, point source.

Walker, R. E., and Westenberg, A. A. (1960), J. Chem. Phys. 32,
436; 0.-(H:, CHy. H,0, CO, COy), point source.

Walker, K. E., and Westenberg, A. A. (1960); Private communi-
cation (which contains numerical values of diffusion coeffi-
cients at specific temperatures for results previously published
by Walker and Westenberg, 1958 a, b; 1959; 1960); He-(Ar,
N:), Np-CQs, Os-(Hz, CH,. H:0, CO, CO.), point source.

Walker. R. E., and Westenberg, A. A. (1968), Private communi-
cation from R. E, Walker; CH,-0,. point source.

Walker, R. E., deHaas. N., and Westenberg, A. A. (1960),
J. Chem. Phys. 32, 1314; CO.-(He. N.), point source.

Wall. F. T.. and Kidder, G. A. (1946). I. Phye. Chem 80, 935,
CO:-(N20, ethylene oxide, C3Hs), NoO-(ethylene oxide, CsHs),
closed tube.

Wasik, S. P., and McCulloh, K. E. (1969}, ). Res. Natl. Bur.
Stagd (U.S.) 734, 207; He-(Ar, Kr, Na. Oy), gas chromatog-
rapny.

Watts, H. {(1964), Trans. Faraday Soc. 60, 1745; Kr-(He, Ne,
Ar, Kr, Xe), two-bulb apparatus.

Watts, H. (1965), Canadian J. Chem. 43, 431; Xe-(He, Ne,
Ar, Kr, Xe), two-bulb apparatus.

Weissman S. (1964}, J. Chem, Phys. 40, 3397; He-{propylene,
2-butene), H-(NO, CyH., C,H,, C,Hs, C;Hs, propylene, 2-
butene, HCl, CO,, N;O, SO,, ethyl ether), NHs-(H:, CHq,
Nz, 0z, C;Hy), CO.-(HCl, 50,), CCL-(CH,CL, CHCly), CHCl,-
ethyl ether, N,O-(CO», CHs), NO-(Nz, N2O), NoHCQ:, CoHa),
CoHi-(AT, Uy, CU), CUs-(CHs, CsHy), CHa-(CzHa, CoHs, CaHs),
‘CoHp-propylene, CiFign-octane, CyHs-(C:Hs, propylene),
benzene-CCly, mixture viscosity.

Weissman, S. (1965), Advances in Thermophysical Properties
at Extreme Temperatures and Pressures (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 Thermophysical Properties, edited by J. R. Moszynski
(ASME, New York), pp. 360-5; H.O-(methanol, ethanol,
H:0.). methanol-1-butanol, ethanol-1-butanol, NO.-N,0,,
m?thy]ether-(bOz, CH;Ch, CH,;ClSO,, propanol-butanol,
mixture viscosity.

Weissman, S. (1968 b). Private communication; Ne-Xe. corposi-
tion dependence of thermal diffusion factor.

Weissman, S. (1969), Private communication; Ne-Xe, CH,-CO,,
two-bulb apparatus.

Wei_ssman, 5., and DuBro, G. A. (1970 a). Proceedings of the
Fifth Symposium on Thermophysical Properties, edited by
C. F. Bonilla (ASME, New York), pp. 76-88; Ne-Xe. two-bulb
apparatus.

Weissman, 8., and DuBro, G. A. (1970 b), Phys. Fluids 13, 2689;
Ki-Kr, two-bulb apparatus.

Weissman, S., and Mason, E. A. (1962 a), J. Chem. Phys. 36,
794; H-H;, mixture viscosity.

Weissman, S., and Mason, E. A, (1962 b), J. Chem. Phys. 37,
1289; 3He-4He, He-(Ne, Ar, Kr, Xe), Ne-{(Ar, Kr, Xe), Ar-(Kr, Xe),
Kr-Xe, Hy-(He, Ne, Ar, Xe, HD, D,, CH,, N;, CO, Oy), D»-(Ne,
_HD), N=~(CO, 02), CO-O,, mixture viscosity.

Weissman, S., Saxena, S. C., and Mason, E. A. (1961), Phys,
Fluids 4, 643; Ne-CQ: two-bulb apparatus and thermal
separation rate.

Weisz, P. B. (1957). Z. Physik. Chem. (Frankfurt) 11, 1; H.-N,,
diffusion bridge (porous geptum).

Wendt, R. P., Mundy, J. N., Weissman, S., and Mason, E. A.
(1963), Phys. Fluids 6, 572; CO,-CO,, Ke-Kr, two-bulb ap-
paratus and thermal separation rate.

Westenberg, A. A.. and Walker, R. E. (1957), J. Chem. Phys. 26,
1753; Na-(He, Ar, CO2), point source.

Westenberg, A. A., and Frazier, G. (1962), J. Chem. Phys. 36,
3499; Ar-H,, point souree.

Wicke, E., and Huge, P. (1961); Z. Physik. Chem. (Frankfurt)
28, 401; H.-CO,, N»-CO, diffusion bridge tporous septum).

Wicke, E., and Kallenbach, R. {1941); Kolloid Z. 97,135; N.-CO.,

diffusion bridge (porous septum).
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Winkelmann, A. (1884 a), Ann. Physik 22, 1; ethanol-(H,., air,
CQ,), ether-(H, air, CO:), H:0-(H.. air, CO.), evaporation

tube.

Winkelmann, A. (1884 b), Ann. Physik 22, 152; H,0-(H,, air.
COy), evaporation tube.

Winkelmann, A. (1884 ¢), Ann. Physik 23, 203; H,, air, and
CO; {each with the csters as follows): (ethyl formate, propyl
formate, methyl acetate, ethyl acetate, i-butyl acetate, methyl
propionate, ethyl propionate, propyl propionate, i-butyl
propionate, amyl propionate, methyl butyrate, ethyl butyrate,
propyl butyrate, i-butyl butyrate, methyl-i-butyrate, ethyl-i-
butyrate, propyl-i-butyrate, i-butyl-i-butyrate, amyl-i-butyrate,
ethyl valerate, propyl valerate, i-butyl valerate), evaporation
tube.

Winkelmann, A. (1885), Ann. Physik 26, 105; H,, air, and CO,
(each with the compounds as follows): (formic acid, acetic
acid, propionic acid, i-butyric acid, n-butyric acid, i-valeric
acid, methanol, ethanol, 1-propanol, l-butanol, 2-butanol, 1-
pentanol, active amyl ateohol, 1-hexanol), evaporation tube.

Winkelmann, A. (1888), Ann. Physik 33, 445; H,O-air, evapora-
tion tube.

Winkelmann, A. (1889), Ann. Physik 36, 93; HoO-(H,, air, COy),
evaporation tube,

Winn, E. B. (1948), Phys. Rev. 74, 698; NaN;, two-bulb
apparatus.

Winn, E. B. (1950), Phys. Rev. 80, 1024; Ne-Ne, Ar-Ar, CH,-CH,,
Ng-Nz, 0:-0;, CO,-CO,, two-bulb apparatus.

Winn, . R, and Ney, £ P (1947), Phys. Rav. 72, 77, CH,-CH,,
two-bulb apparatus.

Winter, E. R. 8. (1951), Trans. Faraday Soc. 47, 342; N.-N,,
0,-0,, CO,-COs, two-bulb apparatus.

Wintergerst, E. (1930), Ann. Physik 4, 323; NH;-air, closed tube.

Wise, H. (1959), J. Chem. Phys. 31, 1414; H-(Ar, H,), dissociated
gases.

Wise, H. (1961), J. Chem. Phys. 34, 2139; H-H,, dissociated
gases.

Wretschke, A. (1870}, Sitzber. Akad. Wiss. Wien 62, 575; H,-(0,,
CO;), 0,-CO;, closed tube.

Yolles, R. S., and Wise, H. (1968), J. Chem. Phys. 48, 5109;
O-(He, Ar, Kr, O), dissociated gases.

Yolles, R. S., McCulley, L., and Wise, H. (1970), J. Chem. Phys.
52,723; 0-0,, dissociated gases.

Young, R. A. (1961), J. Chem. Phys. 34, 1295; N-N,, dissociated
gases.

Yuan, H. C., and Cheng, M. H. (1967), J. Chinese Chem. Soc.
(Taipei) 14, 1; in Chem. Abstr. 68, 62880z (1968); air-(toluene,
benzoic acid), evaporation tube.

Zhalgasov, A., and Kosov, M. L. (1968), lzv. Akad. Nauk Kaz. SSK
Ser. Fiz.-Mat. 6, 76; in Chem. Abstr. 71, 16161e (1969); H,-0,,
diffusion bridge.

Zhukhovitskit, A. A., Kim, S. N., and Burova, M. O. (1968), Zavod.
Lab. 34, 144; in Chem. Absir. 69, 13082c¢ (1968); He-N,,
open tube and gas chrematography.

Zmbov, K. F., and Knezevié, Z. V. (1961), Bull. Inst. Nucl. Sci.
“Boris Kidrich” (Belgrade) 11 (236), 141; in Chem. Abstr. 56,
10931f (1962), BFs-BFs, two-bulb apparatus.

Bibliography II. Molecular-Beam Measurements

The gas pairs investigated and the potential energy separation
ranges are noted.

1. Massachuscits Institutc of Technology
(Amdur et al.)

Amdur, L, and Bertrand, R. R. (1962), J. Chem. Phys. 36, 1078;
He-He (0.55-1.0 A).

Amdaur, I., and Harkness, A. L. (1954), J. Chem. Phys. 22, 664
He-He (1.27-1.59 A).

Amdur, I, and Magon, E. A. (1954), J. Chem. Phys. 22, 670;
Ar-Ar (2.18-2.69 A).

Amdur, 1., and Mason, E. A. (1955 a), J. Chem. Phys. 23, 415;
Ne-Ne (1.76-2.13 A).

Amduz, 1., and Mason, E. A. (1955 b), J. Chem. Phys. 23, 2268;
Kr-Kr(2.42-3.14 A).

Amdur, L., and Mason, E. A. (1956 a), J. Chem. Phys. 25, 624;
Xe-Xe (3.01-3.60 A).

Amdur, I, and Mason. E. A. (1956 b), J. Chem. Phys. 25, 630;
He-H (1.16-1.71 A). .

Amdur. L, and Mason. E. A. (1956 ¢), J. Chem. Phys. 25, 632;
Ne-Ar (1.91-2.44 A).

Amdur, 1., and Smith, A, L. (1968), J. Chem. Phys. 48, 565;
He-H, (1.44-1.76 A), He-D, (1.45-1.79 A).

Amdur, L., Mason, E. A., and Harkness, A. L. (1954), J. Chem.
Phys. 22, 1071; He-Ar (1.64-2.27 A).

Amdur, 1., Mason, E. A., and Jordan, J. E. (1957), J. Chem.
Phys. 27, 527; He-N: (1.79-2.29 A), Ar-N; (2.28-2.83 A);
derived potential, N,-N, (2.43-3.07 A). '

Amdur, 1., Jordan, J. E., and Colgate, S. O. (1961 a), J. Chem.
Phys. 34, 1525; He-He (0.97-1.48 A).

Amdur, 1., Longmire, M. S., and Mason, E. A. (1961 b}, J. Chem.
Phys. 35, 895; He-CH, (1.92-2.37 A), He-CF4 (2.43-2.74 A);
dg{r;vgl potentials, CH,-CH, (2.47-3.06 A); CF.-CF, (3.43-.
3. .

Amdur, L., Jordan, J. E., and Bertrand, R. R. (1964), in Atomic
Collision Processes, edited by M. R. C. MeDowell (North-
Holand Fublishing Co., Amsterdam), pp. 934-43; He-He
(0.52-0.98 A), Ar-Ar (1.6-2.0 A).

Colgate, S. O., Jordan, J. E., Amdur, ., and Masop, E. A.
(1969), J. Chem. Phys. 51, 968; He-Ar (1.40-1.81 ‘il). Ar-Ar
(1.96-2.41 &), Ar-H, {1.81-2.36 A).

Jordan, J. E., and Amdur, I (1967), J. Chem. Phys. 46, 165;
He-He (0.61-1.12 A).

Jordan. J. E., Colgate. S. O., Amdur, 1., and Mason, E. A. (1570),
J. Chem. Phys. 52, 1143; ArN, (2.04-2.53 A), Ar-CO (2.0-
2.68 A); Ar-O; (2.01-2.50 A); and derived potentials: N-N,
{2.07-2.61 A), N-NO (2.06-2.59 A), N-O: (2.04-2.58 A), O-N,
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