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THERMAL CONDUCTIVITY AND VISCOSITY OF GAS MIXTURES
Henry Cheung

Radiation Laboratory and Department of Chemical Engineering
University of California, Berkeley, California

April 1958

ABSTRACT

Correlations based upon empirical modified equations derived
from kinetic theory have been developed for the thermal conductivity
and viscosity of gas mixtures, The conductivity equation proposed
in this work has been compared to 226 binary mixture conductivities
in temperatures from OO to TThOC from the literature and this work,
The average deviation is 2,1%. In correlating conductivity data of
mixtures of polyatomic molecules, the energy transport is considered
in two parts, i.,e., one portion transferred by collision and the other
by diffusion, The proposed viscosity equation reproduces 103 binary
data points with an average deviation of 1,3%. These equations are
more consistent with experiment than existing correlations in the
literature, The relation of the conductivity or viscosity to compo-
sition and temperature are discussed in the light of the proposed
equations. It has been demonstrated that, at a given composition,
the ratio of the measured conductivity to that calculated on the molar
average basis for mixtures of most éimple molecules and the ratio of
the measured viscosity to that calculated on the molar average basis
for mixtures of most gases should be nearly constant over a temper-
ature range of 200° to 3OOOC.

The thermal conductivity of ten gases and selected binary
and ternary mixtures of them were measured in a concentric silver
cylinder cell in the temperature range of 100° to SLLOOCo The gases
are He, A, Nz, 02, COZ’ CHA, CZHh’ C3H8’ methyl ether, and methyl

formate.
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THERMAL CONDUCTIVITY AND VISCOSITY OF GAS MIXTURES
Henry Cheung

Radiation Laboratory and Department of Chemical Engineering
University of California, Berkeley, California

INTRODUCTION

The transfer of heat, momentum, and mass occurs when gradients in
temperature, velocity, and concentration respectively exist within a gas,
The transport coefficients of a gas, A, 7, and D, describe the rates of
transfef under a given éradient, According to the kinetic theory, these
coefficients are related to the mean free path of gas molecules and so
are related to one another, Thus, the expression A = 2.5 7 Cv gives the

thermal conductivity of all monAtomic gases with an error of-less than

. 4%, and the coefficient of self-diffusion is proportional to kinematic

viscosity according to

p=cy=Cl
YT

where C depends upon intermolecular forces,

~ For gas mixtures, no such simple relation exists, While it 1is
possible with a certain amount of mathematical labor to calculate with
fair accuracy froﬁ the kinetic theory the transport coefficients of
simple molecules following a given law of interaction,zu the work in-
volved in the case of mixtures is beyond practical limits, Further, the
rigorous kinetic theory has not yet been fully extended to cover the
case of the conductivity of polyatomic molecules, the internal molecular
energy of which requires special treatment, Thus, there exists a con-
tinuing need for means of predicting the conductivity and viscosity with-
out excessive mathematical labor., As a result; a number of empirical
and semi-empirical relations have been proposed.5’12’23’34’uo They
agree with the experimental data in varying degrees of success,

An objective of this work is to develop relatively simple cor-
relations that will be more consistent with the experimental data of
thermal conductivity and viséosity of mixtures than those found in the
litefature, An attempt is also made to deal with the energy of poly-

atomic molecules by splitting it into two parts, one of which is
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transported by a collision process and the other by diffusion. An ex--
planation of the.usuélly‘observed deviation of conductivity and vis-
cosity from the simplevmixing rule and a discussion of the temperature
dependence of these properties are presented on the basis of the cor-
relations developed, ' ' _

With a few exceptions, éonductivity data of mixtures found in
the literature were measured at or near room temperature, As viscosity
‘measurements are comparatively easier to make, data for a number of
mixtures at temperatures up to‘lOQOOC are avallable, Conductivity data
at higher temperatures are needed to test the present theories and cor-
relations; therefore, another objective of this work is the experimental
determination of the conductivity of a number of binary and ternary
mixtures in the temperature range of lOOo to SHOOC.

The topics referred to above are discussed in five chapters in
this dissertation., Chapter I consists of a brief review of selected
literature on the viscosity and conductivity of pure and mixed gases,

A new scheme for correlating these transport properties is developed in
Chapter 1II. The experimental method employed for determining conduct=
ivity is described in Chapter III. Experimental results -and evaluation
thereof are presented in Chapter IV, In the final chapter, the cor-
relations developed in Chapter II are compared with experimental dats
coilected from the literature and those presently measured. They are

also compared with existing correlations,

X
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CHAPTER I. Review of Theoretical and Empirical Relations for Thermal

Conductivity and Viscosity of Gases,

A, TInterrelations of the Transport Properties

of Pure Gases

The relations between thevtransport coefficients can be deduced
directly from the kinetic thebry of dilute gases., In the elementary
kinetic theory treatment of the transport phenomena, the following as-
sumptions are made: _

(1) molecules are rigid nonattracting spheres,

(2) a&ll.molecules travel with the same speed.

(3) one-third of all molecules travel in a direction paralled

‘to any one of the three perpendicular coordinate axes in
space.

On the bagis of these assumptions, the following relations are obtained:

D = —2 (1)

(2)

3
]

©
o

A = Cvn | _ (3)

The rigorous kinetic theory treatment of Chapman8 and Enskog13
invo%ves,the solution of the Maxwell-Boltzmann integro-differential
equation., This procedure takes into account the variation of mean free
path with veloeity, the persistence of velocity after impact, and the
fact: that the most rapidly moving molecules also have the greatest
tra.hslation kinetic energy and momentum, The results thus obtained
are: 10 &2 [\,
[ D]

- ()
17 Q(1,17‘p c,
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¥*
5 g{1s1)

[.h]‘l = pr]l | (5)

A, = 2.5 ¢, [%ﬂl | (6) g

where the brackets with the subscript "1" denotes the first approxi-
.mation to the transport properties and the ) quantities depend upon
the potential function.employed to describe molecular interactions,
For rigid spheres, these quantities are unity. It is seen that the
results of the elementary theory and the rigorous theory differ only
by a numerical factor, ) |

Equation 6 has been used widely in correlating conductivity
- with viscosity. Experimenfal data show that the numerical factor in
Eq. 6 is not 2.5 but lies between 1 and slightly greater than 2.5,

For monatomic gases it is found to be within a few percent:of the theo-
retical value of 2.5. That Eq. 6 fails to be applicable to polyatomic

molecules is attributable to the existence of modes of molecular motion
other than translatioﬁ, asymmetry of the molecules, and inelastic col-

cisions.

The first attempt to account for the effect of internal degrees
of freedom was that of Euckenlh-who separated the fatio A/n into two
terms, one for translational kinetic: energy and one for all other.forms
of molecular eﬁergy. He assumed that the transfer of translational
kinetic energy follows the equation derived from the rigorous theory,
Eg. 6, and that the transfer of internal energy follows the relation

obtained on the basis of the elementary treatment, Eq. 3. He wrote

c c 7y '
vt + 1.0 i” (7) o

-

b
V] (N f
|

Comparison with the experimental data indicates that Eq. 7 holds fairly

~

well for most nonpolar gases over a certain limited range of temperature

and poorly for polar gases at all temperatures,

*
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‘Hirschfelderzz.has derived the Eucken type equation in a rig-

orous way. He showed that the numerical factor in front of Css which

has been frequently written as fint’ should be
. . DEnbn (8)
int LN ?
mon

where.}\mon is a fictitious conductivity calculated on the assumption
that the polyatomic molecule is effectively monatomic, For the Lennard-
Jones 6~-12 potential and the Buckingham 6—exp, potential, it can be
shown that f,
int
Schafer

has the value of 1,328 to within a few percent,
45 16 ‘

s Franck, ~ and Bromley have independently refined

* the BEucken relation by splitting the internal energy contripution to

the ratiq, A/n, into its various camponents and have proceeded to

evaluate the f's in Eq, 9,

>\.‘ = 4 ) eo‘o
n ftcvt + .frpr + fircir + :VCV + o (9)

The most recent and comprehensive work in this direction is that of
Bromley,6 who collected literature data for A, ms Cyo and v = CP/Cv

and derived therefrom the numerical values for the f's, He showed that,
except for H,, f. = 1.0, and that fir'and f decreased from 1.32 to
frvwas found to be 1,32, These,

1.0 with rising temperature. For Hz,
results are in general aéreement with the theoretical predictions that
f=1,0 if internal energy transfer by collision is'rapid, and f =:pD/q
if a large number of collisions (100 or more) are required for equali-
zation of internal energy, because in this case the mechanism of energy
6,10a
Thus

rotational energy is seen to be readily transferred except in the case
of H

transfer is one of pure diffusion rather than collision,

for which the data of Huber and Kantrowitz showed that several

)
2 29

hundred collisions are necessary for rotaticnal equilibrium, Bromley
has élso pointed out that, except at extreme temperatures, most gases
will have pD/n equal to about 1.32, which supports the fact that vibra-
tional and internal rotational energy at low and moderate temperatures
are transferred by diffusion. At high temperatures, as the vibrational
heat capacity approaches the classical values, fv and fir tend toward

unity.
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Hirschfelder pointed out that the Bucken expression would not
“be valid if nonadisbatic collisions distort the ﬁolecuiar distribution
| function‘,22 Uhlenbeck, Wang Chang, and deBoer have exﬁended the formal
treatment of the kinetic theofy to.polyatomic.molecules.6l They also
have shown that, in the limit when nonadisbatic collisions are infre-
quent as compared to adiabatic collisions, the Eucken-type formula is
valid. In their treatment, the translational energy is considered
 classically and the internal energy, quanﬁum mechanicaliy. BEach quan-
tum state.of the molecule is taken to be a separate chemical specie
having its own Boltzmann equation, Except for the special cases of a
perfectly smooth sphere and a rigid spheroid, extensive numerical re-

sults from this theory are not yet available,

B. Thermal Conductivity and Viscosity of Mixtures

In this section, a brief review of selected literature on con-
ductivity and viscosity of mixtures is presented., On the basis of the
elementary kinetic theory, Wassiljewa proposed the following equation

65 .

for the conductivity of a binary mixture,

| Ao A :
A = Ly 2 , (10)

X
12 §§
1

which is identical in form to“Sutherland‘s equation for "the viscosity
~of a binary mixture,5o .WebefishOWed that the_A*s should be the same

. for both viscosity and conductivity;66,5ut, experimentally, different
values are found., In contrést to pure gases, no simple relation exists
between the-conductivity, viscosity, and heat_capaq}ty_of a mixture,

It has Been customary in this field to treat thé two trangﬁékt’ﬁrdpef-

N p/
ties separately., They will be discussed here also under two headings,

1, Thermal Conductivity

The rigorous kinetic-theory treatment of conductivity leads to

expressions that are complicated even for very simple molecular models.
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Numerical results have been obtained only for mixtures of spherical
molecules that interact according to the Lennard-Jones 6~12 pdtential
and the modified Buckingham 6-exp potential, For monatomic mixtures,
Hirschfelder et al., demonstrated that calculations based on the Lennard-
Jones model yielded values of conductivity that are within a few per-
cent of ex.perimenta.l.zlL '

For polyatomic gases, Hirschfelder et al. recommended an empi -
rical procedure that involves the calculétion.of a fictitious conducti-
vity on the assumption that the polyatomic molecules are effectively
monatomic.23 The result so obtained i1s then multiplied by a correction
factor which is a function of composition and ratios of the experimental

conduétivity_of a pure component to the conductivity calculated by as=-" -

suming that the component is monatomic, The empirical expression is:

' Am = >"mix.mon <x1 El * x2 EZ) . (ll)
Ai expt o
where E, = L SXDP (12)
‘ i mon

This procedure corresponds to correcting the calculated monatomic mix-
ture condictivity by a linearly averaged Eucken-type factor of the pure
components, Further refinement in the Eucken-type correction has been

developed by Hirschfelder in the following relationz22

» >\'i - >"J.' mon KZ - XE mon
”m = Kmix mon + D X + D X (13)
' 11 72 22 71 .
My ox, oo x
12 71 21 72

Equations 11 and 13 have been tested for several systems.22 In
most instances, the deviation from experiment is under 10%. The calcu-
lations are quite laborious even for the simplesf binary mixtures, Be-
cause these equations are of the same order of accuracy as other
simpler, though empirical, expressions, extensive computation based on
them do not appear very profitable practically. - _

A number of authors have attempted to correlate the conductivity

of mixtures on a strictly empirical basis. Kennard and others recommended
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~ an equation of.the following form:

. | | o
ST IR T R B (1k)

34

wﬂere K is an empirical constant, Lindsay and Bromley pointed out that
the agreement of this equation with expérimént is poor'evén'if the con-

| stant, K, is determined by le%st squares from the data.ho ‘bavidson and
Music represenﬁed their data for several mixtures at 0°C by

e}
A = oOTDX ,
m

(15)

wherein a and b are constants characteristic of each pair, and x is the

mole fraction of the light,componenta12 More recently Brokaw proposed

— ! eyl o :
A, =0 xsm + (1~at) N m? (16)

in which.ksm and xrm are the conductivities of the gas mixture calculated

according to the simple mixing rule and the reciprocal mixing rule, re-

spectively, and a' is an empirical function of the mole fraction of light
5 .

constituent of a binary pair, For a,mixture,of more than two compenents,
'he arbitrarily takes @' = 0.5, Lacking in sound theoretical foundation,
these e@uations conform to expefimental facts only under certain limited
conditions, and théif general-application cannot be taken too seriously,
Bromley and Lindsay choée to work with relations of the form of
Eq. lO‘,)40 They have expressed the A values as functions of the proper-
ties of the pureMcomponents_ﬁTMo.aI&uuwde.eqpationszﬂe,propbsed, Following
the method of Budderberg., and Wilke for the viscosity of gps mixtures, | they found that
ps : A

1 2
s T U ) WS WG 1 VR Y o
R Pt B T
Py p; 12 1 P2 P, 2l "2

correlates data near room temperature,ﬁith'an.average deviétion of 3,5%
and a-maximum deviation .of 11.7%. Because of the difficulty‘of obtain-
ing accurate diffusion coefficients, they empirically modified Suther -

land's equation for the viscosity of a mixture5o (see Eq. 19 below) and

arrived at the following expressionvfor the A's in Eq. 10:

s &
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‘ - 61 |
Y =l- T L. @1’
2 k4 n2 Ml R 5

2. 1

T...._ l+__T_

For other A values, the subscripts are interchanged. By making suitable
adjustments In the evaluation of the Sutherland constant for the collision
of unlikeimole¢ules, they succeeded in making Egs, 10 and 18 applicable

‘to polar as well as nonpolar molecules, Other authors have been content

to consider polar mixtures as exceptions in théir attempts to correlate
conductivity of mixtures, Equations 10 and 18 are in good agreement
with data near room témperature, For the 16 gas pairs and 85 different
compositions considered by these authors, the average deviation between
caleulated and experimental values is 1,9% and the maximum deviation,
10%, |

2, Viscosity
From the simple kinetic theory and . Sutherland’s model, Suther-

landso showed that the constants in Eq, 10 should be
1 831
. 21 + =2 2
(R
e | 2 1 4.2
‘ - T
le/?_‘ 510
T
V(MZMQ —- - 9)
. ]_+-iJ—' : ‘

The subscripts. are interchanged in the case of A However, it was

found that agreement between theory and experimeit is improved if the
right-hand,member of Eq, 19 is multiplied by [ZMZ/(M1 + Mg)]3/h'j
Lindsay and Bromley developed their formula for conductivity by a similar
empirical medification of this expression,

Taking & more rigorous theoretical approach, Thiesen also devel-

oped a formula for viscosity of binary mixtures in the form of Eq, lO.,52
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Schudel showed. that Alzrand A21 are related as follows:u7
A ps A b .
lZl= 21-2=G; ‘ (20) P
1 M2
From a careful analysis of the data, Buddenburg and Wilke found that G ’
may be expressed in terms of the diffusion coeffici'enti7
¢ - LB | | (21)
lzv '
Furthermore, they have expanded Eg. 10 to a more general form to include
multicomponent mixtures, They proposed the following expression:
n n o
i
’ {=1 = 1.385 ny X Xy
A 5"
i P10 54 i
A
By application of the kinetic theory, Wilke eliminated the empirical
coefficient and.Dij fromaEq, 22, and obtained a relation that gives
mixture viscosity as a function of the viscosities of the constituents
and their molecular weights:67
n ) "r]i ’
W) TTE 25
g 1
i=1 1+ = E: x, 8.
X J 713
3=1
1#3
The value of ¢ij in Eq. 23 1is
LT T T T e M e e e
[l +<, l> <__J_> ’ } .
: ’ ) s M, . "
p.. = e : (24) |
ij , M 1/2
N o N :

«

& [
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A method for estimating mixture viscosity from the. principle of
corresponding states was developed by Uyehara and Watson.,6la Kuenen
derived an equation by a corrected mean—freé-path method,39

From the rigorous kinetle theory, Chapmen and Cowling derived
an equati;n for the first approximation to the viscosity of binary

mixtures, This equation expresses the viscosity as a function of the
viscositles and molecular weights of the components and two constants
that depend upon the interactions of molecules of different kinds.
Hirschfelder 93.2&4 also developed from the rigorous theory an ex-
pression for binary mixtures in terms of the viscosities and molecular
weights of the constituents and s quantlty that may be regarded as the
viscosity of a hypothetical pure substance having a molecular weight
of‘(ZMlMZ)/(M1 + Mz) and following the lawzgf'interaction governing

collision of molecules of different kinds, For multicomponent mix-

tures, Hirschfelder et al. put forth a rather complex expression based

on the rigorous theory. After msking certain approximations, ' they

reduced their equation to the form identical with the Buddenburg-Wilke
equation, with the constant 1.385 replaced by 2, They thus established
the theoretical basis of Eq, 22,
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CHAPTER.TI. Alternate Correlations of Thermal Cdnductivity and

Viscosity of Gas Mixtures,

‘A. Relations Between the Transport Properties of Gas Mixtures

According to the kinetic theory, the thermal diffusivity, dif- -

fusion coefficient, and the kinematic viscosity for an ideal gas are of
the order of the product of the mean . free path and the root-mean-square

velocity of the molecules:

A

P e e <25>

For a single component system, we have
N o~Dy ey G | (26)
: I
Thus, thermal conductivity is proportional to the rate of movement of
the indiviqual molecules:within the gas and the heat capacity per unit
volume of the molecules, Analogously, for the same gas in a mixture

we have

Mm ~ D Pin cvl, : (27)

‘Dividing 27 by 26 and assuming the proportionality constant to be the

same in both,expressions, we find

'klm D1m Pim 'Dlm
~ = D p = X.l b"— ] (28)
1 11 71 11

The‘diffuéibn'éoeffibient;fDim,'is a measure of the rate-of
movement of g molecule of type 1 within a mixture of other molecules
of type 1 with molecules of other types. Following Wilke's treatment
of the diffusion of a gas into a multicomponent mixture, we may write

D:Lm as68

X .
= = + + e, (29)
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‘ : i D
After Eq. 29 is multiplied through by Dy, end inverted, the ratio 5EE
. R . ;. o ' 11
required in Eq. 28 is obtained:
D : i
1m . 1
D, - D D . (30)
ll X +——J—lx +£X 4 eo0o0oe
17D & Dy3 3

The thermal conductivity of a mixture is the sum of the conduc-

tivities of the individual components, i.e.,

Ny = Mgt Mgy ot | (31)

Combining Egs. 28, 30, and 31, we have

>\, — >\.l + . >\.2 + o oo
m Dy ¥, Dyy %5 - e R
l+—D—_§_ ﬁ__..>—<——--'- oo e l+5——;-+D-—-—X + so0a
12 %1 D3 %y Ba1 ¥5 D3 %5
n_’ }\.l
_ ) (32)
n
izl 1-+§£ Dy xy
i Dy X

B. Thermal Conductivity of Nonpolar Mixtures

In order to calculate the conductivity of a mixture from Eq. 32,
1t is necessary to have the data for the pure components and the ratios
of the diffusion coefficients, Experimental values for the latter
quantities are presently scarce, However, they may be calculated with
fair accuracy by either the method of Hirschfelder EE.§£°!27 which is
based on the lennard-Jones 6-12 model, or the method of Arnold.h With
the former method, Eq. 32 was—applied to several binary systems, In

all cases, the calculated conductivity was found to be higher than the
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experimental values, The maximum deviation appears to be about 15%.,

A comparison of EQ. 32_with the éxperimental data for He-A mixtureé
--is shown in Fig;%l. The trend of the deviatiohs.is such that the
largest discrepancies occur in systems havingAéomponents whose molec-.
ular weights differ’mosﬁ widely., It appeared possible to improve

Eq. 32 by taking Aij-as thé‘produqt of a power of Dii/Dij and an em-~
‘pirical function of the molecular weight in the form Of'(Mij/Mi)n'

Hence, we obtain

Mo =Z n'-, s ’ (33)

where Mij is the arithmetic average of Mi‘énd:M..r When energy.transfef
occurs by collision, the exponent m and the factor (Mij/Mi)nAmay be
considered as corrections for the difference in the mean free paths
appropriate to diffusion and to hgat conductibn and for the difference
of the effects of persistence of.éelocity upon conductivity and upon
diffusion, In the caéé;ofrenergy transfer by diffusion, the use of a
value of m other than unity and n different from zefo cannot be justi-
fied on similar grounds., It seems reasonable to assume that Eq, 33
would apply only to the collisional contribution of conductivity, and

that Eq. 32 would apply only to the diffusional contribution, Therefore,

we have
n o » n :
: N Ngs
i oaooel ‘ ) di
M) ey ) - NEN
R s T 7 Dy M, .\ x,. _&. = D.. x,
i=1 . f Tii iJ J i=l R 3
1+ = || =) = 1+ - ==
. Di' .Mi Xy /. Di' X,
- Y - =1 Y
i#J i#J
2.5 cvt + 1l.0c¢
Where >\' s = i : 4 P o >\~' (35)
ci 2.5 o t 1,0 c. + 1,32 (bv + cir’.+ coe) V1
and Mgy = M= Ny (36)

-
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except in the case of hydrogen, for which.th.e,cr term does not appear
in the numerator and the numerical factor in front of cr in the de-
nominator is about 1.32 (as pointed out in Chapter I), The evaluation
of the empirical constants m and n ah&’comparison of‘the resulting

correlation with experimental datae are presented in Chapter V,

C. Thermal Conductivity of Polar-Nonpolar Mixtures

It is reasqnaﬁle to believe that Eq, 34 should also be appli-
cable to mixtures,dontaining.polar molecules, provided the ratios of -
the diffusivities/qre known either from experiment,br calculation, As
in the case of nonpolar mixtures, the paucity of experﬂmental data
requires that a good method be found for predicting these ratics, .The
- method of Hirschfelder et al, fdr averaging the force constants for
" the Lenna;deones 6—12 potehtial:cannot be dpplied to polar-nonpolar
T

mixtures, Moreover, in many instances, it is impossible. to determine
these force constants for the polar components, Arnold's méthod of
calculation yields binary diffusion qoeffiéients that are too high in
nearly all ca,ses‘,LF Theoretically, it should be possible to détermine
from experimental data the molecular volume and the-Sutherlandfs
constant that would be apprqpriate for a polar molecule in a mixture
containing nonpolar molécules, An experimentally determined dif-
fusion coefficient for the diffusion of a polar gas into a nonpolar
gas provides a relation between the molecular volume and the Suther-
land's constant of the polar.gasj therefofe, two such measuréments
would be sufficient for the calculation of these parameters., Once
these parameters are obtained, the diffusion coefficient for the dif-
- fusion -of the polar gas into apy‘othep_npnpblar.gas may be readily
calculated, However, c¢alculations based\on—déﬁéifér the diffusion of

water inté COZ‘and watgr into H,. indicate that it is impossible to

_ 2 }
obtain a set of values for the molecular volume and the Sutherland's
constant for water that would fit both cases. Apparently, Arnold's
equation is not sufficiently rigorous to withstand such a test.

Another difficulty may be that the molecular volume and/or the

Y



Sutherlend's constant are not truly constants, Even if it were pos-
sible to determine the.constants, the scarcity of data would stil; im-
pose a serious limitation,

An alternate apprbach.would'be to modify Arnold's equation by
taking the mean Sutherland's constant to be 0,733 J“é;é;j according

to Gruss and Schmick,20 Iindsay and Bromley recommended this proced-
uré in thelr correlation of mixture conductivities,uo but Vine and
Bennett found that all of their data did not fit the Lindsay=-Bromley
relation using the value of 0.733,62 They showed that in order to
make the Bromley-Lindsay relation agree with the data, it was neces-
sary to replace 0.733 by a number ranging from 0,60 to 0,93, Apper-
ently the constant 0,733 is only a rather rough approximation to the
experimental facts, However, until the interaction between polar and
nonpolar molecules is better understood, the use of 0,733 or a number
based on experimental data, if such is available, seems to be the '
simplest method at hand for correlating the data of polar-nonpolar

mixtures,

D, Viscosity

The analog of Eq. 32 for viscosity is

n
1.
. - L .
YW= ) . : (37)
B =S Wl N

i#J

Equation 37 ylelds calculated viscoslties that are a few percent higher
than experimental values. A comparison of this equation with the data
of HZ—Ne,mixtures is shown in Fig. 2, For the same reasons as in the

case of thermal conductivity, it appears desirable to modify this

" equation in the manner as in Eq. 32 above; hence, one assumes
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The determination of the empirical constants p and g and comparison

(36)

with experimental data are discussed in Chapter V.,

Equation 38 may also be applied to polar-nonpolar mixtures.,
The diffusivity ratlos for such mixtures may be calculated from the
modified form of Arnold’s equation as discussed in Section C above,

With certain appropriate assumptions, :Eq, 37 can be .shown to
be identical with that proposed by Wilke, although he had approached:
the problem from quite a different direction,67 The identity of the
Ratio Dii/Dij with Wilke's ¢ij i1s proved in Appendix I. This result
also yielded a method for estimating self-diffusion coefficients as

discussed in Appendix II.



CHAPTER ITI, Experimental Method

- A, Introduction -

The thermal.cénductivities of pure and mixed gases in the tem-
perature range of lOOé to 54000 were obtalned by means of a thermal-
conduétivity cell of the concentric cylinder type},lLlL A schematic diagrém
of the cell used in.this work ié shown in Fig. 3. The.princible compo -
nents of the cell are the two concentric silver cylinders and the heat
guard, The inner cylihder:is éupported within the outer hollow cylinder
by means of Lave tips. An electrical heater is placed inside the inner
cylinder to supply the energy to bejtfansported across the gas filled
annular space between the inner and outer cylinders as wéli'asvthe space
at the bottom end of the cylindefs, The ‘heat guard is a silver cyiinder
containing an electrical heater. The purposa. of the heat guard is to
prevent heat flow from the upper -end of the inner cylinder, Thermo~-
couples measure the temperature of the inner cylinder, the outer cylinder,
and the heat guard., Auxiliary equipment described below maintains the
cell at steady-state éonditions of temperature, pressure, and electrical- .
energy input to the inner cylinder, From the temperatuie,measurements,
the elecgrical-energy input, and the dimensions of the cell, the conduct-
ivity of the gas within the space between the inner and outer cylinders
may be computed as discussed in Section ‘E, below,

The detalls of the experimental equipment, the gases used, the
experimental procedure, and the method éf calculation are described in

this chapter,

*
Lava is a product of American Lava Corporation, Chattanocoga,

[

Tennessee, It 1s a natural stone which may be machined and

then fire~hardened to a refractory.
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B. Equipment

1, Conductivity Cell and Associated Components.

.With the exception of certain modifications and additions, the
equipment used in this work is essentially that deseribed by Rothman
unless otherwise noted. The thermal-conductivity cell consists of two
concentric silver cylinders 7 inches long (Fig, 4). The inner cylinder,
the emitter, has a 0,7197-inch radius., The hollow cuter cylinder, the
receiver, has radii of Ob7530;in, and 1,25-1n, The width of the annalus
between the emitter and the receiver is 0,0333=in. .Concentricity between
the two cylinders is maintained by six Lava supporting tips, The bottom
of the receiver is closed-by a silver disk, and the emitter is supported
0.053-in, above it by a Lava t:Lp°

The emltter contains a heater, the electrical energy input into
which can be accurately regulatéd and measurec}° It consists of a spiral-
ly wound 0,016-in, ~-diam, nichromé_coil_encased in a shell of 0,015~in,
stainless steel, Nine-inch lengths of 0,015-in, platinum are fused to
the ends of the nichrome wires in orderito reduce energy loss by heat
conduction along the two wires leading from the emitter, The other ends
of the platinum wires are fused to 24 in, of 0,015-in, gold wires which
serve to minimize the voltage drop between the emitter and the external
measuring circuit,

In order that theveneréy input to the emitter be totally trans-
ferred to the receiver; energy flow from the'top.bf the emitter is pre-
vénted.by the heat guard, located 0,5 in, above the emitter., This is a -
gsilver cylinder 3 in, in length and 2.5 in, in diameter, containing a
heater similar to that inside the emitter, Through regulation of energy
input, the temperature of the-heat guard may—beemaintained.equal_to that
of the emitter, |

Thermocouple wells are drilled into each of the three silver
cylinders Temperature measurements are made with three Pt-PtRh thermo-
couples encased in ceramic protection tubes and 1nserted into thin-walled

stalnless steel casings which fit tightly in the wells drilled in the

Naf
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Fig. 4, Conductivity-cell dimensions,
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silver, The couples may be raised or lowered inside the steel casing to
allow temperature exploration along the axis of the cell,

The cell is enclosed in a stainless steel casing made in three
parts: the top flange, the gasket, and the body.(Fig, 5). The three
stainless steel thermocouple wells and conduité for the electrical leads

of the heaters are passed through the top flange and welded thereon, so

that the thermocouples and the heaters are isolated with respect to pres-

sure from the silver cylinders, A pipe for evacuating the cell and ad-
mitting gas is also welded onto the top flange., A bundle of 0,25=in, . .
stainless stell tubes is placed within the vertical section of this pipe
in order to prevent convective currents generated by temperature gradi-
ents from reaching the annulus space of thé cell, Vacuum tightness is
effected by proper application of pressure on the steel gasket through
tightening the bolts between the top flange and the cell casing body,

The above assembly is placed inside an 800-1b copper cylinder -
which was cut into three sections and machined to fit snugly over the
stainless steel parts (Fig. 6). This copper cylinder takes the place
of the tin bath used by Rothman who found cdrrosionva,serious .prbbiem,lLlL

- The large heat capacity and the high heat .conductivity of the'coﬁper'
cylinder serve to help maintain constant and uniform ambient temperature
for the cell, Four chrOmelaalumei thermocouples and two nichrome-wire
heaters are ldcated_strategically within the copper cylinder to measure
and to regulate its temperature, An electronic controller described
below regulates the temperature by varying the electrical energy ihput
to the heaters in response to ambient conditions.

The coppér block is surrounded by a 2 in, layer of Superex;*
Nichrome-V heating coils are imbedded 0,5-in. into the outer surface
“of the tbﬁ,”béttom,‘and'side-of‘the~8uperexm.;Outsidewthe coils is an-
other 6 in, layer of Superex, The low thermal conductiviﬁy and thermal

diffusivity of this material help to filter out short-term temperature

*
Superex is a product of Johns-Manville, It is a high-temperature

insulation made of diatomaceous earth,

L 3
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fluctuations in the heating colls caused by voltage changes in the line,
The outer casing of the equipment is a sheet~iron container onto which
are soldered copper'coils through which water circulates to maintain a

constant and moderate temperature,

2, Gas-Handling System

In order to_facilitaté-the handling of gas mixtures,containing
components condensable above liquid air temperatures, the piping system
as used by Rothmanhn was completely dismantled and a new system was
designed and constructed, The cell is evacuated and filled through a
0.75 in, I, P. S, stainless steel pipe (1 in, inside dlameter) welded
to the top flange of the cell casing, This pipe is connected by a
flexible stainless steel tubing to the plping system as shown in Flg, 7.
The-evaéuating equipment consists of a Kinney KC5 vacuum pump connected
in series with a Distillation Products VMF=-20 oil-diffusion pump, Pres-
sure may be reduced to 0,1 micron of mercury, Gas is introduced into
the cell from a cylinder in the case of pure'components and from a mix~-
ing tank in the case of mixiuresﬁ .

81x stainless steel tanks, whose volumes have been accurately
measured, are used for preparing gas mixtures, Bach of the tanks has
its own calibrated thermome ter and connection to a manometer, A
Welch Duo-Seal No, 1405 vacuum pump is connected through a manifold
that allows the tanks to be evacuated individually. A seventh tank
is used for gas storage and for mixing when needed,

Pressure in the cell is measured with a Mcleod gage for pressures
down to 0,03 micron, with a thermocouple gage for pressures down te 5
micron, an absolute mercury mancmeter for pressures to 200mm, and an
open-end manometer for pressures up to two atmospheres, Pressures up
to 2,5 atmospheres in the gas tanks are determined with open-end mano-
meters, A barometer in the laboratory is used in conjunction with the

open-end manometers,

Because the equipment needs to withstand only relatively low
pressures and the gases used arévnoncorrosive, choice of material of
consturction is not a. serious problem, Steel, brass, and glass are

used throughout, depending upon convenience of fabrication,
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3 Electrical Circuits

Je

a, Emitter and guard heaters, Constant voltage sources required for the

emitter and guard heaters consist of 6-v wet storage batteries connected
in parallel with a rectified output from the regulated 115-v A.C. line,

A Sorensen Model 250S regulator is used to keep the variation in the A,C,
voltage to within 0,1%, The voltage applied to the heaters is varied
roughly by changing the number of étorage batteries in the circuit and by
varying the rectifier voltage output with variable transformers (Variacs),
‘The rectifier output voltage is adjusted in such a manner that the cuf—
rent through the storage batteries is slightly above zero., In this way,
the batteries act as a reservoir to help maintain the output of the éér-»
-allel circult constant, Fine variation of the currents through the heat-
ers 1s made by a series of wire-wound rheostats ranging from 1 to 800 ohms,
These circuits are shown in Fig. 8,

The guard and emitter circuits are identical except for the size
of the heaters and instrumentation., The guard heater is approximately
35,ohmé; the heater in the emitter is 90 ohms, Because the guard heater
current is adjusted so that the temperature difference between the guard
and the emitter is zero, accurate determination of the power through it
is not required, An oqdinary millismmeter is the only instrument used in
this circuit, . The energy input to the emitter is determined accurately
from voltage and current measuréments made with either a ILeeds and North-
rop No, 8662 or a Rubicon portable precision potentiometer (catalog No.
2745). - Current is measured by the vbltage drop across a standard O,l=-ohm
resistor, and the voltage across the heater and standard resistor in
series is measured with the usual voltage—divider—potentiometeﬁ;circuit
as shown in Fig. 8, The high resistance box in this curcuit was cali~-
brated with standard resistors and found to be correct to better than
0.1%.

b, External heaters., These heaters are not.associated with -the cell

tH

proper but are required to maintain the cell at an elevated temperature,

.Two of them are located. in the copper cylinder and three are imbedded in
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the Superex, The wiring diagram for these heaters is shown in Fig. 9,
Nearly all of the heat required to maintaln high temperatures is supplied
through the latter heaters, Two input circuits are provided for these
heaters as shown in Fig. 9, One is an 8-kw circuit taken directly from
the 230-v house line, This is used for rapid warming up of the equip-
ment., The otherris a 3-kw circuit supplied from the 115-v line through
Solex transformers, which control voltage fluctuation to % 1%, This
circult is used during steady-state operation.

The two heaters in the copper cylinder are connected to a power
supply actuated by the temperature controller which in turn receives its
signal from a thermocouple located inside the copper cylinder and near
the middle of the cell, These heaters are the counterparts of the tin-
bath heaters used by Rothman.uh Input to these heaters may be varied
between 3 and 30 watts in response to the signalxgenerated by the sensing
thermocouple. In operation, the temperature controller is set by trial
so that at the desired,temperature the power input to the two heaters is
ebout 17 w. In this manner, the cell is isolated from ambient temperature
fluctuations, and éell temperéture can be maintained at % O,lOC for
periods of several hours, Avblock diagrem of the'temperatufe control
loop 1s shown in Fig,.lO.*

4, Temperature Measurement

Temperature is measured with Pt-10% PtRh thermocouples, These
consist of 20-mil wires. fused together and annealed in air at‘lABOOC for ..
1 hr, as recommended by the U.S, .Bureau of Standards. They are threaded
in 2z-hole refractory porcelain insulators, which in turn are encased in

2. porcelain protection tube to prevent contamination of the platinum,

*Detailed drawings of the temperature controller and assoclated equip-
ment are found in Figs. 5, 6, and 7 of Ref, 4k, However only portions
of the circuit shown thereon are used in this ﬁork. The "winding"
preamplifier which receives a signal from a thermocouple is used in

conjunction with the amplifier and power circuits marked "bath",



| -
] 2 1 ®
. o] Gl 3
BLK {1 1 — |
24OVACTL£ 2 t - ] § :@
G%D 4 o t ] l—z '®
[6] : |
- | T ] 11—
F, ¥, W, N ] I I\ 1 W I I
@ I
1N T 5 LI | N
glo " O i ]
O ‘ 13 T @ *-@ AMMETtRs
USVIN _ YREGULATOR O-A L
_ POWER | J o 2] (»).vOLTME TERS
5\ OUT, I A e (D POWERSTATS
T POWER CONTROL CABNET 1 = (@) 4- POLE DOUBLE - THROW SWITCH
|

@ SOLA VOLTAGE REGULATOR, 1 KVA
@ SOLA VOLTAGE REGULATOR, 2 KVA
@ ‘SOLA VOLTAGE REGULATOR, 120 VA

‘@ ----- 1 TRANSFORMER, 2407120V, 3 KVA

NEUTRAL  GND
120 V. UNREGULATED HOT
120 \, REGULATED

EE_

|
2

> 3] ]
5

|

2

3

Mo

5 REGULATOR CABINET K
f

®

rapupn @ COPPER-BLOCK THERMOCOUPLE

TOP HEATER: WARM UP  1400W, 118\ MAX.

RUN 500W, 70 V.MAX,
P o (2) BOTTOM HEATER: WARM UP  1200W, 98V.MAX.
RUN °  500W, 64VMAX.

! .AND SIDE  WARM UP 5360W, 220V.MAX.
HEATERS (EACH)  RUN  2000W, 135 VMAX.

@ COPPER-BLOCK CONTROL: WARM UP  30W, 30V.MAX.

| i MUB-195

: Fig, 9. Circuilt of external heaters,



THERMOGOUPLE

DC

_38-

POTENTIOMETER
AND
PREAMPLIFIER

60

SATURABLE

AMPLIFIER

HEATERS

REACTORS

MU-15173

Fig. 10, Block diagram of temperature control loop.



..39-

This assembly is inserted into the stainless steel thermocouple wells in
the emitter, receiver, and guard. The cold junction is a thermos bottle
containing well-packed crushed ice and distilled water, Copper leads run
~ from this cold junction to the emf measuring circuit.
A White doublé potentiometer is used.in.qonjqnctionAwith a Leeds
and Northrop No, 2285b high-senéitivity’galvanométer for determination of
| thermal emf. . The range of the potentiometer 1s 1 to 10,000 WV, and the
qens1t1v1ty of the galvanometer 1s about 0.05 uv/mm of scale deflection,
In the temperature rangerof this 1nvest1gatlon, the rate of change of
thermal emf of Pt-PtRh thermocouples with temperature is 6 to 10 uv/oCo
In terms of temperature;,% mm of galvanometer deflectioh.corresponds'to
0,005 t0 .0,008°C, Interconnecdéé shields are used to keep the entire
measuring system at the séme.potenéial so as to reduce errors caused\By
stray emfts, By means of a set of copper knife switches between the
thermocouple leads and the potentiometer terminals; the absolufe thermal
emf of any one of the three thermocoﬁples as wéll as the difference be-

tween any two of them may be read rapidly in anybdesired_sequence,

C. Gases Used

The gases and vapors ﬁsed in this investigation were téken directly
from the manufacturer's cylinder or bottle without further purification,

The sources and purities of the different materials are listed in Table I,

D. Procedure

The furnace was heated to the desired temperature by trial setting
of the main heaters. Eqpilibrium temperature was usually attained in 24
fo-hé ﬁfé after éWﬁtbhiné:dn,"'Then'the heaters- in the<COp§er block .and..
cell were turned on, and the temperature controller set by trial, The
guard tempera$ure was made equal to that of the emitter by trial settlng

*
of the guard heater input,

*
Except for runs under vacuum, there is no detectable difference in the
measured conductivity whether the guard is maintained at the emitter

temperature or at the receiver temperature,
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Table 1
. Specified Chief
Gas Source and Grade Purity(%) Tmpurities
Linde Air Products Co.
N, "water pumped" 99.9 A, Ne
'COZ PurejCarbonic, Inc. 99.5 Air
Linde Air Products Co. ..
A Standard grade 99.97 N2 ‘
CHA Phillips Petroleum Co. 99 CzH6
Methyl ‘Eastman Kodak Co.
formate S 1227 ‘Spectro grade - -- --
The Mathieson Co., Inc.
Cth C.P. grade 99.5 --
(cH3 ) 20 The Mathieson Co., Inc. 99.9 -
S The Mathieson Co., Inc.
CéHS Instrument grade -99.9 --
Liquid Carbonic Co.
O2 Commercial grade 99.5 A
U. 8. Navy
He Research grade 99.99 H , H.O
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"At the beginningnofﬂavseries of measuréments at a'péiticular tem-
peréf@re level, the,céllfﬁas evacuated to a pressure of 1 p of mercury or
‘ léés in order to deﬁérmihé'the rate of_hea% trahsfer_by radiationvacross
the annular space and by conduction acrosé the Lava supports, After
steady state was reached, the emf's of theAthermocouple‘in the receiver
and that ih‘the emittér, and the difference in voltage between the two
thermocouples were measured at fegular intervals, These measurements
were made with the thermocouples at the bottom of the wells because axial
temperature exploration showed that conduction along the wells might'cause
the measured temperature to differ considerably from the actual tempersature,
especially for runs under vacuum., .The experimental and theoretical justi-
fications for positioning the thermocouples in this manner are given in
Appendix IIT, The voltage across'the 0.1-ohm standard resistor in the
emitter circuit and that across the_términals to the emitter were also
recorded periodically, The.saﬁe procedure was followed when the cell was
filled with gas, In most of the runs, tﬁé meésﬁrements were continued for
at least half an hour at 5 to lO-min.intgfvalsb

In order to account for the difference of emf of the different
couples, they were compared against the standard.coupléfat‘each.temperature
level, Because the size of the thermocouples and of the wells are such
that only one couple may be inserted in each well at a time, comparison
had'tovﬁe_made.under steady state condition by repladihg each one of the
couples in turn with the standard couple. Values of Te’ Tr, and AT were
measured as described gbove, The positions of the standard couple and the
couple uhder comparison were then guickly interchanged and again readings
of Te, T_, and AT obtained. This procedure yielded three independent
values of the difference between the ordinary and the standard couple at
two different. temperatures. Because the change with temperature of the
emf difference between two couples is small with the aéuélvg f of lboé-éf
less, the average of the three values was taken as-the proper correction,
This procedure was repeated for each couple, and the two couples ordinarily
used in the receiver and the emitter were also similarly compared as a

check,
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Messurements were made at several pressures in order to make cor-
rection for temperature discontinuity at the gas-sblid interface, Usually
three pressures were chosen in the range of 30 to 150 mm of mercury, In a
number of cases more than three pressures were taken, while in a few others,
only two were taken, At each different pressure, the following procedure -
vas used, The cell was filled with the gas to a pressure between 0,5 and
1 atmos and then evacﬁated to 5mm of Hg or, less, The filling and evacuating
were repeated at least three times. The cell was then filled to the de-
sired pressure, which was determined with an absolute manometer as well as
with an open-end manometer,

Binéry mixtures were prepared by allowing the streams from tanks
‘cattaining the components to impinge against each other and flow simultane-
-ously into an evacuated.stank., The number of moles of each component was
determined from the measured temperature, pressure, and volume of the gases
in the tanks before and after mixing. The ideal gas law was used, since
all pressures were under 2 atmos, The number of moles of mixtures was
used as a check, Ternary mixtures were prepared in the same manner by
mixing a binary with a pure gas,

E. Method of Camputation

Experimental conductivity was calculated from the measured values
of heat input to the emitter, the corresponding temperature difference be-
tween the emitter and receiver, and the geometry of the cell, It has been
shown that the cell may be considered as a combination of infinite concen-
tric cylinders and a pair of parallel plates.uu An expression for the
heat conducted by the gas from the emitter to the receiver may, therefore,

be written in three parts as

2L A AT ¢ r2 AoAaT
= 2 —_ (39)
q r, + X + qcorner )
1n ;— o
1

The corner effect may be accounted for with & maximum error of about 0.3%

by taklng an average for L in the first term as L + E and for r in the
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second term as (r2 + rz)/ ,hk Thus we have

2 2
o - v r, + r
2a (L+3A AT 1 (—= YA AT
, 2 a . .
qQ = -+ (40)
I'z X
2 L X
1
or . Q = C'AAT, - , (41
vhere 2 @ +E)  x(2f 41l
¢t = 2, = 2 (42)
- r2 2x °
o or

The cell constant, c! B at a particular temperature was calculated from the
coefficients of thermal expan51on of 81lver and Lava and the dlmen31ons of
the cell measured at room temperature The average llnear coeff1c1ent of
gsilver was taken as"20 X 10-6 per C and that for Lava .as 3 x 10 -6 per C°
Figure 11 shows C' as a function of temperature

The total rate of energy transfer from the emitter was determined
by the current and the voltage drop across the emitter heater, which was
obtained by subtracting the voltagetdrcp across the leads and the standard
resistor used for current measurement, When the cell is filled with gas,
this rate representsﬁheat,transfer by three different avenues: gaseous
conduction,vradiation, and conduction across the supports. The sum of the
heat transferred by the laet two.mechanisms was taken as that measured at
high,vacuum, Heat transfer by gaseous conduction was thus taken as the
. total heatvtransfer minus that measured under high vacuum, This procedure
- 1s- based on.the_assumption_that support conduction 1is rndependent of the
presence of gas in the cell, Although this is an gbvioue cversimplifiCa;
tion, it can be shown that the error involved should be less then 0,1%,
because support conduction was a very minor contribution to the total heat
transfer, _

Temperatureadifference was computed.frcm'the rate of change of

thermal emf with temperature, dE/dT, and the difference in emf between the
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Fig., 11, Cell constant.
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thermocouples in the emltter and receiver, Proper correction; was applied
for the difference in emf from the thérmocouples themselves as described
in a previous section, The température difference calculated this way,
however, could not be used directly in Eq, 41 to compute conductivity
because of temperature discontinuity at the walls of the‘cell. An ap-
proximate theoretical relation from the kinetic theory shows that the
discontinuity at the walls as measured by the so-called temperature-jump

distance, g', is related to the accomodation coefficient, a, thé pressure,

and the properties of the. gas in the following manner,35
. A
2-a 1/2 a _ '
1 . LT
g = == (2aRT) (vFDC, - (43)

At infinite or lérge pressures the discontinuity disappsars. The heat
conducted per unit area per degree temperature difference between con-
centric cylinders may be ex@ressed in terms of the conductivity of the
medium in the annulus, the radii of the cylinders, and the temperature-

35

Jump distances at the two surfaces:

h .
g = a

AAT r, el CL (4)

: r (In — + =t = ) ‘

Ty 1 2
Combining Egs. 43 and~hh\yields
fz 3
n < . e —

AT 1 B T Ty (45)
q ZiA T T T T ) Z
12 x M 1 2 -a | . (146)

where B = . ° -
»\,, R 2xL 2a (cv/R+1/2)
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Equation 45 shows that the plot of A T/q vs 1/p should be a straight line
whose y intercept gives the value of Ka and whose slope gives the accomo-
dation coefficient. An expression of the same form as Eq, 45 may be de-
rived for the bottom of the cell, However, this second expression need
not be considered in this case because the ratio of the lateral area of
the cell to the area of the end is about 20, and the effect of accomodation
was at most 12% at 0,03 atmosphere, In a majority of the cases investigated,
1t was under 3%, Finally, linear relations between A T/q and 1/p were found
in all cases, This showed that the effect of the end of the cell upon ac-
comodation correction was indeed small,

The values of g/A T at infinite pressure and the slope of the A T/q
Vs l/p curve were derived from the measurements by the method of least
squares, 1In the case: of pure gases, the value of q/A;T so0 determined gives
directly the conductivity through Eq. 41. For mixtures, however, Eg. L4l
does not yield the true conductivity, since the thermal flux consisted: of
two terms, namely, that due to conduction and that caused by thermal dif-
fision, as discussed in Section A, Chapter V., The value of A calculated

from Eq, 41 is, therefore, the difference of two terms

N SR W (47)

where

2
Mg = O DmRx X, . | (48)

The thermal flux from diffusion accounts for, at most, 3% of the total flux
even in mixtures with high thermal-diffusion factors, In all cases where
thermal diffusion was appreciable, the conductivity was taken as the sum of
the measured apparent cohductivity and a value of th estimated from the

thermal -diffusion data.
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CHAPTER IV. -Experimentsl Results. .
A. Data -

The preésurefindependent;thermal conductivity of He, A;'COZ: NZ’
Oy CH&’ Cth’ C3H8’ CH3OCH3, CH3COECH3,

five ternary mixtures of these gases were measured at temperatures rang-

forty-nine binary mixtures, and

ing from 9% to 538°C. The experimental results are tabulated in Tables
IT and IIT, The values ofrq/A)T given therein;havelbeenvcorrected for
heat transfer by radiation between the emitter and receiver as explained
in Chapter III, The thermal conductivities given have been calculated
from values of A T/q extrapolated to infinite pressure, i.e., to 1/p = O,
by the method of least .squares. Figures 12 a and 12 b show some of the
typical plots of A,T/q vs 1/p. The slope of the line in such a plot is
related to the accommodation coefficient as indicated in Eq., 45. Accom-
modation coefficients have been calculated from values of the slopes
determined by the method of.léast squares in connection with the compu-
tation of conductivity and are tabulaﬁed in Table IV, Also given there-
in for comparison are values found in the literature for both silver and
platinum, v

Figure 13 shows the relation between conductivity and composition
for several binary systems, Similaf data dre also presented in Figs. 14
and 15, The temperatures shown in these plots are those to which the
experimental conductivities have been extrapolated to obtain an isothermel
curve, In no case did thisﬂéxtrapolation.exceed hqc, and in most cases
it was 1 or 2°C, For a mixture, the molal averagé-value of dA/dT was
used, Because the temperature extension was small, the error involved
a _Thé_théfmﬁl"Eonductivityfof several--of-the pure_gases used in this
work have been investigated previously in the same temperature range by
others. The values shown in Table II for these gases are retabulated in
Table V together with the literature data for comparison, The latter
values have been obtained in most instances from interpolation of the
original data, The measurements of this work are quite consistent with
those already reported, except the value for He at 3150C. The high con-
ductivity in this case was probably caused by an error in the small A T

measured as discussed in Section B.
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Table II

Experimental data for pure gases.

5
' A x 10
Date _ Tgv AT q/ATO p cal
(day-mo.) Gas (7¢) (°c). . (watt/ C) . (mm Hg) sec OC cm
17V N, 104k.5 7.826 - 0.78543 17.0
7.700 0. 79860 102.0 7.459
7.802 0.78790 24.5
7.678 - 0.80094 218
7.955 0.77239 10
19V A 106.0 10.022 .0.55100 15L.5 5.125
10.060 0.5488L 38
10.111 0.54598 720.5
20V 9.951 0.54782 54.5
21V 9.940 0.54868 54.5
22V He 100 ~1.258 | L, 5087 757. 41,94
' 1.278 L. 4330 1hk.5
1.338 I, 2hoL 50.5
S 1.k23° L4.0003 - 25
10 VI 11.256 L, hhhs5 459.5
1.315 4. 24L43 61.5
1.397 3.9940 27.5
20 VI 0, 101 5.617 0.8256k 9.5 7.-732
6.746 0.81216 23
6.668 0.82188 38
22 VI ‘co,, 103 9.107 © 0.57126 152 5.331
9.176 0.56682  .'45.3
9.264 0.56126 23
26 VI CH), o8 L. 730 1.1355 '153.5 10.60
k. 755 1.1294 51
4. 798 1.1191 26
27 VI C.Hg 100 7.540 0.6974k 155.5 6.500
o 3o 7.571 0.69451 18.5
7.612 0.69067 24k.5
29 VI (cH )20 101 8.060 0.6L4579 130 6.015
3 8.087 0.64357 51.5
8.128 0.64023 20.5
29-VII Methyl 99 11.432 0.45250 102 L.217
- formate 11.457 0.451h7 50
11,477 0. 45065 32
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Table II (cont'd.)

Experimental data for pure gases

5
. A X 10
Date gv - ﬁE q/ATO p cal
(day-mo. ) . Gas (~¢) - (T¢) (watt/C) (mm Hg) sec °C cm
16 VIII 'Né 317 5.906 . 1.1430 112 10.67
' . 5.96L 1.1316 50
6.083 1.1087 22
17 VIII He 315 1.180 5.8752 133 58.73
1.333 5.1965 52.5
1.539 4. u957 a7
18 VIII . co, 320 6.498 1.0354 126 9.655
6.559 1.025L 51
6.668 1.0080 24.5
19 VIII A 321 8.476 0.78479  120.5 7.299
8.530 0.77958 52.5
8.591  0.77371T 28
20 VIII C,H 318 . kl62 1.6381 131.5 15.30
‘ 4.197 1.624k2 = 52.5
4. 285 1.5900 26.5
21 VIII CH, 317 3.179 2.1566 111.5 20.34
N ' 3.261 2.101L L6
3.359 2.0390 26.5
22 VIII o, 319 5.470 1.2372 114.5 11.62
5.645 1.1977 L7.5
5.849 1.1546 22.5 ’
23 VIIT C.Hy 318 4. 335 1.5712 1hY 14,65
3 4.393 © 1.5500 49.5
4, 470 1.5226 25
27 VIII (cH )20 318 L. 866 1.3956 132 12.96
3 - 4.868 1.3950 53
S eeeeoo .. . .. h,890  _ 1.3885 25
4,859 1.3976° "~ 127
12 IX © C.Hg 537 2.535 2.6653 118.5 25.08
3e. 2.591  2.6059° 55
13 IX CHh 537 2.570 2677 130 25.25
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- BExperimental data of mixtures

A, Binary mixtures

A, X 10°
Date _ av AT _ q/AT b cal
(day-mo.) System *1 (°c) (°c) (watt[OC), (mm Hg) sec °C cm
15V He-N, 0.409 107.5 7.015 1.5588 208 14.59
: 7.09L 1.5423 27.5
7.085  1.5382 27.5
7.383 1. 4663 9.5
16V 7.345 1.4856 16
7.383 1.4851 16
22V He-N, 0.837 100 1.782 3.1765 522. 30.33
1.770 3.1995 119
1.797 3.1519 50.5
1.846 3.0698 25.5
23 V 1.773 3.1928 Telrd
1.858 3.0L492 30.5
30V He-N, 0.219 104 4.848 1.1hk51 158 10.71
4,899 1.1455 158
4,846 1.1452 158
L. 895 1.1465 - 158
4,845 1.1455 158
.31V 4,906  1.1L439 158
4,928 1.1387 158
4,929 1.1384 158
4,893 1.1398 158
1 VI 4.902 1.1496 158
4,895 1.1512 158
4.951 1.1498 158
2 VI 4.980 1.1528 . 158
3 VI 4,928 1.1508 158
4.959 1.1516 158
4 VI 4,927 1.1492 158
4.969 1.1492 158
4.959 1.1516 158
4,973 1.1523 158
4,985 1.1k97 158
. 4,963 1.1488 158
T VI 4.910 1.1498 93
4.913 1.1491 93
4,916 1.1484 93
4.899 1.1480 93
8 V1 4.857 1.1463 93
" 4,872 1.1427 93
L, 891 1.1382 3L
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Table IIT (cont'd.)
A A, X 10”
Date . : _ av . & q/AE p cal .
(daay-mo.) System 1 - (%) (°c) (vatt/°C)  (mm Hg) sec °C cm
%4.939 1.1270 21
4,956  1.1266 21 W
h.924  -1.1232 . 21
11 VI He-A 0,525 100.5 © 3.269 . 1.6868 66.5 15.90
3.269 1.6868 66.5
3.257 1.6931 66.5
3.232 1.6926 66.5
3.231 1.6931 66.5
3.27h 1.6815 40.5
3.317 1.6594 24.5
1L VI He-A - 0.780 99 2.141 2.5612 27.5: 25.18
) 2.075 2.6433 53.5
2.040 2.6890 151
15 VI 2.03L 2.7182 151
2.049 2.6981 55
2.137 2.5862 22
16'VI 2.112 2.5918 22
2,011 . 2.7229 142
2.063 2.6606 50.5
12 VI He-A 0.276 102.5 5.390 1.0139 80 9.509
' 5.395 1.0130 80
5.383 1.0152 171.5
5.369 1.0180 38
5.312 1.0146 38
5.302 1.0159 38
5.30k 1.0156 38 -
5.370 1.0097 22.5
5. 474 0.9902 14.5
2 VII CHM—C3H8 0.4855 . 95 6.354 0.81957 147 7.636
' 6.376 0.82173 50.5
» 6.398 0.81848 26
) . T - - — - 6.545 _ .0.81808. _ 9%
6.506 0.81761 Ok
6.559 0.81085 1h -
6.527 0.81492 25
2 VII CH),-C_Hg. 0.3130 9L 7.007 0.75526 50.9 7.050 <
3 6.990  0.75715 163.8
7,021 0.75372 29.5
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Table IIT (cont'd.)

.385

' ' 5
A x 10
Date < Tgv ﬁm q/AT o P a1l
(dby-mo.) System 1 ("c) (°c) (watt/ C) (mm Hg) sec °C cm
2 VII ' CHu-C3H8 0.7792 93 5.646 0.95346 54.3 8.841
' : ' 5.600 - 0.95134 17s
5.625 0.94706 30.7
5 VII (cH )20- 0.4983 95 7.981 0.65638 56.5 . 6.180
oH 8.066  0.46926 26.5
38 7.920 0.66158 133.2
6 VII (cH )20- - 0.3149 95 7.944 0.65528 23.9 6.125
C3H : | 7.959  0.6582) 187.2 :
378 7.982 0.65629 51.9
8 ViI A- - 0.4877 96 9.047 0.57680 188 5.372
(CH )20 : 9,083 0.57Lhk 37.8
3 9.050  0.57660 118
8 VII A- 0.6705 96 © 9.370 0.55626 73 5.183
(CH3")20 9.377  0.55583 30
9.359 0.5569k Th.5
8 ViI A- 0.3166 95 8.911 0.58589 192.3 5.455
(cH )20 L 8.934 0.58434 52.5
3 8.956  0.58285 27.3
9 VII €0,-C Hg 0.kk90 95 8.277 0.63223 173.5 5.884
3¢ 8.290  0.63120 72.7
8.299 0.63050 49.9
: 8.304  0.63011 30.7
11 VII coz-c H8 0.6354 96 8.503 0.61492 107.2 5.738
3 8.536  0.61247 51.8
8.566 0.61026 31.8
11 VII -C02'03H8 0.2912 95 8.094 0.64695 133.7 6.083
8.10k4 0.64613  108.5
8.104 0.6L4613 113.5
13 VII 02-002 0.5356 96 7.685°  0.68239 108.8 6.365
7. 767 0.67499 23.5
7.702 0.6808% 85.1
7. 704 0.68066 51.5
7.698 0.68121 63.3
15 VII 02-002 - 0.3153 96 8.269 0.63286 186 5.865
, 8.304 0.63011 72.5
8.:329 0.62816 46
8.412 0.62178 17.8
8. 4143 0.61942 27
8.363 0.62553 115.3
8 0.62384 53.5
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Table ITT (cont'ds) = -

-

. T >\"m X lO5
Date . X ','I_‘gy ‘OAT . q/ATO , _ P cal g
(day-mo.)  System 1 (o) (¢c) (vatt/C) (mm Hg) sec OC cm
16 VII - 0,-C0, 0.2699 97 8.511 0.61432 38.5 5.777
8.452 0.6187k 113 o
8.530  0.61291 35.4
8.523 0.61343 35.4
8.507 . 0.61462 5h.2
23 VII. 02~C02 0.7776 97 7.106  0.7395L 33 7.027
‘ o 7.054 0.74513 52.5
7.053 0.7u7h2 52.5
6.999 0.7511k 90.2
"7.063 0.7h416 32.7
30 VII C_Hg-  0.530 96 8.948  0.58339 79 5.435
S 8.93%  0.58143L 52
it 8.954  0.58299 27
rmate 8.941  0.58386 100
31 VII (cH )204 . O.uBhi 97 9.843 0.52862 96.5 4.928
meﬁh 1 - 9.877  0.52673 51
o yt, 9.920  0.52437 24.5
rmate 9.89k  0.52579 37
4 VIII (CH )zof»v-o.7zu8 100 9.089  .0.57405 99.5 5.361
ih ) 9.118  0.57216 42
5 VIII ?e Vt 9.137  0.57093- 24,5
ormate 9,160  0.56945 2k.5
9.056 0.57621 158
7 VIII (CH-)ZO- 0.3059 101 10.288 0.50493 - 151 L.707
| meihyl~ | 10.388  0.49987 28
formate 10.342 0.50220 52
13 VIII He-A 0.573 - 316 2.819 2. 4369 149 23.00
2.878 2.3862 52
'3.025 2.2683 25.5
18 VIII. (CH.)éO- 0.L4841 318 L h4hs 1.531L 98 14.25
meihyl 4465  1.52hk 51 -
formabe 4, 499 15.126 25.5
19 VIII A-CO, 0.4935 320 7.192 0.93177 130.5 8.670
T.265 0.92202 50
7.390 0.90578 20.5
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Table III (eont'd.)

T AT q/AT - p | A x 10
Date . < o o o T cal
(day-mo.) System 1 ( c) ( C)‘ (watt/ C) | (mm Hg) sec °OC cm
19 VIII NZ-A 0. 4966 320 7.107 0.94338 102 ' 8.788
” : 7.170  0.93475 49.5
| 7.229 0.92681 27.5
20 VIII - He-co2 0.610 317 2.710 2.5365 50 23.65
‘ 2.685 2.5605 130.5
2.717 -2.5298 .26
20 VIIL -He-N2 0.637 317 2.306 2.9876 124.5 28.28
2.334 2.9513 48.5
2.45k% 2.8051 24
21 VIII NZ-CZHlL 0. 4980 318 4,799 1.4156 117 13.22
' , 4.879 1.3918 41 ‘
4.953 1.370k | 23.5
21 VIITI Czﬂu-co2 0.5118 318 4.996 1.3583 10k 12.69
5.029 1.3491 52
5.129 1.3220 23.5
22 VIII NZ-CZHLL 0.7558 319 © 5,261 1.2879 1h2 12.05
5.373 1.2603 48.5
5.492 1.2321 27
23 VIII N2-02 0.3902 319 5.651 1.1964 138 11.19
- ‘ 5.811 1.1624 48.5
5.913 1.1h16 28
23 VIII CHu-cth 0. 489k ' 317 3.799 1.7983 - 125.5 16.73
- 3.82k 1.7863 55.5
| 3.863 1.7679 27
24 VIIT He-CH) 0.746 316 1.686  L4.1004 117 40.63
; 1.79% 3.8512 53.3
2.017 3.4212 27.5
24 VIII H-e-c:HLL 0.550 316 2.251 3.0615 54 30.54
2.149 3.2087 134
2.393 2.8776 a7
27 VIII ,He-CHM - 0.299 317 2.664 2.5809 131 24.58
2.770 2.4807 55
2.975 2.3071 25
28 VIII He-N2 0.305 318 3.928 1.7380 136.5 16.27
: : 3.948 1.7290 - 53
4. 067 1.6773 27
k. 090 1.6677 40
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" Table IIT (cont'd.)

_ . Ay X 105
. Date , Cx gav _ ?T q/Afg : P . cal :
(day-mo.) System "1 (Ce)  (Ce) (watt/ C) (mm Hg) =~ sec °C em
30 VIIT He-N,- 0.739 316 2.017 3.4212 126 33.47
' : 2.157  3.1960 148 .
2.412 2.8546 - 25°
_ 2.365 2.9121 33
31 VIII He-=A - 0.306 318 4.720  1.4399 130 13.36
. : . 4.885 - -1.3900 . 53
5.023 1.3507 - 25.5
L. 727 1.4377 127
L.829 1. 4066 2k.5
4,926 1.3781 4o
31 VIII He-A O0.774 316 2.041 3.3805 118 33.23
: 2.176  3.1684 - 55
2.L17 .2.8486 28. .
2 CHg-  0.M966 317 4.590  1..818 98 13.78
(cB.).0 o 4617 ¢ 1.4729 23
3’2 L.6U46 1.4635 28.5
1 IX N2~C H8 .0.5253 318 L4.866 - 1.3956 133.5 13.06
3e 4.896  1.3868 : 53
5.012 1.3538 26
2 IX A-C Hé ~ 0. k712 - 318 5.317  1.2739 132 - 11.86
o 3 - 5.350  1.2658 54.5
5.413 1.2507 28
11 IX N,-C_Hy 0.4761- 538 3.061  2.1928 53.5 20.99
| 38 - 3.149  2.1201 30
2.996  2.2422 138.5
10 IX A-C_Hy  0.L712 538 3.181 2.1069. 136.5 19.80
36 . 3.27%  2.0L46 55
3.403 . 1.9639 28.5
13 IX | CHM-A1_ 0. 4767 538 3.682 1.8087 137.5 17.03
3.7TH 1.7625 58.5 .
3.803 © 1.7485 52.5
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B."Ternéry mixtures

A x 10°
.Date : ‘Tav §T q/Am o p cal
(day-mo.) System - X (°¢)  (°%¢)  (watt/°Cc) (mm Hg) sec °C cm
18 VI He-N,-A 0.415 0.468 99.5 3.590 1.4860 128.5 13.95
3.634  1.4800 48.5
3.708 1.4L01 23
3.710 1.4Lk79 26
3.585  1.4807 67.5
24 VII N,-0,-CO, 0.3231 0.3729 97 7.291 0.72030 110.8 6.729
' 7.379 0.72148 30.6
7.337 0.72556 53.5
7.346  0.71476 38.8
26 VII A-(CH )20- 0.3660 0.3260 98 8.428 0.62056 111.8 5.767
cH 3 8.495 0.61551 51
38 8.509  0.61hh7 30
8.483 0.61641 103.5
29 VIII He-CH)-N,  0.159 0.365 317 3.992  1.7095 45 16.7h4
L.066 1.6777 33
3.871  1.7642 105.5
%.183 1.6297 23.5
3 IX A-C_Hg- 0.5348 0.2310 318 5.707 1.18hk2 136 11.01
(CH3) o 5.778  1.1692 53.5
372 5.841 1.1562 26
5.824  1.1597
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Table~IV

Accomodation coefficients

Tgmp. Literature value and source for
Gas (7C) a Ag and Pt
N 10k4.5 0.364
2 317 0.343 O.M(Ag&h)
A 106 0.702 o
321 0.528 -O.65(Ag&%; 680°C); 0.57(Pt?3, 350°%)
He 100 0.148 "
315 0,081 0.13(ag™, 680°c); 0.17(Pt”3, 100°C)
0, 101 0.299
319 0.148
.CO 103 0.193 ‘ ,
g 320 0.212 0:3(ag™™); 0.3(Pt2); 0.6(Pt3)
CH), 98 0.242
317 0.106
C,Hg 100 0.175
3 318 .0.103
537 0.070
CH) 318 0.153"
' Binary mixtures
' Tgmp.v ” . Tgmp°
System :( c) 1 System 'Q c) a
He-N, 0L 0.219  0.407  He-CH, 317 .299  0.076
107.5 = 0.L09 0.352 7. 8167 .550  0.097
100 0.837 0.335 316 - Th6  0.072
He-A 102.5 0.276 .0.622 He-co2 317 610 0,226
100.5 .0.525 0.496
99 0.780 0.42h A-C3H8 318 71 0,192
CH, -C_H oL 0.313 0.537 N_-C 318 .525. .0.131
h738 55 0.486 o0.625 2 379
93 0.779 0.691 NZ-A 320 L497  0.394
CO,-C Hy 795 0.291  0.073  A-CO, 320 4ok .0.309
3 95 0.449  0.255 |
96 0.635 0.568 ,CZHu-coz 318 .512  0.195
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Table IV (cont'd.)

0.135

Tenp. i . o Temp. -
System (°¢) . a System™ (°c) 1 a
oas.-;CQ2 97 0.270 0.227 ’NZ-CZHu 318 0.498 0.187
- 96 0.315 0.321 ' 319 0.756 0.1L45
96 0.536  0.355
g7 0.778 0.230 N,-0, 319 0.390 0.166
He-A 318 0.306  0.377 _CHM-CZHA 317 0.489 0.267
316 0.573 0.307
316 O.774 0.129 N2-03H8 538 0.476 0.099
He-N2 318 0.305 0.263 .A-C3H8 538 0.471  0.083
317 0.637 0.337
316 0.739 0.105 CHM-A 538 0.477 0.1k49
Ternary mixtures
‘Temp. < .
System (°c) * o a
He-N,-A 99.5 0.396 0. 482 0.366
Nz-oz-co2 97 0.323 .0.373 0.254
.He—CHh—N 317 0.37h 0.113
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Fig. 13. Conductivity of some binary mixtures,
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Fig. 14, Comparison of experiméntal and calculated conductivity
of He—A mixtures at various tempersatures,
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' Fig. 15. Comparison of experimental and calculated conductivity
of He-—l\I2 mixtures at various temperatures,
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9.

Table v
Ax lO5 .Literatufe Qalue and source
Temp. cal > f __cal
Gas (°c) sec °C cm . leOv sec OC cm
N, 104.5 7.459 7.58(Keyes, 1952)37
| 7.33(Schottky,l952zh6
7.25(Rothman,1954) 4 L
7.56(Nuttall and Ginnings,1957) %
, 317 10.77 10. 62(Stops, 19&9)”9
10.77(Keyes ,,1952)37
10.85(Schottky,1952) 46
o, 101 7.732 7.90(Johnston ang Gr111y,19u6)32
7.80(Keyes,1952)37
0, 319 11.62 , ll.73(Franck,l951)
om, 98 10.60 10.86(Jchnston and Grélly,l9h6)32
10.30(Schottky,1952)%
CH,, 317 20.3k 21,00(Keyes,1952)37 LE
‘ 18.87(Schottky,1952)
C3H8 100 6.500 6.2h(Mann and Dickens,l93l)llLl
He 100 41.94 40.75(Johnston and Grilly,19u6)3§ '
hl.65§Kannu}u1k and Carman,1952) 3
40.86(Keyes,1952)37
He 315 \58.73 55.58(Kannuluik and Carman 1952)33
A 106 5.125 5. 113(Kannu1u1k ana Carman, ,1952)33
5.16(Keyes,1952)37 e .
5. lSS(Schottky,l952)
A 321 7.299 6.962(Kannuluik and Carman 1952)33
7.26(Keyes ,1952) 37 46
7. l65(Schottky,l952)
co,, 103 5.331 5.20(Eucken,1940)™” 32
5.56(Johnston,ang Grilly,1946)
5.35(Keyes,1952) |
co, 320 9.655 8.89(Eucken, 1940% 15

89(Keyes,1952)37
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‘B, Error Anaiysis'

Invthis,section; the sources of erﬁoré-éfé,évaiuated and an esti-
nate of the maximum error is made, . There are two distinct types of er-
rors, namely that involved in the experimental measurements and that in
the assumptions made iﬁ deriving from the measurements the results pre-
sented in the preceding section, The principalAexperimental quantities
required for the determination of thermsl eonductivity and accommodation
coeffiecient are (1) temperatﬁre,difference between the emitter and the
receiver, (2) rate of energy input to the emitter, (3) the dimensions of
the cell, (4) pressure, and (5) the rate of heat transfer by radiatdon
and condﬁction'in the cell under vacuum, In the case of mixtures; the
composition is also required for-calcﬁlation.of accommodatlion coefficient.
The total error is the sum of these errors in measurements and those in-

volved in the assumptiOnsﬂdiscussedvin Paragraph 2 below,

l., BEBrrors in Measurement

a, A T measurements, Temperature difference is calculated from the meas-

ured difference of the thermal emf of two thermocouples that have been
calibrated againét a sténdard couple, .The.hajor error in this quantity
appears in the stray emfs arrising from various lead connections, It was
found that these emfs fluctuated from O to 0.6 mv., For a temperature.dif—
ference of 6OC, this amounts to a maximum error of 1,1%, The average
error from this source is estimated to be 0,5%, Intercalibrwations of
thermocouples were reproducible to within 0,2 mv, A part of this différ—
ence was probably caused by fluctuation in stray emfs; hence, it is esti-
mated that error from intercalibration is at most 0.2% at a AT value of
6OC° The dE/dT calibration of the standard couple is known to + 8,3 to
o 0,5%. An error in calibration of this magnitude would cause the same

degree'of error in the final result.

b, Heat input, Negligible errors are involved in current and voltage
. measurements. Heater-lead correctionsamunted to 1% of the total voltage

drop, and these are known to within 5%,

.
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¢, Cell dimensions, -Errors in the measurements of the cell dimensions

are negligible, Annulus measurements are reproducible to within 0,1%,
This may introduce an error of the same order in the calculated conduc-

tivity. i

d, Pressure, The maximum error in pressure readings is 3%. These measure-
ments were made in order to correct for the accomodation effect by extra-
polating,the A,T/q Vs l/p liné to infinite pressure, In the pressure range
chosen, the difference Between the apparent conductivity at the lowest pres-
sure and that at infinite pressure is less than 3%, except in the case of

He and mixtures containing He, for which this difference may be as high as
12%,. Because the pressure dependence of the apparent conductivity is small
and measurements were made at three different pressures in most instances,
the error in the final result caused by errors in pressure measurements

should be negligible,

e, Vacuum correction, The maximum vacuum correction occurred in runs made

at SAOOCG The radiation and support conduction at this temperature amounted
to 4% of the gas conduction in the case of gases having low conductivities,
Because vacuum correction is known to within 5%, the corresponding error in

the conductivity is 0,2%.

f. Composition. The number of moles of each component in a mixture was de-
termined from pressure and temperature measurements of the gases in storage
tanks of known volume, Temperature measurements involved errors of 0,05%,
Pressure values might be in error by 0.2%. The volume of the tanks were
known with an accuracy of 1 part in 20,000, Thus the number of moles of a
gas introduced into a previously evacuated tank for mixing should not be in
error by more than 0,25%. In the initial runs, the pure gases were let into
the mixing tank alternately in small portions, Although the mixtures were
usually allowed to stand for 48 to T2 hrs before use, some difficulty of
poor mixing was experienced, as indicated by the scattering of dats points
in the A T/q vs 1/p plots, 1In one case, the scattering was 2,5%, but in
most others it was under 1%. In later runs, this difficulty was eliminated
by allowing the gases to impinge upon each other before flowing into the

mixing tank,
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2. Other Possible Errofs

“a,  Axial uniformity of temperature, In order to ascertain that the tem-

perature difference between the emitter and receiver was the same over the
entire length of the cell, measurements were made with the thermocouples
at different levels from the bottom of the wells, This temperature ex-
ploration revealed that the indicated AT decreased as the thermocouples
were moved toward the top of the cell, By varying the guard temperature,
it was found that at least a part of the cause of the change of A T with
depth of immersion of the thermocouples was heat conduction between the
cell and guard by way of the thermocouple assembly, When the guard was
maintained at.the temperature of the emitter,-£he indicated temperature of
the receiver increased as the thermocouple was raised -toward the top of
the cell, Similarly, when the guard was kept at the temperature of the
receiver, the indicated temperature of the emitter dropped as the thermo-
couple was railsed, The small amount of heat conducted by the thermocouple
‘wells and the'high thermal conductivity of silver led ome to suspect that
the actual temperature gradient was in. the well rather than in the silver,
If the gradient had been in the wells, then altering the conditions with-
in the cell to improve cooling of the wells should simultaneously extend
the constant A T zone and increase the A T near the top of the cell, This
point was proved experimentally, At lOOOC and under vacuum, A T did ﬁot
become constant until the thermocouples were placed at a depth of 4 in,
from the top of the cell, .and the ratio of the AT at the top of the cell
to that in the constant A T region was 0,3, When the cell was filled with
‘air, the corresponding quantities were 2 in, and 0.5, Further experiments
~ showed that the constant-A T zone lengthened; and the ratio of the A T's
increased with the conductivity of the gas in the cell,

Conduction along the parts of the thermocouple assembly within the
well was also studied, The dimensions and conductivities of these parts
are such that the amount ¢of heat .conducted by them is small in comparison
to that conducted along the well, The important question herée is the ef-
fect of conduction upon junction temperature rather than upon the temper-

-ature of the silver, The parts within the well are the thermocouple wires,

.e
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a two-hole ceramic insulating tube through which the wires were threaded,
a ceramic protecting tube surrounding the two-hole tube, and concentric
air spaces, Just as in the case of the well above, the persistenée of
temperature in these parts depends upon their rate of lateral heat trans-
fer., Because the conductivities of the ceramic tubes and air spaces are
negligible in comparison to that of the wires, the problem reduced to one
of cooling the wires, .In .order to determine whether the change in the
observed A T with distance was partly caused by the resistance to lateral
heat transfer from the wires, the protection tube was removed and the well
filled with dimethylformamide, It was found that both the zone of con~
stant AT and the AT at the top of the cell again increased, This re-
sult shows that the junction does not indicate the exact temperature of
the well until a certain depth of immersion is reached.

The experiments described above indicated that persistence of
temperature in the thermocouple assembly from axial conduction along the
well and along the wires was in part responsible for the apparent change
in A T with distance. There remains to be shown whether or not this cause
alone was sufficient to account eﬁtirely for the experimental observations.,

From the dimensions and thermal properties of the parts of the'
thermocouple assembly and certain reasonable assumptions, it is possible
to estimate with fair accuracy thé temperature at the junction at various
axial positions under ‘the condition of constant axial temperature in the
silver, A comparison of the temperature distribution so calculated with
the experimental data should indicate whether or not a temperature gradient
existed in the silver, _

Computation of the junction temperature had to be carried out in
two steps, First, the temperature distribution of the well was calculated
by assuming it to be a semi~-infinite hollow cylinder extending from a
region of constant temperature in the guard into another region of constant
temperature in the receiver or in the emitter, The inside of the well was
assumed to be insulated, since the conductivity of the parts within the
well is small in comparison to that of the well, The Jjunction temperature
was then calculated by treating the thermocouple wires as a finite cylin-

der extending from the region of constant temperature in the guard into
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the well, a region whoge. temperature depended upon the distance from the
guard, -Details of the,calculations-and discussion of the assumptions made
“are given in Appendix III. Computations were carried out for four dis-

tinet cases with two different thermocouple assemblies and three different

conditions in the cell, Each case corresponded to an experiment described

above, -Excellent agreement between calculated and experimental values is
found in all cases in which the cell was filled with gas., 1In the case for
the cell under vacuum, the calculated values are lower than the experi-
mental data, Tﬁe discrepancy was probably due to error in estimating the
radiant-heat-transfer coefficient-betweenvthe well and the silver, Even
if the coefficient had been estimated correctly, contact between the well
and silver would have caused the higher rate of heat transfer indicated
by the .data., However, even in this extreme case; the theoretical curve
predicts that at the bottom of the well the indicated AT should be nearly
95% of ﬁhe actual AT, A comparison.of the calculated and measured AT
values as a function the axial position of the thermocouple junction is
shown in Appendix III, (Fig. 5-III), The agreement shown thereon between
data and_éalcﬁlation based on the assumption of constant temperature in
the cell indicates that the observed nonuhiformity of axial temperature

should cause practically no error in the conductivity values,

b, Thermal diffusion, .In the cases of mixtures, the effects of unmix-

ing because of temperature gradients in the éxperimental equipment must
be considered., The temperature difference between the heated cell and
the connecting pipes at room temperature provides a driving force that
may be as high as several hundred degrees for thermal diffusion to take
place, Within the annular space between the receiver and emitter un-

- mixing of the gas because of the temperature gfadient also occurs,

That part of the experimental system consisting of the stainless
steel cell casing and the pumping line up to the valve at the end of the
flexible tubing may be visualized as an ordinary two-bulb-type apparatus
for the determination of thermal-diffusion coefficients,  The amount .of

separation for a given temperaturé gradient can be readily determined
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from data on thermal diffusion, The time required to attain steady-state
concentrations in the hdt_and cold parts of the system may alsc be esti-
mated, -Detalls of these calculations and a discussion of the necessary
approximations are given in Appendix IV,

Of the mixtures investigated in this work, those for which the
effect of thermal diffusion is most pronounced are He—4, He4ﬁ2, and
He-CHho The results in Appendix IV show that, for these cases, the dif-
ference in steady state concentration between the cell at 32000 and that
part of the connecting pipes at room temperature is of the order of 6%
for an initial mixture of 1 : 1, The estimated relaxation time, i.e.,
time required for the difference in concentration to attain (e - 1)/e
of the steady-state value, for these mixtures is about 0.5 min at 20 mm
‘pressure to.20 min at one atmos, Because most of the data were taken at
0,25 atmos or less, and the time between filling the cell and taking the
first réadings.df AT and q was half an hour or longer, the measured
conductivity of these cases was that for a mixture at the steady~state -
concentration in the cell, i.e., a mixture that may be as much as 6%
richer in the lighter component than was the original composition, For
these mixtufes, a correction must be applied to the composition as deter-
mined in Pafagraph 1f above, It is estimated that the calculated sepa-
ration based on thermal-diffusion data may be in error by as much as 30%.
This error would give rise to an uncertainty in the composition correc-
tion of 1.8% or an error in the composition of the same magnitude. For
the other mixtures investigated, the separation is of the order of 1%
or less, and the relaxation time is from 2 to 10 min in the experimental
pressure range, The error in composition from correction for thermal
diffusion in these cases would be 0.2% or less,

In computing the conductivity for mixtures, it was necessary to
make estimates of the contribution to thermal flux across the cap.space by
thermal diffusion, The error involved in these estimates based upon thermal{;
diffusion data is considered to be not greater than 30%, As thermal dif-
fusion amounted to less than 3% of the total thermal flux, a 30% error
in these estimates corresponds to 0,9% error in thermal conductivity.

Because thermal diffusion is Important only in the region of composition
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néar the 1 : 1 ratio, this error becomes smaller for mixtures rich in
either component, even for cases of high thermal-diffusion factors. For
most of the mixtures investigated ia this work, the error involved in

ignoring thermal diffusion entirely is negligible,

C, Conveétiono The plots of A;T/q vs l/p.indicate that convection is
practically negligible at a pressure as high as one atmosphere, .The
~inéertion of a tube bundle in the verticle»pipe.leading from the cell
was apparently sufficient to keep the convective currents ofiginating
in the copler seetion of this pipe from reaching the cell, as observed
by Rothman.lm

atmosphere pressure or less; hence, it may be safely assumed that error

As a further precaution, all data were taken at 0.25-
from convection was completely eliminated,

a. . Effecﬁvof ALT,;vRothmanhh,studied the effect of A T on apparent con-~

ductivity in the range of AT from 2 to 2500 and estimated the error from
variation of conductivity with A T to be less than 052%,&4 In the preseht
work, the data were taken at a A T value of 2 to lOOC;itheréfore_no more

“than 0.2% error would be involved here also,

‘e, Eccentricity of the cell, When the emitter is not concentric with

the receiver, higher values of apparentAéonductivity are observed, Cal-
culation. based on the maximum possible displacement from concentricity
indicates an error of less than 0.3% in the temperature range of the data

L

- of this work. -

3. Summary of Errors

vThe largest error in measurement appears in AT, and the largest
error in computation occurs in the estimated correction for thermal.difu
fusion in certain mixtures. vThe‘former may cause a maximum error of LA
in the few measurements taken at A T of 2°C or less, and the latter, 0.5%
in some of the mixtures containing helium, With the addition 6f errors

from other sources, the total maximum error méy reach 5,7%. This is the
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worst possible case for a mixture, For measurements at higher values
of AT and most of the mixtures studied, for which thermal diffusion
is unimportant, the meximum error is of the order of 2%, and the aver-
age error is in the neighborhood of 1.2%,
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CHAPTER V, Evaluation of Empirical Constants and Comparlson with
" Experimental Data. . ‘ '

A, Evaluation of Empirical Constants for Proposed Correlations

Empirical relations for the thermal conductivity and viscosity
of gas mixtures were proposed in Chapter II. Because these equations
are presumably approximately applicable in general, the constants in
them may be evaluated from the data on any arbitrarily:chosen set of
binary mixtures. However, because of the variables appearing in these

equations, the data from certain systems are more desirable than others.

For the determination of m and n in the thermal conductivity correlation, .

the most logical data to be used afe those of monatomic gas mixtures,
Because these gases do not possess any internal degrees of freedom, the
second term in Eq, 34 dqes not exist. Furthermore, the factors Dii/DiJ
and Mij/Mi'indicate that 1t would be advantageous to choose mixtures
whose components have widely different molecular weights,

In order to develop a correlation.that will apply to all mix-
tures on an equal basis, the effect of thermal diffusion must be con-

sidered., According to the rigorous kinetic theory, the heat flux in a

gas.mixture consists of two terms, one from conduction and the other from

thermal diffusiohgi)Franckl7 pointed out that the existing correlations
of conductivity of mixtures do not take the effect of thermal diffusion
into account, To calculate the contribution of thermal diffusion to

conductivity, he wrote

Km = xc - Atd (47)
where : A = o DnRzx, X (48)
td ' R S

The conductivity because of thermal diffusion, A depends principally

ta?
upon molecular-weight differences of the constituents, In all cases,
th, is small compared to h . For example, the maximum value of A td
for He—A mixtures at 0°C is about 2.5% of A . When the molecular-weight

difference

.e
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is small, the effect of thermal diffusion is negligible, A correlation
that applies equally to all mixtures should, therefore, be based on Mo
rather than Lme

For the empirical determination of m and n in Eq. 3&, the data
for He-A mixtures were chosen, Proper corrections for the effect of
thermal diffusion were made according to Eqs. 47 and 48, Calculations
showed that the best values of m and n for this system are apbroximately
1 and 1/8 respectively. With the introduction of these constants, Eq.

3% becomes

n
N }; xci
c Do M 178 <
ii i J
1=1 J. + —— —— —
L. Di s Mi Xi
iz1 Y
i3
1 Mai
+ Z " ; (49)
Dii X,
i=1 1+ R ' X—i
ij 1

A comparison of this expression with the existing data of He—4 at OOC is
shown in Fig, 1,

Qut of considerations similar to that in the case of the conducti-
vity correlation, the viscosity data for binary mixtures of Ne and H2 was
chosen for the determinstion of p and g in Bq, 38. It was found that Eq,
38 conforms most closely to the data of this system when p and g have the
values of 2/3 and zero respectively; thus, the empirically modifiled ex-

pression for viscosity becomes

MTn = . 7 , (50)
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A comparlson of this relation with experimental data of Hz—Ne mixtures
at 20 C is shown in Fig, 2.

B, Comparison of Data and Correlations

1. Introduction

The relation between the thermal conductivity ..or the viscosity
and the composition of & mixture depends mainly upon the follewing.factors:
(1) temperature, (2) relative mass and size of the .component molecules,
(3) difference .in intermolecular forces, and (h)Apolar characteristics,

In the case of conductivity, the proportion of molecular energy associated
with internal degrees of freedom and the ease of transfer of such energy
by collision are also important, s ' |

The character of a collision between like or unlike,molecules_in
a mixture is temperature=-dependent, At high temperatures, the repulsive
forces between molecules are the determining factor, i.e., molecules be=-
have as centers of repulsion during a high-energy collision, At low tem-
peratures, the attractive forces play the major role in moleculsar encoun~
ters. - Thus the angle.of.deflectibn‘suffered by a,moleeule during collision
is profoundly influenced by temperature, The transport of kinetic'energy
and momentum are directly related to the angle of deflection,28 and the
conductivity and viscosity vary with temperature

The .conductivity of polyatomic molecules is further influenced by
temperature through its effect upon the rate of transfer by collision of
energy‘aésociated with internal degrees of freedomﬁ ‘With decreasing
‘temperature, inelastic collisions among polyatomic molecules became more
numerous, The proportion of energy'associatedTWith the internsl degrees
of freedom also increases with temperature, For example, about one fourth
of of the heat capacity of GO2 at OOC isrdue to internal degrees of freee-
dom, but at lOOOOC, the proportion rises to nearly three quarters,” If
the rate of transfer of internal energy by collision is slow, this means
that as the temperature rises, the proportion of energy transported by
diffusion increases, Furthéfmore,; the conductivity for internal energy

depends also upon the effeéts of temperature on the diffusion coefficient,
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The relative mass of the different components in a mixture affects
the number of collisions between unlike molecules as .well as the persist-
ence of velocity of the molecules involved in these collisions, In a mix-
ture of molecules of unequal masses, the persistence of velocity of the
heavier molecule is increased, while that of the lighter molecule is re~-
duced, As a result, the contribution of the heavier molecule to the con-
duetivity and the viscosity of the mixture is enhanced, and the lighter
molecule becomes less efficient in transporting kinetic energy and momentum,
Mass difference is an important factor causing nonlinear relations between
conductivity or viscosity and composition,

The force fields of molecules in a @ixture,may range from the simple
spherical field of monatomic gases to that of highly polar polyatomic mole-
cules, The interactions of molecules having widely different force fields
causes in part the deviation from the ideal mixing rule, It has been
pointed out that polar molecules in low éoncentrations may behave simply
as nonpolar molecules, because in suéh,mixtures, polar-polar encounters
. would be negligible in comparison to polar-nonpolar encbunters, in which
the polaf characteristics are much less important.62 Even in mixtures of
nonpolar gases, unsymmetrical force fields may be important in determining
the shape of the conductivity or viscosity vs composition curve,

The agreement between the experimental data and a correlation de-
pends, therefore, upon how nearly the corfelation accounts for the effects

of the factors mentioned.

2. Thermal Conductivity

In a comparison of conductivity data with correlations, it is con-
venient to classify molecules according to the following schemes
Type I. Monatomic molecules,

Type II. Rotators without energy of vibration or
internal rotation,

Type III. Molecules having energies of vibration and/or
internal rotation and H2°

Hydrogen is classified as Type III because its energy‘of rotation is

known to be transferred by diffusion°29 With the molecules so classified
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the mixtures may then be discussed in groups according to the types of

constituents,

a, Monatomié mixtures, It is with this type of mixture: that the effects

of relative molecular masses and temperature can be best assessed, because
. these gases possess only translational kinetie energy, and their inter-
molecular forces should be gquite similar, The factors Aij in ®q, 49 in-
dicate that these mixtures should have a conductivity-vs-composition curve
lying below the linear relation, -Eoth.Dii/Dij énd.Mij/Mi (where;iLrefers
to the lighter component) are larger than unity; hence, the contribution
of the lighter component to'mixture conductivity is reduced. The reduc-
tion usually cannot be balanced by the increase.iﬁ the contribution of the
‘heavier molecule, The net result.is negative deviation from the linear
relation, _ ,
' ~ Temperature may influence the conductivity of monatomi¢ mixtures
through its effect upon Aij and upon the conductivities of the pure gases.
Aij should be nearly independent of temperature. The conductivity of the
gases can be represented quite well over extended temperature ranges by
aT" with a value of n between 0,5 and 1, If Aij were constants, and the
n values for all components of a mixture are equal, then the ratio of the
actual conductivity of the mixture to that calculated from the ideal mix-
-ing rule A\ /x would be independent of temperature, Actually, xc/hz
would be a function of T © V
effect upon A . (see Appendix V),

if it were assumed that temperature has no

A comparlson of the conductivity of the binary system of He-4
with Eq. 49 was made in the light of the foregoing points. For this
system, the ratio of the molecular weights 1s tenj hence, the conducti-
vity of the mixtures should be well below that calculated by the simple
mixing rule, Over the temperature range of 200 to BOOOK, the conducti-
vities of He and A are proportional to the 0,63 and 0;78 power 6f”the
absolute temperature, respectively, Thus, the ratio N /x. should be a
function of'TO°15i' Because the variation of A /h with temperature is
much less than proportional to Tn —n,t, and n —n" is small compared to

unity in this case, xc/xﬂ should vary only very slowly with temperature,

.e



a6

~78-

-,

As a first approximation, NC/AZ may be assumed independent of temperatute,
In order to demonstrate the validity of this assumption, the experimental
and calculated data for this system are shown in Fig, 16, It is seen that
a single curve represents ﬁhe.data in this manner quite well for various
temperatures, There is some scaxtering of the experimental points gbout
the'curve; however, the deviations are not greater than expected; It ap-
pears that Eq, 49 predicts quite accurately for this system the variation
of mixture conductivity with temperature and with composition,

The experimental data and values calculated by means of Eq, 49
for 35 mixtures of 5 binary systems of monatomic gases are tabulated in
Table VI, The temperatures at which the measurements were made ranged
from O to 316°C. For these data, the average deviation of Eq. 49 fram
experiment is 1,9%. Experimental and calculated conductivities for He—A

mixtures and various temperatures are shown in Fig, 1k,

b. Mixtures of molecules of Types I and II, Molecules of Type II have

rotational energy in addition to translational kinetic energy. Both‘
rotational and translational energies are transferred rapidly by col-

6,6
,03 therefore, when Eq. 49 is applied to mixtures of this group,

lision;
the second sum does not appear, i.e,, the expression for the conductivity
of mixtures in this instance is identical to that for monatomic gas mix-
tures., The effects of molecular weight difference and temperature upon
the conductivity of these mixtures should be similar to their effects up-
on the conductivity of monatomic mixtures discussed above, Binariles of

He and N2 are typical representatives 'of this group. The molecular weight
ratio of 7 ¢ 1 between He and N2 should cause considerable negatlive devi-
ation from the linear A-vs-x relatlon, Over the temperature range of

170 to 670°K, the conductivity of N,

of the absolute temperature, For the same reasons as in the case of the

is proportional to the 0,85 power

He—A system, xc/xl for this system should also be essentially independent
of temperature, The data for this system in the form of hc/kﬂ vs x is
plotted in Fig, 17. The agreement between experiment .and correlation

again appears to be quite good. Equation 49 was compared with 23 data



_79_

il | T 1 1 [ ] | {
0.8t .
I e -
0.6 - -
—
~<
~- L -
(&)
~< .
0.4 ® Expt’l 0°C Wachsmuth®4 7
A Expt’l 100°C This work
® Expt’'l 316°C This work .
0.2 .v.Calc’d 100°C Equation 49 ' .
1 —l 1 1 { 1 i 1 1
0 0.2 0.4 0.6 0.8
XHe
MU-15177

Fig. 16, Temperature effect on-hc/}\‘z of He—A mixtures.
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Table VI

Comparison of experimental and calculated conductivities

of nonpolar binary mixtures

System _Tgmp. >\'m * 105 Kc x-lOB xbalc‘d Deviation >\'calc‘d. Deviation
ang (%¢) *1 cal cal (Eq. 49) (%) (Lindsay- (#)
ret. sec °C ecm sec °C cm Bromley)
Hz.—co2 0 1 3.60 - - - - --
(30) 0.100 5.10 5.13 5.16 +0.56 5.0k -0.97
: 0.142  '5.70 5.75 5,83 +1.51 5.70 -0.07
0.250 7.70 7.77 7.83 - +0.80 7.60 -1.18
0.355 10.00 10.09 10.12 +0.16 9.76 -2.40
0.500 13,50 13.60 13.87 +2.10 13.43 -0.34
0.750 22.70 22.77 23.35 +2.60 - 22.85 +0.78
0.901  31.50 31.53 ..32.53 +3.16 31.90 +1.30
1.000 40.%0 - - - - -
HN, 0 0 5.50 - - -- - --
(éO) 0.159 8.0 8.05 8.26 +2.46 8.18 . 42,27
0.390 12.7 12.80 13.33 +4. 46 13.18 +3.87
0.652 19.4 19.49 21.50 +10. 47 21.33 +10.28
0.803 25.7 25.76 28.20 +9. 40 27.97 +8.90
1.000 40.4 - - - - --
HZ-NZO 0 0 3.8 - - - - -
(30) 0.209 7.1 7.18 7.11 -1.09 7.06 -0.52
0.386 10.7 10.83 10.83 0 -10.71 +0.07
0.599 17.0 17.12 16.76 -2.08 16.86 -0.80
0.812 27.2 27.28 26.68 -2.33 26.32 -3.19
1.000 L4o.h - -- - - -
He-A 0 0 3.894 -- - - -- -
(64) 0.2704  7.415 7.589 7.53 ~0.65 7.60 +2.56
0.4537 10.77 10.99 11.07 +0.73 11.12 +1.85
0.8486 23.20 23.31 24.00 +2.96 24, 28 44,76
0.9461 29.39 29.143 29.93 +1.78 29.97 +2.04
1.000 33.86 -~ -- -- -- --
HZCO 0 0" 5.3 -= -- -- -- --
(30) 0.163 8.0 8.05 8.12 40,92 8.03 +0.46
0.272 10.3 10.38 10.39 +0.32 10,18 -1.00
0.560 18.0 18.10 18.20 +0.59 17.98 -0,11
0.634 20.9 20.99 20,83 -0.81 20.35 -2.58
0.794  27.0 27.06 27.75 -2.70 27.27 +1.10
1.000 L40.h4 - - - - --
HZ-A o 0 3.9 - - - -- --
(30) 0.180 7.3 T-37 7.21 ~2.17 . 7.1k -2.07
' 0.400 12.6 12.71 12.62 -0.71 12,24 -3.12
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Table VI (cont'd.)

~

System . Temp, .)\m X 105 %.C; X ]_O5 xcalc‘d Deviation %.c 1c'4. Deviation
ing (%) % cal cal (Eq. 49) (%) (Lindsay- (%) 2
et sec °Cem sec ©Ccm - . - Bromley)
0.600 18.7 18.81 18.88 +0337 18.52 -0.99
0.802 27.0 27.07 27.80 +2.62 '27.37 1.4y s
- 1.000 LO.k -- L - - -- -
CCZHLL 25 0 5.27 - - -- - -
(38) 0.1698 8.61 8.68 8.05 -7.14 7.99 -7.10
0.3140 11.48 11.58 10.83 -6.35 10.86 - -5.32
0.5137 16.90 17.02 16.13 -5.18 16.12 -4,82
0.6110 20.6 20.71 19.28 -6.92 19.46 e al
0.8649 32.9 32.96 32.50 -1.h42 32.40 -1.51
1.000 143.7 -- - -- - -
NZ_A 0 0 3.849 -- -~ -- -- --
(66) 0.2038  4.173 L2173 4.19 +0.59 4,22 +0.99
0.3587 L4.436 L. 436 4. 47 +0.84 4. 49 +1.30
0.6108 4.896. 4.896 4.92 +0.59 4,96 +1.10
0.7804% 5.235 5. 235 5.25 40.24 5.27 +0.55
©1.000 5.66 - - - -- -
H_Z.ID2 0 0 30.8 - -- - - --
(3) 0.187 32.31 32.31 32.80 +0.62 32.70 +1.30
0/ 0.395 3k4.1 34,1 35.10 +1.66 34.95 +2.54
0.496 35.0 35.0 36.20 +2.09 36.05 +2.89
0.655 36.4" 36.4 37.97 +2.97 37.86 +3,78
0.802 38.2 38.2 39.65 +2.98 39.50 +3.36
1.000 41.8 - - - - -
Hz-co2 25 0 4.08 - -- -- -- --
(38) - 0.047 4.43 RIS 4,81 +8.07 4.80 +8.39
. 0.193 .7.58 T.65 37 -3.56 732 -8.38
‘ 0.496  15.13 15.24 14,87 -2.25 1k.73 -2.40
0.9059 35.0 35,0k 35.35 +1.01 35.07 +0.37
.0.9638 L0.2 40.20 40.20 0 40.10 -0.22
1.000 143.7 -- - -- -- --
-co 0 0 3.393 -— -- - -- --
(66) 0.170L  6.073 6.127 6.21 +1.35 5.91 -2.58
0.3698 10.3L4 10.143 10.47 +0.48 9.82 -k.01 -
0.6068 17.2k4 17.33 17.76 +2.53 16.66 -3.18
0.831L 27 99 28.04 28.80 +2.84 27.25 -2.46
1.000 -- - - -- - -
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Table VI (cont'd.)

System Temp. Km X lO5 Kc X lO5 Kcalc'd. Dev1at10n h alc'd. Deviation
ang ( C) Xl cal cal (Eq. 49) (%) A (Llndsay— (%)
ret. sec °C cm  sec °C cm Bromley)
He-CO, O 0. . 3.39 - -- -- -
(12) 0.25 6.35 6.49 6.27 -3.39 6.01 -5.35
0.52 11.20 11.38 11,11 -2.37 10.50 -6.25
0.7h4 17.83 17.97 17.77 -1.11 17.28 -3.08
1.000 33.21 -- - -- - --
He-Ne 0 0 10.82 -- - -- -- .-
(12) 0.25 14.09 14.28 14,67 +2.73 14.75 +4.69
0.49 18.45 18.70 19.25 +2.94 19.35 +4.88
0.75 2k.25 24 b 25.48 +4.25 25.55 +5.36
1.00 33.21 -- - - -- --
Ne-CO, 0- 0 3:39 — - - — -
(12) 0.26 Lo Ly Ty ¢ L2 +5:59 L. 617 +3:.28
0.47 5.88 5.88 6.03 +2.55 5.87 -0.17
0.60 6.79 6.79 6.98 +2.80 6.69 -1.47
0.69 7.31 7.31 7.73 +5.42 7.518 +2.84
1.00 10.82 -- -- - - -
Nz-co2 0 0 3.39 -- -- -- - -
(12) 0.48 4.55 4,55 4.36 -4.36 Y. k12 -3.03
.0.75 5.12 5.12 5.03 -1.76 5.08L4 -9.70
1.00 5.77 -- -- -- - -
He-N, 0 0 5.77 - -- -- -- --
(12) 0.26 8.64 8.76 8.97 +2.40 9.22 +6.29
0.55 14.23 14.38 14,42 +0,28 14.91 +h. 77
0.76 19.77 19.88 20.71 +u 17 21.27 +7.58
1.00 33.21 -- -- -- -
C_H,-Air 20 0 6.00 -- -- -- -- -
(20) 0.141 5.958 5.958 5.89 -1.11 5.91 -0.83
0.320 5.832 5.832 5.725 -1.77 5.775 -1.06
0.536 5.658 5.658 5.56 -1.90 5.595 -1.02
0.630 5.550 5.550 5.49 -1.0k4 5.53 -0.30
0.900 5.298 5.298 5.29 - -0.16 5.31 +0.16
1.000 5.20 - -- - -- -
C H,-Air: 65 0 .. £.70 - -- - - --
' (20) 0.211 6.76 6.76 6.69 -1.04 6.65 -1.59
0. 464 6.653 6.653 6.61 -0.68 6.55 -1.49
0.646 6.573 6.573 6. Lk -1.95 6. 47 -1.51
0.821 6.325 6 325 6.36 -0.90 6.38 -0.58
1.000 6.284 - -- -- --
CH, -Air 22 0 6.03 -- -- -- -- --
(26) 0.076 6.120 6.120 6.125 +0.07 6.129 +0. 1L
0.390 6.495 6. 495 6.510 +0.38 6.512 +0. 45
0.700 6.868 6.868 6.890 +0.42 6.870 +0.18
0.880 7.08 7..08 7.075 +0.18 7.210 +2.0k4
1.000 7.22 -- - -- - --
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' Table VI (cont'd.)

' s S 1) caad : sl C » e
Sg;temv ?ggge . Xm x 10 | xc'x,%o Kca;cfdu Dez;itlon xgalc‘d. . D?%iatlon
Cref. 1 cal | cal . (Eq. 49) ' (Lindsay- o
: ' sec °C cm sec °Ccm - S ‘Bromley)
CO-Air 18 0. 5.97 - - - .- --
(20) 0.108 5.946 - 5.946 5.940 -0.14 5.936 -0.21 «
0.321 - 5.886 5.886 5.873 -0.35 5.873 -0.35
0.562 5.821 5.821 5.800 -0.35 5.796 -0. 42
0.978 5.626 5. 703 5.688 -0.07 5.684 0
- 1.000 5.626 -- -- -- -- --
Ne-A 38 0 4.38 -- - - - --
(48) 0.1340 5.03 5.03 5.038  +0.16 5.08 +0.99
0.1619 5.16 5.16 5.182 +0.43 5.23 +1.36
0.171% 5,15 5.15 5.227 +1.50 5.288 +2.68
0.3312 - 6.07 6.07 6.125 +0.90 6.23 +2.63
»0.5785  7.68 7.68 7.805 +1.63 7.94 +3.38
0.6528 8.30 - 8.30 8.395 +1.1% 8.52 +2.65
"0.6876 . 8.39 8.39 8.67 +3.33 8.80 +4.89
0.8630 10.25 10.25 10.30 +0. 49 10.38 +1.27
0.8817 10.h7 10.47 10.47 0 10.56 . +0.86
1.000 11.80 -- -- - -- -
Ne-Kr 38 0 ©2.33 -- _— - - -
(L8) - S 0.1kl 3,07 3.10 3.04  -1.90 3.105 +1.1h
. 0.3293 3.98 4.03 4,143 +2.80 L.29 +7.78
0.4930 5.16 5.21 5.358 +2.,8k4 5.55 +7.55
. 0.5723  5.91 5.96 6.062 T +1.71 6.26 +5.92
0.6908 6.96 '7.01 T7.262 +2.16 7.33 +5.31
0.7924 8.31 8.34 8. 491 +1.81 8.65 +3.93
0.9288 10.35 10.36 10.53: +1.76  10.60 +2. 41
.1.000  11.80 - - - - -
A-Kr 38 0 . 2.33 - _— - - -
(18) 1 0.1885 2.56 2.56 © 2,638 43.04 2.639 +3.08
: ©0.3317 2.7 2. 77 2.896 - +4.55 2.892 +4. 40
©0.5160 3.17 3.17 3.255 +2.68 T 3.25 +2.52
0.6205 .3.3L 3.34 3. 47 +3.89 3. 465 +3.74
0.7662 3.66 3.66 3.80 +3.82 3.80 +3.82
.0.9134 3,98 " 3.98 4.15 +4.27 h.15 +4. 27
1.000 4.38 - - -- Coe= --
N,-CO, 50 0 L.3h - - - - --
(36) 0.3406  L.99 4.99 4,96 -0.60 5,02 +0.60
0.5288 5.37 5.37 5.33 ~0.7h 5.42 +0.91 -
0.6650 5.67 5.67 5.67 0 5.76 +1.59
1

.000 6.6L4 - - - — -
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Table VI (cont'd.)

System Temp. AoX lO5 P lO5 b . Deviation A\ . Deviation
a (OC) X m e calc'd. (%) .cglc d. (%)
anf , ~ cal cal (Eq. 49) (Lindsay-
ret- sec "C cm sec °C cm B Bromley)
NZaCOZ 150 0 6.27 -- - -- - -
(36) 0.3406 7.02 7.02 6.8k ~-2.56 6.88 -1.99
3 0.5288 7.38 7.38 7.15 -3.12 7.26 -1.63
0.6650 T7.6L4 7.64 747 -2.22 7.58 -0.79
1.000 8.31 - - - - --
N,-CO, 250 0 8.36 - - - - --
(36) 0.3406 8.91 8.91 8.74 -1.91 7.88 -0.34
0.5288 9.21 9.21 8.97 -2.60 9.10 -1.19
0.6650 9.36 9.36 9.24 -1.28 9.34 -0.21
1.000 9.83 -- -- - - -
N,-CO, 350 0 10.58 - - -- -- -
(36) 0.3406 11.04 11.04 10.73 -2.80 10.78 -2.35
0.5288 11.27 11.27 10.76 -h.62 10.82 -3.99
0.6650 11.30 11.30 10.91 -3.45 10.96 -3.01
1.000 11.22 -- - - -- --
N,-CO,, 369 0 10.40 -- - - -- -
(41) 0.50 10.45 10.45 10.69 -2.37 10.85 -0.90
0.53 10.91 10.91 10.73 -1.65 10.86 -0.46
0.75 11.02 11.02 10.91 -1.00 11.02 0
1.00 11.15 - - -- -- -
N2-C02 372 0 11.06 -- - -- -- --
(1) - 0.33 11.36- 11:36 11.25 -0.97 11.%9 +1.14
0.50 11.61 11.61 11.38 -1.98 11.53 -0.69
0.67 11.82 11.82 11.53 -2.45 11.66 -1.35
0.83 11.91 11.91 11.68 -1.93 11.78 -1.09
1.00 11.87 -- - - - -
N,-CO, 375 0 11.19 -- -- - - -
() 0.33 11.53 11.53 11.35 -1.56 11.4%9 -0.35
A 0.50 11.78 11.78 11.46 -2.71 11.61 -1. 4%
0.67 12.00 12.00 11.58 -3.50 11.71 -2.42
0.83 12.08 12.08 11.71 -3.06 11.80 -2.32
1.00 11.87 - - - - --
N,-CO, 472 0 12.15 - - -- - --
(uu) 0.56 12.56 12.56 12.17 -3.10 12.33 -1.83
1.00 12.32 - - - -- -
N2-002 569 0 13.62 - - -- -- --
(1)) 0.33 13.78 13.78 13.42 -2.61 13.54 -1.73
0.50 13.88 13.88 13.3%4 -3.89 13.46 -3.02
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Table VI (cont'd.)

System - Temp,

X Ux10° A x 10
m - c ..

5

. Deviation A

‘Deviation

a - () ' '7%calc‘d.' (%) .calc’d.  (%)
.anf . ' *1 ~cal cal (BEq. k9) M (Lindsay-
reb. : sec OC ecm sec ©OC cm ) Bromley) . *
0.67  13.9% - +13.94 13.25 -4.95 13.43. -3.66
1.00 13.12 - - - - . -- .
NZ-CO2 573 0O 13.87 -- -- -- -- --
(41 0.33 1%4.03 14.03 13.69 -2.42 13.81 -1.57
' 0.50 k.17 14,17 13.59 " -4.09 13.74 -3.0k
0.67 14,19 14.19 . 13.52 -4.72 13.71 -3.38
1.00 13.39 - - - - -
NZ-COZ 677 0 16.10. -- - - -- -
(uu) 0.50 16.27 16.27 15.60 =412 15.74 -3.26
- 1.00 15.12 - - -- - -
N,-CO, 688 0 16.21 -- - -- N --
(41) 0.25 16,40 16. 4L 16.08 -2.19 16.08 -2.19
0.50 16.51 16.51 15.93 - =3.51 15.93 -3.51
0.75 16.29 16.29 15.68 -3.74 15.68 -3.74
1.00 15.34 -- - - - --
'N,-CO, T4 0 18.29 -- - - - --
(1) . 0.50 18.28 18.28 17.46 -3.83 17.79 -2.68
- 1.00 16.99 -- -- -- - --
He-NZ* 104 0 7.45 - - - - -
0.219 10.T71 10.88 10.77 +1.01 10.89 +1.68
0.409  1h.45 14.70 14.63 -0.48 14.88 +2.97
0.837 30.58 30.73 30. 41 -1.0k 30.75 +0.56
1.00 42.23 - - -- - -
.He-Nz* 316 0 10.6k - - - -- --
0.305  16.21 16.63 17.03 +2.40 17.5k4 +8.20
0.637 28.24 -28.78 27.80 -3.40 29.60 +4.81
0.739  33.k7 33.99 33.94 -0.15 34.96 +4, 45
1.000 55.6. - - - - -
% .
He-A 100 0 5.058 - - -- -- --
0.276 9.439 9.711 9.67 -0.12 9.90 +4.88
0.525 15.88 16.43 15.92 - ~-3.16 16.1h +1.6k4
.0.780  25.24 25.49 26.19 +2.7h 26.34 +3.3L
1.000 41.9% - - -- -- --

*
‘Data of .this work.



-86-

Table VI (cont'd.)

System Temp. xm bl lO5 k X 105 Xcalc'd Deviation’ Kcalc'd Deviation
ang (°c) 0 cal cal (Eq. 49) (%) (Lindsay- ®
ret. sec °C cm sec °C cm Bromley)
He—A* 316 0 7.255 -- -- -- - - --
0.306 13.31 13.89 14.20 +2.23 14,71 +10.52
0.573 23.00 23.76 23.57 -0.80 24.52 +6.60
0.774+ 33.23 33.8L4 34.65 +2.39 - 35.69 +7. 40
1.000 55.6 - - - -- -
¥ :
He-CH), 316 0 20.29 - - - - --
0,299 2k4.53 24.86 25.02 +0.6L 26.01 +6.0k
0.550 30.54 30.96 31.12 +0.52 32.85 +7.56
0.746  40.63 40.9)4 39.43 -3.68 40. 41 -0.54
1.000 55.6 - - - -- -
He-COé* 316 Q- 9.580 -- - -- - --
0.610 23.65 24.29 25.58 +5.30 .26.09 +10.31
1.000 55.6 -- - - - --
CH)- . 95 0 6.344 -- -- -- -- --
cH * 0.313 7.083 7.083 T7.031 -0.73 7.18 +1.37
38 0. 486 7.636 T7.636 7.522 -1.549 7.81 +2.28
0.779 8.841 8 841 9.1L40 +3.38 9.54 +7.90
1.00 10.49 - - -- -- -
co,,- 95 0 6.3Lh -- -- - -- --
cn’ 0.291 6.083 6.083 6.023 -0.82 6.082 -0.02
378 0L4Lo 5.884 5.884 5.853 -0.53 5.928 +0.75
0.635 5.715 5.715 5.615 -1.75 5.715 0
1.000 5.181 -- - -- -- --
* :
.02-c02 97 0 5.218 -- -- -- -- --
N 0.270 5. TT7 57177 5.655 -2.11 5.738 -0.67
0.315 5.883 5.883 5.779 -1.77 5.788 -1.61
0.536 6.383 6.383 6.27h -1.71 6.336 -0.7h
0.778 7.027 7.027 6.916 -1.58 6 967 -0.85
1.000 7.660  -- -- -- --
A-b H8* 318 o - 14.65 -- -- -- - --
3 0.471  11.86 11.86 11.90 +0. 3k 11.88 +0.17
1.000 7.18
A-C3H8* 538 0 25.13 -- - -- -- --
0.471  19.80 19.80 19.21 -2.98 18.83 -4.90
' 1.000 9.00 - -- - -- -




-87-

(cont'd.)

Table VI
, , 5 H - _ NN
:yztem .?ggg. . @m.xvlo SN X 10 %calc'd; Deziﬁtyan 'Lcalc¥d. Dey;itlon
' nf, 1 cal cal (Eq. 19) - (Lindsay-
rer. _ sec °C cm sec °C cm , Bromley) -
N- 318 0 1k.65 - -- - - -
cn¥ 0.525 13.06 13.06 12.92 -1.07 13.02 ~0.31
378 1.000 10.68 - —- - - _—
'Nz' 538 . 0 25.13 - - - - _—
X 0.476 20.99 20.99 20.74 -1.19 20.53 - =2.19
378 1.000 13.42 — -- - _— -
Nz'A* 320 0 7.291 -- -- -- - -
: 0.497  8.788 8.788 9.03 +2.76 8.96 +1.96
1.000 16,71 - - - — -
%
A-CO, 320 0 9,655 -- - -- - -- :
0. 4ok 8.700 8.700 .. 8.58 -1.38 8.6k -0.69
1.000  7.291 .- -— - - -
CH- 318 O 9.617 -- -- -- -- --
e 0.512 12.69 12.69 12.38 -2. 44 12.75 +0. 49
co,, 1.000  15.30 - -- - - -
CH&; 317 0O 15.26 -- - - - -
cu¥ 0.489 16.73 ©16.73 ©17.45 +4..30 17.49 +4.54
2L 1.000 20.3% -- -- -- -- --
*
N,-0, 319 - 0 11.62 - - . -- - -
_ 0.3902 11.19 11.19 11.16 -0.27 11.25 +0.54
1.000 10.70 -- -- - - -
N,- 318 0 15.30 -- - - - -
cu ¥ 0.498 13.22 13.22 . 13.36 +1.06 13.16° -0.45
2L 0.756 12.03 12.03 12,09 40.50 12.01 -0.17
1,000 10.68 - - - _— -
*
CHA'A 538 O 9.00 S - -- 4 - - -
0.4767 17.03 17.03 16.58 -2.65 17.59 +3.28
1.000 25.30 - - R -— -
Average Deviation (177 points) 2.08 2.56
Maximum Deviation 10.47

106.52
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Fig. 17. Temperature effect on xc/xz of He-¥, mixtures,
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points of seven binary systems .of molecules of both Type I and Type II
and of only Type II in temperatures from O to 32000, The average devi-
ation is 1,0%, Experimental and calculated conductivities for the He—N2
system at various temperatures are shown in Fig. . .

¢, Mixtures containing moleculeg of Type III, Among molecules of this

type, the HZ‘molecule is of special interest in-two respects, First, its

lightness gives rise to mixtures having very high molecular-weight ratios,

Second, its rotational energy and translation kinetic energy are transfer-
29

'red by different processes, diffusion and collision, respectively, Thus,

mixtures containing H_ serve to test Eq, 49 not only for the-correcﬁness

of its account of the?relation between malecular~weight differences and :
conductivity but also for the assumption that molecular energy may be
separated into collisional and diffusional parts. A comparison .of the
experimental and calculated values of the conductivity of mixtures of

H2 and A is shown in Fig, 18. These arevthe‘simplest,mixtures in which
energy transport by diffusion occurs, as the only other form of energy
possessed by the molecules is translational kinetic energy. Further, the
effect of molecular-weight difference upon the conductivity of these mix-
tures should be very pronounced, The agreement between.Eqa.MQ and the
data is seen to bé good; the average deviation is 1,5%. When, however,

_ the rotational energy of H2 is considered to be transferred by collision,
as in the case of N2 discussed above,»thé agreement is poorer; the average
deviation becomes 3,3%. The procedure of separating the rotational and
translational energies of H2 appears to be justified,

As another example in support of this procedure, mixtures of H2
and CO, were considered, Here the molecular-weight ratio is 22, and both
components have a considerable portion of their energy transported by dif-
fusion (see Table VII), There exists also a large difference between the
rates of self-diffusion of H2 and of CO2 and their rates of diffusion in
the mixture. For a 1 : 1 mixture at 0°C, H, diffuses only one-half as
rapidly in the mixture as in itself, and co, diffuses about 50% faster in
the mixture. Three sets of experimental data with a total of fifteen

points for this system are given in Table VI, Calculations based on

s
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Table VII

Proportion of ‘energy.transferred by diffusion

Temp. -

(°c) CH,, Cl,  CH, C;Hg B, 00
0 0.22 0.42 0.3h 0.57 - 0.17 0.34
200 - 0.37 0.53 0.53 0.72 0.18 0.43
400 0.48 0.57 0. 61 0.78 0.18 0.49
600 0.55 0.60 0.66  0.81 0.18 0.52

800 0.59 0.62 0.69 0.82  0.20 0.53
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splitting molecular energy into two parts show an average deviation of
2.2% from these data, but on the basis of all energy taken as trans-
ferred by collision, the déviation rises to 2.85%. Similarly, for the
43 data points of the nine different sets of mixtures containing Hz,
the average deviations are 2.6% and 3.5%. For these mixtures, Eq. 49

may be considered as satisfactory in accounting for differences in
molecular weights and rates of diffusion.

In theory, the result of splitting the energy into two parts can
be best demonstrated in mixtures of molecules of Type 1II, other than H2,
because these molecules may have more than half of their energy distri-
buted in the vibrational degrees of freedom at temperatures convenientiy
lattainablerexperimentally, The fraction of conductivity from transport
by diffusion for a number of vibrators and Hz‘at various temperatures are
given in Table VII.

In comparing Eq. 49 with the available data on mixiures of these
Type IIT molécules, it is difficult to Jjustify the procedure of splitting
the energy transporf into collisional and diffusional portions. According
to Eq. 49, the difference in the contributions of the two kinds of energy
of a molecule to the conductivity of a mixture depends upon the empirical
factor (Mij/Mi)l/8. Unless the molecular weights of the components of the
mixture were widely different, this factor 1s near unity, in which case
the effective contribution of the two types of energy transport are equal.
Of the data available on mixtures of this group, the system He--CHLL has the
highest molecular weight ratio. At 31600, 35% of the energy transported
by CHM occurs through diffusion. Nevertheless, values calculated by
splitting th¢ energy of CHLL and those computed by considering its energy
to be transferred wholly by collision show the same average deviation
from the experimental data. The failure of the two procedures to yileld
distinctly different results lies. in the fact that the contribution of
He to the conductivity of the mixture is several times greater than the
diffusional contribution of CHh’ except at high CHu'concentrations; conke-
quently, the small change in calculated values for the diffusional contri-
bution of_CHu has 1little effect dn-the total calculated conductivity. At

high concentrations of.CHh, however, the effect upon conductivity of the
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difference between the rates—of.diffuéionfdf CHh in the mixture and in .
‘itself becomes small, Appreciable;differences between the values calcu-
lated by the:tWo procedures would appear oniy:in.cases.whefe not only

the molecular-weight ratio is high, but also the diffusiohal ¢ontribution
is a significant portion of the mixture conductivity., In view of these
requirements, it appears profitable'ﬁo éonsider the syétem A—CHA at 53800°
For a 1 : 1 mixture, roughly one-third of the total energy transported is
accounted.for by-diffuéion of CHh“ Although the molecular=-wieght ratio
has a relatively low value of 2,5, splitting the energy affords a value
that is in better agreément.with the single experimental point a&ailableo
' For 76 points of 16 binary systems of mixtures of this group over the
temperature range of O to 77&00,«the avéragé deviation of Eq., 49 is 2,2%.
If the -energy were not split, theh the deviation would be 2,1%, It is
difficult to determine the advantage of one procedure over the other

from the availabley data.

d, Percentage deviation from data, A comparison of Eq, 49 with data from

the literature and those of this work is giveh in Table VI, The data
cover 177 poinfs from 30 different nonpolar binary systems in temperatures
ranging from Obto 774%°C, The average deviation of Eq, 49 from the data
is 2.1%. Of the many empirical equations found in the literature, that

of Lindsay and Bromley  is .in best agreement with experiment, Table VI
also contains values calculated from their relation, The average devi=-
ation in this case is 2.6%, Comparison of the two correlations in another
way is preéented in Tabie’VIIi, in which the average and méximum deviations
from the data aécording to source are given, Data for 16 ternary mixtures
at temperatures from O to 31700 are given in Table IX. The average-deé
viations of Eq. .49 and of the Lindsay—Bromley equation from these data are
2.2% and 3,9% respectively, It’appéérs that for the data presented, Eq.
49 is somewhat more bonsistent wifh eXperimeﬂt than the Lindsay-Broﬁley
relation, It'shouldibeﬁhoted that for some of the systems listed in
Table VI, values calculated by Egq, 49 are not directly comparable with
those from_the,LindsayaBromléy equation, because the latter correlation

is based on the measured conductivity while the former is based on the
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Table VIII

Comparison of experimental and calculated conductivities

according to data source

Number EqMat;On:MQ. LindsayTBr?mley
% Deviation % Deviation
of
Data .Source Points Average Maximum Average Maximum
Collected by Lindsay
and Bromley*O 68 1.97 10. 47 2.16 10.28
This work ’ 37 1.59 5.30 2.8k 10.52
B o
Rothman N2-002 23 2.88 4.95 2.03 3.74
,36 '
Keyes~" N,-CO, 12 2.1% - 4,62 1.55 3.99
s 48 '
_Srivastava and.Saxena 22 1.90 k.55 3.48 7.78
. .12 '
Davidson and Music 15 2.80 5.59 3.98 7.58

Total 177 | 2.08 10.47 . 2.56 10.52




Table IX

Comparison of experlmental and calculated conduct1v1t1es of ternary mixtures

System and Temp. N N N 1otg, Deviation A Deviation
Data source (°C) * *o 102 5 3 . m e E;é i9 (%) Lindzag- (%)
: (cal x 1077/sec C cm) Bromley
He~CHh-02 0 'oﬁ7h3 0.060 33.86 7.20 5.77 20.0 20.15 20,93 +3.87 2.1 45,50
(5) 0.712 0.100 19.5 19.66 19.88 +1.12 20.1  +3.08
2 . 0.68L4- .0.135 1 18.6 18.77 19.00 +1.22 19.2 +3.23
A~CH, -0 0O 0.751 0.050 3.89 7.20 5.77 14,59 4,59 L.423 . -3.6k b4l -3.92
(5) g 0.712 0,100 STl LTL 568 -3.01 456  -3.18
> 0.677- 0.1hk ' 4,91 k9L k703 -h.21 469 -h.hg
Ne=-A-Kr 38 ‘061387 0.717 11.80 L4.38 2.23 L4.50 L.506 4,628 +2. 7L u°69i +4.26
- (L8) 0.1861 0.145 . 3.47  3.184 3.504  +0.57 3.598  +3.69
.0.3019 0.385 _ 4.80 L4.816 L4.948 +2. Th 5.016-  4+4.09
0.4537 0.157 , 5.45 5k, 71 5.h71 0 5.542  +1.69
0.498L .0.130 : 6.58 6.60 - .6.782 +2.75 6.879  +h.5h
0.1279 0.157 _ . 3.2h  3.251 3.251 0 3.269 +0.90
0.7919 0.142 o C 845 8,46 8.97T1  +6.03 9.1k2  +8.19
N,-0,-CO, 97 0.3231L 0.3729 7.331 7.660 5.218 6.729 6.729 6.760 +0.46 6.792 L +0.48
(8nik wofk) ' _ o
He-N_-A" 99.5 0,415 0.468 41.90 T7.37% 5.052 13.95 1k.17 1h.2L +0.28 14,64 44,95
(thi§ work) . . : -
He~CHu=NZ 317  0.159  0.365 55,6’ 20.33 .10.67 16.74 16.94% 17.51 +3.36 17.76 +6.09
(this work) - : '
_Average Deviation (16 points) _ 2.2 3.9

Maximum Deviation ' o 6.0 8.2

-G6-
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measured values corrected for corductivity from thermal diffusion.

However, the percentage deviations may be compared.

e, The effect of temperatﬁre upon mixtures containing vibrators, It

is well established experimentally that'the.conductivity of mixtures
of N2 and CO2 shows a positive deviation from the simple mixing rule
at temperatures above l50oC, and a negatlive deviation at lower temper-
atures,36’ML The .data of this work show that the deviation is also
positive for the following systems: A—CO2 ’ N2—03H8, A—C3H8, CZHM_COZ ’
- and N,~C,H, in the neighborhood of 320°C; CHy—A, N,~C,Hg, and A-C_Hg

at 538°C; and COZ_C3H8 at 95°C, A similar trend is also seen in the
data for the C,H -air mixtures at 20 and 65%. 4

That mixtures of nonpolar molecules should behave in this man-

ner has not been heretofore satisfactorily explained, 'However, these
experimental facts appear to be consistent with predictions based upon
Eq. 49, It was shown in Paragraphs a and b above that for molecules
having only translational and rotational energy, the percentage devi-
ation from a linear relation is nearly independent of temperature.
Furthermore, the contribution of the lighter components, which have
higher conductivity, is reduced by the lowered persistence of ielocity
in their collisions with heavier molecules; and similarly the contri-
bution of the heavier molecules is increased,. The net result is a
negative deviation from the linear relation, Now if the heavier mole-
~cule has a diffusional contribution to energy transport, this contri-
bution would be greater in a mixture with a lighter molecule than in
itslef, because its rate of diffusion would be raised. This diffusional
contribution then tends to offset the negative deviation caused by col-
lisional transfer, provided the lighter molecule possesses little or
no energy that is transported by diffusion, With increasing temperature,
the diffusional contribution rises and the conductivity of the mixture
shifts from a negative to a positive deviatlion, The data cited at the
beginning of this paragraph and other data in Table VI appear to support
this argument, because in every case involved, the composition is such

that the component having the higher diffusional contribution also has

a higher diffusion rate in the mixture than in itself,
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- £, Conductivity of polar-nonpolar mixtures. In the application of Eq.

b9 to honpolar mixtures, the method of Hirschfelder et al, was used to
calculate the ratio D,./D, T
: 117743

procedure cannot be used for polar-nonpolar mixtures; therefore it was

As pointed out in Chapter II, such a

suggested that a modification of Arnold's method might be suitable in
this :‘Lnstance,lL Accordingly, Dii/Dij for these mixtures was computed

by the following expression:

1 2 T+O0.733F 1.5 WL T_)
M. \2 : Vi3 - B, B.
M, . 2 v, T+ 15T
1J - i Bi _
The conductivity of mixtures of NH3 and air at 20° and 8000 was calculated

with Dii/D from this equation and from Arnold's orlglnal equation, The
results of these.calculations and the experimental data are shown in Fig,
19, It is seen that modification of Arnold's equation in unquestionably
desirable for this system,

It will be shown subseqpently that Eq, 51 is applicable to mix-
tureé containing a number of strongly polar moleculesa Because it is ex~
pécted that this eqpation_cannot be applied with equal success to weakly
polar moleculeé, it 1is desifable at this point, to put an arbitrary limi-
tation on the terﬁ "polar", A criterion for measuring the polar character
of a substance is the dimensionless quantity introduced by Hirschfelder

»et al. 28e
o - 7 —E— | (52)

This quantity is a_measuré of the extent to which a polar molecule deviates
Fa

from nonpolar behavior. On the basis of the 8 values of the substances

to which Eg, 51 will be applled a polar molecule is defined in this work

as one having a value of 6 greater than 0.27.
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Fig. 19. Experimental and calculated conductivity of NH3—-air mixtures,
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Examination of the conductivity data of mixtures of this type re-
veals that in all cases there is a positive deviation from the simple mix-
ing rule, Vine and Bennett pointed out thét when polar molecules are mix-
.ed with nonpolar ones, the former should have an effective conductivity
larger than in the pure state.62 This is because in polar-nonpolar col-
lisions, the polar characteristic of the molecules should have little
effect; therefore, in polar-nonpolar interactions, the polar molecules
should behave effectively as a nonpolar molecule, That . the conductivity
of all such binary mixtures exhibits positive deviation from a linear re-
lation is the expérimental confirmation of this argument, Calculations
show that Egs, 49 and 51 are consistent with this qualitative aspect of’
the,conductivity—zg;composition curves for mixtures of this type. Com-
parison of calculated values and experimental data is given in Table X,
‘For the 49 points ofA9 different-binary systems in temperatures from O
to 121QC, the average deviation of Eq. 49 from the data is 2.2%. Also
shown thereon are values calculated with the equation of Lindsay and
Bromley,lLO The deviation in this case 1is 2,1%. Although the two methods
show about the same accuracy, the distribution of the deviations of the
latter is better., 1In eight cases out of ten, the values computed by Eq.
49 are highef than the experimental data; whereas, by the method of
Lindsay and Bromley, roughly half of the calculated values are higher,

3. Viscosity

a, Viscosity of nonpolar mixtures, It was shown in Paragraph 2a and 2b

that for those molecules whose conductivities are proportional.to'Tn over
an extended range of temperature, the ratio of the actual conductivity of
a mixture to that calculated by the simple mixing rule is nearly inde-
pendent of temperature., In the case of conductivity, the change with
temperature may be affected by the presence of internal degrees of free-
dom; consequently, one finds that for many gases the proportionality
_between viscosity and a power of absolute temperature is valid over wider
>temperature limits than in the case.of conductivity, Further, even in

those instances of molecules having no internal degrees of freedom, the
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Table X

Comparison of experimental and calculated conductivities of

polar-nonpolar binary mixtures

System and Temp. exp 't Kcalc'd Deviation Acalc'd Deviation
data source (OC) sl caiﬁlO: (Eq. 365 <%) (Lindsa§- (%)
sec OC cm Bromley)
NH_-Air 20 0. 6.00 - e - --
(28) 0.246  6.306 6.24 1.2k 6.20 -1.70
0.366 6.270 6.27 -0.39 6.20 -1.20
0.608 6.08%4 6.14 +0.68 6.05 ~-0.60
0.805 5.75k4 5.90 +2.32 5.81 +1.0
1.000 5. 490 -- - -- --
CH3OH-C6Hlu 78 0 4.23 - - -- --
(61) 0.25 L.57 L. 49 -1.75 L.52 -1.09
. 0.50 4,80 b7k -1.25 4. 73 -1.46
0.75 4.83 4.90 +1.45 4.81 -0.541
1.00 L. 67 - - - --
CHBOH-C6Hlu 98. 4 0 4. 75 -- - - . -
(61) 0.25 5.06 5.03Lh -0.51 5.05 ~-0.20
0.50 5%.28 5.293 +0.25 5.26 -0.38
0.75 5.38 5.455 +1.39 5.33 -0.93
1.00 5.18 -- - -- -
-CHBOH-C6th 121.4 0 5.37 - - - --
(61) 0.25 5.73 5.672 -1.01 - 5.68 -0.87
0.50 5.90 5.975 S +1.27 5,70 -3.%0
0.75 5.97 6.105 +2.26 5.97 0
1.00 5.77 - - - -
C H6O-C6H6 76.7 0 3.%40 -- -- -- --
(21) . 0.25  3.54 3.664 . +3.50 3.66 +3.39
0.50 3.68 3.823 +3.89 ©3.82 +3.80
0.75 3.725 3.845 +3.22 - 3.84 +3.09
1.00 3.67 - - -- -
03H6O-C6H6 102.8 0 4.00 - -- -- -
(%1) S 0.25 4.16 L. 282 +2.93 b, 277 +2.81
0.50 L.26 IR ITSS +4.36 4,435 +3.95
0.75 4.28 L, L7 +3.90 4.532 +5.89
I.00 4.22 - - - - -
C H6O-C6H6 125.1 0 4.525 - - -- --
(21) 0.25 4. 70 ' L,8k2 +3.02 4.827 +2.70
: 0.50 4.78 5.012 +4.95 4.993 +h. L7
0.75 4,83 .5.003 +3.58 4,983 +3.17
1.00 b, 745 -- - -- --




-101-

Table X (cont'd.)

| gTeﬁb.

.Devigtion

Jystem and Ao A v Deviation N .-,
aata source (%) x| a0 (%2}?3%5 # (giigég§- 2
ia __sec oC em : ‘Bromley)
H O»N 65 0 6.90 . -— -— - -
(60) 0.25 6.90 S 6.84 -0.87 6.792 -1.56
0.50 6.40 6.50 +1.56 6.405 +0.08
0.75 5.70 5.87 +2.98 5.778 +1.37
.1.00 4,95 - - -- -
H,0-CO, = 65 0 L2 -- -- -- -
(60) - 0,25 5.1%4 4,99 -2.92 4.997 -2.78
0.50 5.20 5.23 +0.58 5.17 -0.58
0.75 5.11 5, 27 +3.13 5.16 +0.98
1.00 k.95 -- - -
CH OH-A . 78 0 .85 - - - --
(6:%) - 0.25 %08 5.19 +4.22 4737 -}.88
' 0.50 4.93 5.195 +5.37 4. 640 -5.88
- 0.75 4,82 5.003 4+3.79 4.575 -5.36
1.00 4. 67 - - - -
CHSOH—A 100 0 5.10 - - L e- -
(61) 0.25 5.32 5.507 +3.51 5.024 -5.56
0.50 5.35 5.598 +4,63 4,982 -6.87
0.75 5.30 5.475 +3.30 4.990 -5. 85
1.00 5.22 -- -- L -- --
NH3 -CH) 25 0 .5.27 -- - -- --
(38) 0.264  5.76 5.80 +0.79 5.8k +1.4
0.5879 .6.12 6.25 +2.02 . 6.26 +2.2
0.7732 .6.26 6.365 +1.65 6.35 +1.5
1.000 6.30 -- - -- --
‘NH_-Air 80 0 6.90 - - - --
3 0.216  17.362 7.27 1,29 7.28 1.2
0.410 7.535 7.49 -0.60 747 -0.9
0.576 7.528 7.56 +0.33 7.50 -0.3
0.715 7.438 7.52 +1.11 7.48 +0.5
1.000 7.197 R - - -
NH_-CO 22 0 5.746 - -- -- --
(28) 0.220 5.97 5.99 +0.21 6.01 +0.7
0.338 6.03 6.0k +0.21 6.07 +0.7
0.620 5.947 6.01 +1.0L4 - 6.00 +1.0
0.790 5.825 5.86 +0.57 5. 8u5 +0. 4
1.000 5:559 -- -- --
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Table X (cont'd.)

System and Temp. xe 1 hcalc'd Deviation Xcalc'd Deviation
data source (°C) Xy ca§i1015 (quv365 (%) (Lindsa&— (%)
sec °C cm Bromley)

HZO-Air 80 0 6.90 -- - - -

(20) 0.197 7.148 6.905 -3.41 7.058 -1.3
0.306 7.08 6.855 -3.09 7.012 -0.9
0. 4hh 6.893 6.711 -2.64 6.831 -0.9
0.519 6.735 6.591 -1.97 6.690 -0.5
1.000 5.231 -- -- -- --

‘Average Deviation (L9 points) 2.2 2.1

‘Maximum Deviation 5.4 6.9
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rate of change of the functlonal relatlonshlp with temperature is slower
in the case of viscosity, because an important effect of rising tempera-
ture is an increase in the persistence of velocity, and v1scos1ty is less
sensitive to the per51stence of velocity than is cond.u.ct1v1ty° This is
partlcularly true of very soft molecules, As a result .of the fact that
the viscosities of many gases are proportional to a power of the‘absolute
temperature somewhat.greater than 0,5, the hard-sphere value, the ratio

‘ "m/”z for ncnpolar mixtures is found to be7independent of temperature
over temperature ranges of two to three hundred degrees or more, in ac~
cordance with the argument : set forth in Paragraph 2a above for conduct=-
ivity. To test the constancy .- of q /nz, the data for several binary
. systems, whose v150051ty-vs-concentratlon relations are highly irregular
and dlss1m11ar, have been selected The room-temperature data for these
systems are shown in Fig, 20, Values of “m/“z for different temperatures
are given in Table XI, With the exception of H 3 8 mixtures, the

ratio is constant to within. 2% through a temperature prange of 250 C., For
some of the H —C3H8 mlxtures, this ratio increased 3.5% with a temperature
rise of 250 C. The excellent agreement between experiment and prediction
shows that A 1s essentially 1ndependent of temperature (see Appendix V),
as would be expected on the basis of Eq. 50, s1nce:D:.L:.L/I);:.L‘j should not be
very sensitive to temperature,

Equation 50 was compared with 69 selected data points from 19
binary systems, Table XIT shows the experimental and calculated values,
The numerical average deviation, the algebraic average deviation, and
the maximum deviation of Eq, 50 from these data are 1033%, + 0,15%, and.
5.32% respectively. Comparison against data of ternary and quarternary.
mixtures is given in Table XIII. The numerical average deviation for the
nine mixtures tabiilated is 2.38%.

.Thevcorrelatiogvestablished by Buddenburg and Wilke
7

mental data than other correlations found in the literature. Calculated

T

and the equa-
tion proposed by Wilke appear to be in better agreement with the experi-
values based on Wilke's equation are given in Table XII to show a com-
parison between 1t and E¢., 50, The numerical average, algebraic average,

and maximum deviation .in this case are 2,07%, + 1.30%, and 10,8%, The

E]

'
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Fig., 20, Viscoslty of some nonpolar binary mixtures.
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Table XI

The constancy of ‘the ratio nm/ n P

System and - Tlm/ LY :
data source l 20°¢C 100°¢ 200°C 250°C
H,-Ne 0.8895 1.1616 1.1610 1.1625 1.1619
(55) 0.7715 1.2195 1.2202 1.2209 1.2207
-0. 4609 1.1723 1.1756 1.17hh 1.1713
.0.2520 1.0972 1.1008 1.0986 1.0978
He-A 0.3k405 1.0690 1.0691 - -
(53,56) -0.3660 1.0719 1.0776 1.0769 -
- 0.3820 1.0806 1.0790 1.0762 1.0759
10,4906 1.0963 1.0977 - -
0.5966 1.1134 1.1305 1.1278 --
0.7565 1.1165 1.1149 1.1126 --
H,-He 0.2163 0.9751 0.9742 0.9746 -
&55) 0.5130 0.9581 0.9608 0.9609 .-
0.5520 - 0.9593 0.9652 0.9639 0.9623
0.6069 0.9579 0.9622 .0.9589 0.9606
.0.6918 0.9605 0.9692 .0.9672 0.9665
0.8040 0.9725 0.9751 0.9754 -
26.9 °¢  126.9 %¢  226.9 ¢ =276.9 °C
‘Hy=C Hg 0,1821 1.0072 1.0168 1,0181 1.0220
(57) ' 0.370L 1.0338 1.0511 1.0589 1.0602
LV .0.5818 1.07hh 1.0882 1.1078 1.1095
0.7882 1.1258 1.1443 1.1507 1.1490
0.8750 1.1202 1.1304 1.1355 1.1328
10.9225 1.0961 1.1055 1.1064 1.0983
N,-0, 0.1864 1.0005 0.9960 0.9957 -
(58)- -0, 2408 1.0020 1.0008 1.0007 1.0021
0.5893 .1.0005 1.0000 0.9975 1.0000
0.7822 1.0016 1.0009 .0.9992 1.001%
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Table XIXI..

Comparison of experimental .and calculated viscosities

of nonpolar binary mixtures

System and Temp. Tlexp't calc a. Deviation 'ncalc'd. Deviation
data source  (°C) *1 p01sex10%3 (Eq.50) (%) (Wilke) (%)
CO,-Freon 12 25 0 124 -- - --
(7) 0.25  130.1 v129.8 -0.23 128.8 -1.00
7 0.50  135.3 135.7 +0.30 1344 -0.66
0.75 142 141.9 -0.07 141.0 -0.70
1.00 147.8 -- - -- -—
HZ-Freon 12 25 0 124 - - - --
( ) 0.25 128.1 128.5 +0.31 127.2 -0.70
7 0.50  131.9 132.6 +0.53 131.4 -0.38
0.75 135.1 131.4 -2.7h 135.4 +0.22
1.00 88.L -- - -- -
NZ-Freon 12 25 o 124 -- - - -
(7) 0.25 130.7 135.8 +3.90 131.9 +0.92
7 0.50  1hk.1 1149.0 +3. 10 1h2.2 -1.32
0.75 158. 4 163.3 +3.09 156.6 +1.1h
1.00 176.8 -- -- - --
H,-C H8 26.9 0 81.7 - - - -
( )3 0.182  83.6 85.6 +2.39 8.1 +0. 60
1 0.370  87.k 90.0 +2.98 87.3 0.1k
0.586 92.4 95.0 +2.81 91.6 -0.87
0.788 98.5 98.1 -0, 41 96.7 -1.83
0.875 98.7 97.3 -0.61 97.8 -0.91
0.922 97.0 95.5 -1.55 96.9 -0.10
1.000 89.1 -- - -- -
N2—02 26.9 0 205.7 -- -- -- -
(58) 0.1864 200.8 199.8 -0.20 200,0 -0.40
0.241  199.5 198.2 -0.65 198.6 -0.45
0.5890 189.4 188.3 -0.58 7 187.8 ~0.84
0.592  189.3 188.2 - =0.58 188.6 -0.37
0.782 184.3 183.7 -0.33 1 183.6 -0.38
1.000 178.1 - - - -
He-A 20 0 221.1 - - -- -
(53,56) 0.340 227.8 229.6 +0.79 228.3 +0.22
0.366 228.6 229.8 40,52 229.3 +0.31
0.382 229.1 230.1 +0. 4L 229.6 +0.22
0.491 229.6 231. 4 +0.78 231.3 +0. 7k
0.597 230.4 231.1 +0.30 232.9 +1.08
0.756 227.0 226.7 -0.13 230.8 +1.67
1.000 .3 - -- -- -
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‘Table XII (cont'd.)

System and Temp. oo 1 exp't. 1]calc‘d Deviation cale'd. Deviation-,
data source (°%¢) %1 .(p01sexlO 6) (Eq.50) (%)47 (Wilke) (%)
Hz-co 25 0 17k.5 e - - -
(54) 0.193 171.7 170. 4 -0.76 173.4 +0. 99 -
0,410 165.1 162.6 =1.52 - 169.8 = 42.85 -
0.476 161.0 159.3 -1.06 167.8 +4.22
0.695 1hh.9 142.0 -2.00 155.0 +6.96
1.000 87.4 - -- - -
C_H-C Hg 20 0 80.1 - - : - -
(o) O 0.153  8L.5 81.6  +0.12 8l.4  -0.12
0.256 82.8 82.5 " -0.36 82.5 -0.36
‘ 0.433 8h.1 84.k - +0.36 84,3 +0.24
1.000 90.9 - - - -
CHu-CSHS © 20 o 80.1 - - - -
(51) 0.166 83.1 83.9 +0.96 85.5 +2.89
0.362 87.8 89.1 +1.48 92.2 Al L1
0.632 94.8 96.9 +2.21 102.6 +8.23
1.000 108.7 - - - -
H,-0, - 26.9 0 205, 7 - - - --
(51) 0.394 192.5 189.6 -1.51 - 198.5 4+3.12
0.603 178.4 172.2" -3.48 185.8 +4.15
0.863 131.h 129.7 -1.29 15,6  +10.80
© 1.000 88.9 - _—— - -
H,-He 100 0 2341 - - _— -
( 1) - 0.039 229.1 229.0 +0.0L 228.9. -0.09
2 0.403 178.4 - 182.2  #2.13 181.6 ° +1.79
- 0.812 126.5 129.2 +2.13 128.0 +1.18
1.000 104.6 -- J— - -
Hy-He 20 0 197.3 - - -- -
(51) 0.552 131.7 136.7 +3.80 136.0 4+3.26
‘ 0.607 125.2 130.8 +4. 46 130.0 +3.84
0.692 116.6 121.5 +4,20 120.8 +3.60
~1.000 87.5 -- - - -
Ne-A 20 0 221.1 -- - -— -
(51) 0.258 240.1 241.3 +0.50 236.2 -1.62
0.391 250.k4 . 252. 4 +0.80 245, 4 -2.00
0.732 280.8 282.8 +0. 71 275.5 -1.89
1.000 309.2 -- - - -
H,-A 20 0 221.1 -— - - -
(Sl) 0.29%  214.0 210.6 -1.59 217.0 +1.40
0.446  205.6 201.2, -2.14 211.9 +3.06
0.626 189.5 182.9 -3.48 199.4 +5.22 .
0.652 185.7 179.4 -3.39 196.6 +5.87
11.000 87,5 -- - . -
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Table XIT (cont'd.)

System and Temp. T]exp'i‘“, Nealetd. Deviation Nealerd. Deviation
data source (°¢) 7%1 (poisex10 ) (Eq.50) (%) (Wilke) (%)
H,-Ne 20 0 309.2 - - -- -
(51) 0.252 278.2 278.0 -0.07 285.1 +2.39
2 0.461  2h2.7 243:3 +0.25 | 257.5 +6.09
0.772 168.k4 169.1 +0.42 184.6 +9.61
1.000 87.5 - - -- -
He-Ne 20 0 309.2 -- - - --
(51) 0.266 297.1 295.3 -0.60 300.3 - +1.08
0.562 270.2 270.1 -0.04 279. 4 +3.40
0.763. 242.9 243.9 +0,. 41 254.8 +4.89
1.000 197.3 -- - -- -
H,-CO, 26.9. 0 149.3 - - - -
(51) 0.190 150.1 149.8 ~0.20 148.9 -0.80.
0.595 147.8 143.6 -2,84 143.3 -3.04
0.889 123.2 115.4 -6.32 ©118,5 -3.81
1.000 87.5 - - - --
H,,-CH) 20 0 108.7 - - - --
(51) 0.281 109.9 110.5 +0.55 110.4 +0.145
0.486 109.8 110.1 +0.27 110.1 +0.27
0.602 108.6 108.8 +0.18 110.0 +1.29
1.000 87.6 - -- -- --
Co,-N,, - 20 0 178.1 - -- - -
(51) 0.229 178.1 179.0 +0.51 178.3 +0.11
0.657 177.5 179.0 +0.84 178.1 +0.34
0.837 177.4 178.3 +0.51 177.7 +0.17
1.000 177.6 -- -- -- --
C2H6-C3H8 250 0 136.2 - -- - -
(59) 0.4327 1k2.5 142.9 +0,28 142.6 -0.07
2 0.2563 140.1 140.0 -0.07 . 139.4 -0,50
0.1526 138.2 138.5 +0.22 138.0 -0.1k4
1.000 152.6 -- -- -- --
Average deviation (69 points) 1.33 2.07
Maximum deviation 6.32 10.8




Table XIII

Comparison of experimental and calculated viscosities of

multicomponent mixtures

n

calc'd. .
o - - Neale'd,  Devia- - Wilke Devia-
System and : ' ' Temp.  ‘exp't. Eq. 50 . tion "Eq. 23-24 tion
data source a0 *2 *3 - (%) poisexl0TC poisexlO:6 (%) (poisex1iod) (%)
Ne-A-He 0.5576 0.2670 0.1754 20 274.0 273.2 . -0.29  270.3 -1.35
(56) _ 0.2166 0.5851 0.1983 100" 288.6 288.8 © 40.07  .290.0 +0.49
' 0.3193 0.3213 0.3594 200 357.4 . 356.1 -0.36 360.0 +0.72
Ne-H,-CO,, 0.3353 0.3333 0.3333 25 185.7 200.5 47.96 190.2 +2.h2
(7a) | | L 7
H,-N,-CCL,F, 0.3333 0.3333 0.3333 25 146.9 - .150.2  _ +2.24  1L45.7 -0.82
NZ-COZ-CC;ZFl2 0.3333 0.3333 0.3333 25 145.8 150.0  +2.88  14k.6 . -0.82 '
(18) : ' .
_coz-oz-N2 0.062 0.107 0.831L 20 179.3 176.7 -1.45 176.0 - --1.84
(2ta)
Ne-H,-CO,- | - .
CC12F2(73) 0.2500 0.2500 0.2500 25 168.1 175.9 +4.64 159.3 ‘-s.zh
H,~CO,-N,- ) | | .
c012F2(7a) 0.2500 0.2500 0.2500 . 25 1bk7.1 150.8 +2.51  1L6.7 - -0.27
Average deviation (9 points) 2.49 1.55

Maximum deviation _ 7.96 _ 5.24
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data presented in Table XIII include all of the systems shown in Fig, 1 of
Ref. 67. In fhe case of the data of the nine multicomponent mixtures of
Table XII, however, Wilke's equation is in somewhat better agreement with
experiment than Eq, 50, The average and maximum deviation of the former

equation from the data are 1,55 and 5,24% respectively, The chresponding

 deviations of Eg. 50 are 2,49 and 7.96%. An approximate comparison of Eq.

50 with the correlation of Buddenburg and Wilke was also made on the basis
of the 30 daﬁa points for the 7 binary systems listed in Table II of Ref,
7. The average deviation of Eq, 50 and of the Buddenburg-Wilke correla-
tion from these data are 1.2% and 2,18% respectively, The corresponding
maximum deviations are 3,9% and 6,0%, Because the number of points and
systems taken are limited, these comparative percentage deviations should

be considered with reservation. However,; a further qualitative compari-

‘son between these correlations may be made, The data in Table XII repre-

sents 12 of the 21 systems listed in Table I of Ref. 7. For the 21 systems

. the average deviation of the Buddenburg-Wilke relation is 3.02%, and that

of Bq. 50 for the 12 systems is 1.33%.

b, Viscosity of polar-nonpolar mixtures, Thirty-four data points from
seven selected binary systems were used to test the applicability of Eq.
50 to polar-nonpolar mixtures, As in the case of the conductivity of
such mixtures, the modified Arnold’s equation was used to compute the
diffusivity ratios, The calculated and'experimental values are shown in

Table XTIV, For these data the numerical average, algebraic average, and

‘meximum deviations of Eq, 50 are 1,12%, =0,03%, and 4,26% respectively,

These deviations are of the same order as those for nonpolar mixtures._
The close agreement between correlation and experiment appears to Jjustify
the application of Egq. 50 to polar-nonpolar mixtures as well as of the
modified Arnold'sg equatioﬁ for calculating the diffusivity ratio.

Wilke's equation was also used to calculate the viscosities for
these mixtures,67 The'average devistion from the data in this case is
4 36%, and the calculated value is lower than the experimental value in
every case (See Table XIV), It has been shown (Appendix I) that for non-
p?lar systems the function ¢ij (Eqn 24) is equivalent to Dii/Dij; hence,



Table XIV

- Comparison of experimental and calculated viscosities of polar-nonpolar binary mixtures

T]_calc.'d.
n. g Devia- ‘cale'd.’ Devia- (modified Devia-
System and Temp. < eXp ;6 Nealc'a. tion (Wilke tion Wilke tion
data source (°C) 1 (poisex10~) (Eq.50) (%) Egs.23,24) (%) Egs.23,53) (%)
H,-NH 20 0 98.2 -- -— -- -- -- --
(51) 3 0.2913  10Lk.7 103.6 -1.05 100.6 -3.92 102.8 -1.81
oL 0.4823 108.0 105.9 -1.9%  101.0 6.49  105.5 2.31
0.7761 107.2 103.2 -3.73 100.9 -5.88 105.3 -1.77
1.000 87.5 -- -- - - - _—
N,,-NH ' 20 0 98.2 - -- - -- - --
( )»3 . 0.1117 109.2 108.5 -0.65 105.6 . =3.30 108.2 -0.91
oL 0.4362 138.3 139.0 +0.50 128.8 - -6.86 136.3 1.4
0.8889 169.0 171.5 +1.48 166.6 " -1.42 170.5 +0.89
1.000 - 177.6 - - - -- -- --
.coz-H01 18 0. 142.6 - C - - - L -—- -
(51) 0.20 "145.3 147.8 +1.72 . 1hh.k -0-62 149.5 +2.88 L
¥ 0.50 .~ 148.0 151.3 +2.23  1L3.7 -2.90 153.8 +3.92 g
0.80 148.1 149.9 +1.22 135.2 -8.71 151.4 +2.23 1
1.00 146. % -- - - - - -
~80,-CO,, 15.8 0 145.8 - -— - - -- --
(51) 0.20 142.8 148.4  +3.92  1h2.2 -0.42 150.0 +5.0k
> 0.50  136.7 141.7 +4.26  136.4 -0.22 149.0 +9.72.
0.80 129.9 132.5 +2.00 129.4 -0.38 137.8 +6.08
1.00 124.3 -- - -- - -- --
NH,-CH), 14.5 0 107.7 - -- - - -— --
3, 0.20 109.1 108.6 -0.4  105.3 -3.48  109.2 +0.09
(51) 0.50 107.7 106.7 -0.93 101.8 -5.48 108.4 +0.65
0.80 102.5 101.5 -0.98 98.6 -3.80 102.6 . +0.10
1.00 96.6 - -- - - - --
Air-HC1 16.5 0 140.7 - - -- -- - --
(51) 0.10 147.0 146.5 -0.3%  1bh3.7 -2.4L  1k6.2 -0.68
: 0.30 157.0 157.0 0 152.2

3.06  156.7 -0.19




Table XIV (cont'd.)

: n_calc'd°
' Nexp '+ Devia- 'nCalc‘ﬁ. Devia- (modified Devia-
System and  Temp. SR Tegle'd.  tion (Wilke tion Wilke tion
data_source _ (°C) pl (poisex100) (Eg. 50) (%)  Egs.23,24) (%)  Eqs.23,53) (%)
0.50 165.6 165.8 +0.12  157.3 -5.01 165.8 +0.12
0.70 173.0 173.0 0 165.5 -4.33  173.1 +0.06
0.90 177.0 178.0 +0.56  17L4.5 -1.41  178.3 +0.73
1.00 179. k4 - - - - - -
Air-H,8 1722 0 12h.3 — -- -- -— -- --
(51) 0.10 131. 131.4 +0.31  127.2 -2.90 130.8 - -0.15
_ 0.30 145 1h5.1 +0.07 137.2 -5.38 1.3.5 -1.03
0.50 158.2 157.1 -0.70  1h47.1 -7.02  155.3 -1.83
0.70 169 168.1 -0.53 158.7 -6.10 166.5 -1.48
0.90 177 177.0 0 172.k4 -2.60 176.2 - =0.45
1.00 180.2 -- -- - -- -- -
Air-NH 15.5 0 97.5 - - —— - -- --
(51) 3 0.10 109 108.1 -0.83  105.0 -2.67 108.8 -0.18
: 0.20 118.8 118.2 -0.50 113.7 -4.29 119.5 +0.59
0.30 129 127.6 -1.08 121.9 -5.51  129.3 +0.23
0.40 138 136.6 -1.01 130.1 -5.72 138.5: - +0.36
0.50 147.3 145.2 -1.43  138.2 -6.18 147.0. -0.20
0.60 156 153.1 -1.86 146. 4 -6.16 154, 7 -0.83
0.70 160 160. 4 +0.25 15414 -3.50 161.8 +1.12
0.80 169.1 167.2 -1.12  162.6 -3.85 168.0 -0.65
0.90 174 173.3 -0.40 170.5 -2,01  173.7 +0.17
1.00 178.7 - - - - - -
Average deviation (34 points) 1.12 4.36 1.50
Maximum deviation 4. 26 8.72 9.72

=<1t~
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it appears reasonable to assume that the agreement between Wilke's equation

and the expefimental date might also be improved by modifying ¢ij as de-
fined by Eq. 24 in.theksamevway as Arnold's equation was modified, With
- this assumption, ¢ij should be multiplied by a correction factor as fol-

lows: o '
1 T+ 0.733 F 812

iy = Py TEETFEL, (53)

The significant improvementrof'this.procedure over Wilke's original equa-
tion is shown by the calculated values given in Table XII, The average
deviation is reduced from 4,36% to 1.50%. Empirical justification for
introducing the numerical faétor, 0.733,1in the calculation of Dii/Dij

of polar-nonpolar mixtures is thereby again established,

<
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CONCLUSIONS

From the kinetic theory and a number of empirical assumptions,
equations have been developed to relate the thermal conductivity and the
viscosity to the diffusion coefficiernt in gas mixtures. These equations
have been found to be in qualitative agreement with the experimental
facts., The relation between conductivity and diffusion coefficient, Eq.
32, and that between viscosity and diffusion coefficient, Eq. 37, are
identicel in form, With slight empirical modifications they have been
made to conform with experimental data as shown in Chapter V,. although
the formal identity of the equations are no longer preserved.

The proposed correlations for thermal conductivity, Eq. 49, and
viscosity, Eq, 50, appear to be in bet%er agreement, in general, with
experimental data than correlations found in the literature, According
to the proposed relations the ratio xc/hz for very simple molecules and
the ratio nm/nz for most molecules should be approximately constant with-
in rather wide temperature limits, It has been shown that experimental
data support this prediction.. In the case of the thermal conduétivity
of mixtures of polyatomic molecules, it has been pointed out that xc/xz
should be more dependent upon temperature and that the positive deviation
of the thermal conductivity from the simple mixing rule in such cases may
be due primarily to high vibrational and internal rotational heat capaci-
ties, which increase their diffusional contributién to heat conduction,
Equations 49 and 50 are applicable fo both nonpolar and polar-nonpolar
mixtures. In the former case calculatién of the diffusivity ratio accord-
ing to the method of Hirschfelder et al, appears to be satisfactory in
spite of the fact that the diffusivities calculated this way deviate, on
the average, 6% from the experimental values,,z7 For polar-nonpolar mix-
tures, the suitability of the modified Arnold's equation, Eq., 51, for
calculating these ratios has been demonstrated., |

It should be noted that the proposed correlations have been tested
against data of mixtures of rather simple molecules, Very long or complex
molecules that may intercoil or stick during collision have not been con-

sidered. Also, systems involving chemical reactions have been excluded,
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Furthermore, all the data for comparison were taken at pressures less than

those having an effect upon conductivity or viscosity.

Ry



.

=116-

SYMBOLS

English Syﬁbols

a accommodation coefficient, dimensionless
A area for heat transfer '

A12; Ay constants in’Eq,.lO

c heat capacity (cal/gm—oC)

ey internal heat capacity

ir internal rotational heat capacity

r rotational heat capacity

Cot translational heat capaqity at constant volume
c, vibrational heat capacity at constant volume

c proportionality constant

ct cell constant (watt-sec»cm/éal)

Cp heat capacity at constant pressure
Cv ~ heat capacity at constant volume
D . diffusion coefficient (cmz/sec)
D12=Dij binary diffusion coefficients
Dlm diffusion coefficlent given by Eq. 29

e base of natural logarithms
E=emf - electromotive force

f constant in'Eq,'9, dimensionless

F ~ function defined by Eqs. 10-IIT and 10a-III

g gravitational constant

g? temperature-jump distance (cm)

h heat transfer coefficient (BTU/nr-ft°)
hc heat transfer coefficient by cdnduction

hr heat transfer coefficient by radiation
k thermal conductivity (BTU/hr-ft-CF)

1 distance of thermocouple Jjunction from bottom of guard

(in, or ft) = ' '

1 .- characteristic length in Grashof Number

L " length of thermal conductivity cell
I length of connecting tube in "two bulb" thermal-diffusion

apparatus (cm)
1n natural logarithm

-



N4

]

WoR R
hW"

-117-

mass of molecule

molecular weight _

number density of molecules .

number of molecules in the hot bulb of a "two-bulb" thermal-
diffusion apparatus

number of molecules in the cold bulb of a .'two-bulb" thermal-
diffusion apparatus ‘

pressure, (atmospheres or mm of Hg)

heat flow (cal/sec, watt, or BTU/hr)

radius of emitter'(in; or cm)

inner radius of receiver (in. or cm)

universal gas constant

Ri through R8,

and R?

H 83 0 0

AT

V-‘l i
v

radii in thermocouple assembly, (in, or ft) (see Fig, 3-III

in Appendix III) |

Sutherland's constant for component 1 ( K)

temperature (OC, OF, oK)

normal boiling temperature of component "i".(OK)

temperature of emitter (°C or °k)

temperature of receiver (°C or °k)

temperéture at any poiﬁt along the thermocouple well (OC)
temperature of hot bulb of "two-bulb" thermal-diffusion

apparatus (°K) | |

temperature of cold bulb of "two-bulb" thermal-diffusion
apparatus (°K)

temperature difference (°C)

root mean square velocity of molecules

volume of cold bulb in "two-bulb" thermal diffusion apparatus (cm3)
volume of hot bulb in "two-bulb" thermal-diffusion apparatus (cm3)

molecular volume of the ith component in the liquid state at
the boiling point b
clearance at bottom of cell (in. or cm)

mole fraction of a gas in the hot bulb in "two-bulb" thermal

diffusion apparatus.
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mole fraction of a gas in the cold bulb in "two-bulb" thermal-

diffusion apparatus

‘mole fraction of component 1

steady-state mole fraction in cell
initial mole fraction in cell

distance from bottom of guard (in. or ft)

Greek Symbols

sm

>

td
ci

di

coefficient of cubic expansion (°C

thermal-diffusion factor (dimensionless)

value of empirical function given by Brokaw,5 (See Eq, 16)
-1

)
heat-capacity ratio, CP/Cv (dimensionless)
intermolecular potential energy
viscosity, poilse
viscosity of gas 1
viscosity of a mixture calculated by the simple mixing rule;
i.e., Ny = %4 nl + x2vn2
viscosity of a mixture

o y

T, -.T. (°C)
mean free path of molecules (cm)
thermal conductivity (cal/em sec °)

thermal conductivity of gas 1

apparent measured thermal conductivity

conductivity of a gas mixture from conduction only

conductivity of a mixture calculated by the simple mixing rule;
leoy, Ay =%y xl:+ X5 Ny
apparent measured conductivity of a mixture

conductivity of a polyatomic gas calculated by assuming it to

be monatomic

conductivity of a mixture calculated by the reciprocal mixing
rule; i.e., /A = (/7)) + (x5/N,)

conductivity of a mixture from diffusion

collisional conductivity of the ith component (Eq. 35)
diffusional conductivity of the ith component (Eq, 36)
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dipole moment (Debye)
kinematic viscosity (cmz/Sec)
numerical factor = 3.1416
density of a gas (gm/cm3)

density of gas 1 in a mixture = : ' ~

molecular diameter (angstroms)

¢ross section area of connecting tube in "two=bulb" thermal;
diffusion apparatus (cmz)' |

relaxation time (sec) ‘

difference between the temperature ‘of any point along the
thermocouple wire in the receiver and the actual temperature
of the réceiver

collision integrals (dimensionless)

s
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APPENDIX I, The Equivalence of Dll/l_}lz and ¢12

The expression for the Binary diffusion coeff:f.c:.ent in terms
of the coefficient of self-diffusion in the case of hard spherical

molecules is approfmately'§'7

m +m, /2
=G .
D1z =— 1/4 | iz (1-1)
[ g——— + 1
Dz — .DZ —
[ W R X 22 72
therefore we have
1/ 1/2 1/4 2
S [<_> ( > <—> ]
' 11
(2-1)
Dlz m, +m, 1/2
= (=)
' . 67
Following Wilke, ' we assume
PPy Dy Pe (3-1)
RN N2
or D _ po M |
]_J_l_l. - 2 1 (4-1)

22 P1 M3
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hence, we have

D

| —
7N
WY
\\/
|_..|
~
=
+
7N
ko] o)
[ F
1 31 3
R
N
|'_l
~
[AV]
7N
BIH
[3V]
\/
'_l
~
=
T
[aV]

Dll = n 1/Z
m, +m
- e il 'm22> 4
1/1; \1/2 1/h .4 2
G @D G
= L L LL <12
= Mo, >
Q12 oM, \1/h 42
= [l <: :2L> M <—D§;z> : } = f15 (5-1)
L .‘ 1 : B
=g |

Here m is the mass of a single molecule, and M is the molecular weight,
The correlation between ¢12 and»Dll/Dl‘2 calculated on the basis of the
first approximation by the Lennard—Jones 6—12 model is shown in Fig,
1-I. The points fall fairly close to the 45° line, 1In view of the
fact that molecules are not really hard spheres and hence the group

p D/n is not constant, the correlation is about as good as can be

expected,

-
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APPENDIX II,

A Method for BEstimation of the Self-Diffusion Coefficient

It appeared that Eq. 5-T in Appendix I might be used to esti-
‘mate self—diffusion coefficients from é%periméntal values of binary co-
efficients, Accordingly, calculations were carried out for five dif-
ferent gases with 15 different binary diffusion coefficients. The ex-
perimentalﬂvélues of the.self-diffusion coéfficient and the ealculated
values are given in Table 1-II for comparison, Very good agreement
between .Eq, 5~I and the experimental data is foﬁnd for several cases,
but for a few_otﬁer céses, the calculated values are 10% to 30% higher
than the data, For the 15 points compared, the' average deviation is
about 10%. Equation 5-I may be sald to be only qualitatively consistent
with experiment, When one considers the drastic assumptions made in
deriving Eq, 5-I and the difficulty of predicting diffusion coefficients
in general, an average of 10% discrepancy is not too surpriéing.

Also shown in Table 1-II are values computed by the method of
Wilke and Lee,69 and by the method of Hirschfelder et 2;,28 The average
deviations of these methods are 6.1% and 4,1% respectively. Furthermore,
the maximum deviations are in the neighborhood of 10% to 15%. In spite
of the limited number of boints tested, it appears safe to state that,
in general, values cobtained by these methods. are in better agreement

with experimental data than those from Eq, 5-I.

A5



Table 1-IT

-124~

Experimental and calculated self-diffu.sion coefficient

.Dllexp't. gxpt;iéd Cglc'd. Devia- 'Calc'd'Dll.Devia- Calc'd. -Dévia—
and a 12 a 11’ tion -Wilkeband tion Dl% . tion
Gas source in Eq.5-I° .Eq.5-I (%) Lee (%) HBS 28b (%)
H, 1.285 H2~A> 1.39 +8.2 1.119 =12.9 1.882 -1.8
(21) H,-CO 1.302 +1.3
H-C5flg 1512 422k
H,-0 1.27 -1.2
H5CO 1.195 -7.0
Ho-He 1.1468 +14.2
Ho-CoH), 1.273 . 20.9
Ho-CoH), 1.26 -1.9
A 0.156 Ho-A 0.1775 +13.8 0.1675 +7.3 0.1534 -1.7
(70) He-A 0.17h +11.5 , :
Ne-A 0.1695 ++8.6
CH 0.206 H_-CH 0.211 42.h 0.198 - +3.9 0.187 -9.2
L 2 Lk
(70)
co, 0.0970 N,-CO, 0,112 +15.4 0.1013 +3.3 0.0915 <5.7
(1) CO,-Hy 0.1087 +12.0 ‘ '
Ne 0.452 He-Ne 0.576 +27. 4 0.468 -~ 43.L 0.438 -3.1
: .531 +17.5

(70) A-Ne 0

aAll.data taken or reduced to OOC.

bFirst approximation values.
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APPENDIX TII.

Variation of Thermocouple Junction Temperature

with Depth of Immersion

Experiments showed that héat éonduction along the thermo-
couple well and wires wQuld cause the thermocouple Jjunction temperature
at certain distances below the guard to be :different from the actual
temperature in the receilver, ﬁhen’the guard was kept at a temperature
equal to that of the emitter; This differencelbétween actual and
measured temperatureé may be estimated on the-Easis of constant tem~
peratures in the guard and in the receiver from the geometry and thermal
properties of the thermocouple assembly, :

For mathematical. convenience, certain assumptions are made.
First, the 0.5-in, space between the guard and the cell is ignored,
i.e., the thermocouple assembly is!éssumed to pass through the constant-
temperature region in the guard immediately into another isothermal
zone in the receiver, Because the lateral heat transfer from the part
of the well within this space is felatively small, the effect of this
assumption is a minor error in the axial coordinate, Second, the well
1s treated as a semi-infinite hollow cylinder, the inside of which is
insulated, since, as will be .demonstrated subsequently, the axial con-
duction by the contents within the well is small in comparison to that
along the well, Third, for the same reason as in the case of the well,
the thermdcouple wires are considered as finite cylinderé extending
from the isothermal zone in the guard into the zone within the well
where ﬁemperature is a function of distance, Eguations expressing
temperéture as a function of distance from the guard are derived below
to describe the assumed conditions, which, incidentally, appear not to
have been treated in the literature, These equations are then compared

with the experiments referred to in Section B, Chapter IV,.

&

&
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A, Derivations of Temperatufe-vs-Distance Equations

1, Temperature along the well

Consider the heat balance around a differential length of

the well (Fig., 1-III):

Qg + 9 = 9, + 2 (1-1I1)

and
' AsT)
AZ

2
k x (R$ - R6) ( + b2 an6 AZ =

T

2 2 AT
k x (37 - R6) (AZ)II + h7 1 R7 AZ (2-111)
As pointed out above, the inner wall of the well may be considered in-
suléted; hence the qQ, term is discarded, The heat balance then ylelds

Eq. 3-III,

a® T h, 2 |
- (T -T) = o (3-I11)
a4 78 k (3$ - Rg) v.or ’

where TW is the temperature gt any poinﬁ and Z is measured from the

bottom of the guard., If we let

A - bl

k (37 - Re)
a.nd 9 = T - T 3
w r
then we ha e 2 '
pwenave 47 - v e = o , (4-ITT)
.d.zz :

' This equation is to be solved to satisfy the following boundary condi-

tions:
(a) at 2 =0 0 = T, -T. = T, - Tr
(b) at Z=w B =T -T = 0,
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Fig, 1-III, Eiementary heat balance along thermocouple well,

Fig. 2-III. Dimensions determining heat transfer from thermocouple well,

e
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The solutien is

6 = T -T, = (T,-T) (cosh b Z - sinh b Z), (5-III)

Equation EQIII,represents the temperature distribution along the well,

2, Temperature of the Thermocouple Junction,

For the temperature distribution along the thermocouple wires,

an analogous development shows that the differential equation to be

solved is

2 2h .

Z - 2 (r-1)= & (T-1), (6-111)

a7z kR

l .
2 h

2 1

where a A Rl .

Substituting Tw from Eq, 5-III above, we obtain

dsz 2
~—s = & [T-T, - (T =T )(cosh b Z=sinh b 7)],(7-III)
‘ ha e T
d Z '
If we let T - Tr = ¢
and T, - Tr =C ,
A 2 |
then we have 5 ~a ¢ =-a c (cosh b Z-sinh b Z). 8-111)
4 Z :

A solution of 8-III is to be obtained to satisfy the following boundary

"conditions:

(a) at 2z

[
o
-
-
1
H
'
3
it
&
'
=]
I
Q

(b) at Z .

I
=

-
RN
E%

]
O
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The second condition corresponds to the assumption that no heat is
transferred in the axial direction at the tip of the thermocouple,

The solution of Eq., 8-III is, accordingly,

o cosh a Z + B sinh a Z + v (sinh b Z-cosh b 2),

g

" b e
where a = 3
: T 3

b ~a

B - -2 b ¢ (sinh bl-cash bl) - bZC sing al

- 2 .- 2) . ’
(b™ - & cosh al

2 '

r = a ¢
b2 - a,2

Equation 9-ITI gives the temperature at any point of the +thermocouple
wires as a function of the distance of the point from the guard and
the distance of the Jjunction from the guard, 1. Writing 9-III for the

Junction temperature of the thermocouple, one obtains, after simplifi-

cation,
52 L L
¢l = c[ < 1+ R > (cosh’ al-tanh &l sinh al)
b7 -a
a” b1 b '
-3 e (1 + 3 tanh al):| : (10-111)
b"-a :

=cF. ‘ (10a-I1II)

3. The Ratio A T:L/A Too,

In order to find the ratio of the measured AT at any length,
1, to the true AT, i.e.,, the AT as 1 —» o, the following transformation

is made, By definition we ‘hxave'

$p = T, -T, =T, =P +T =T = -AT +AT,

1 1

and also e =T -T =AT°;.
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Substituting into 10a-IIT and rearrahging, we obtain

T
FF = 1-F. . (11-111)

Bl D

B. Evaluation of the Constants a and b

s

The values of a and b required to calculate F are determined by
the dimensions, axial conduction, and lateral resistance to heat transfer,
The constant b is related to heat transfer down the well to the receiver
by |

b = 2 h72RZ = (12-111)
k (R7 - R6)
where k is the thermal conductivity of the W'ell,.R7 is the outer radius
of the well,‘R6 is the innet radius of the well, and h is the heat trans-
fer coefficient from the well to the receiver, The heat-transfer coef-
ficient is the sum of 3 terms, corresponding to the three modes of heat
transfer — radiation, conduction, and convection, Because the gap, R8—R7,
is small, convection is negligible, The Grashof num.ber,(gB/vZ)(l')3 AT,
based on the well diameter and AT of 10°C is approximately 100. Hence,

we have

;m+hr’
where the first term is the transfer coefficient for conduction across the
fluid between the well and the receiver. The pertinent dimensions re- '
quired for computing h: are shown in Fig, 2-III.
The radiant heat transfer coefficient, hr’ is e;timated from the
surface temperature and emissivity of the stainless steel thermocouple

well; . For lOOoC and an emissivity of 1.0, hr is 2 BTU/hr. ftz.according
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to McAdams}.LL2 As a conservative estimate, the emissivity is taken to be
0.5, and so hr is 1. Because for the cases under consideration, hc>>>hr
except when the cell is under vacuum, error in the estimate of hr should
not seriously affect the accuracy of the calculations to be performed,

The constant a isvrelated to the parameters determining heat flux
in the thermoccuple wires by

2 hl v
a = — (llF-III)

k Rl

The rate of lateral heat transfer from the thermocouple wires is control-
led by the series of resistanees consisting of fluid gaps and porcelain
insulators. As in the case of heat transfer from fhe well to the silver,
the Grashof numbers are small, and transfer across the fluid gaps'takes
place by radiation and conduction., In the calculation of h, the effect
of axial conduction along the porcelain and fluid gaps may be neglected
in comparison to that of the.wireé, i,e., it may be assumed that only
lateral heat flux exists within these parts. As an example; the lateral
conductive heat’ transfer coefficient based on the surface of the thermo-

couple wires for case III is given by

R_ R! R ‘
' 1n -2 in 3 1n 2
—— = 2R [ = + = — 3 = ] . (15-I11)
Bl 1| TE, 2k, k. |

The conductivities and dimension of the thermocouple components for this

case are shown in Fig, 3-III in which Ré is a mean radius taken as

c. Compariéon of Calculation and Experiment

-

Calculations have been made to predict the ratio A Tl[A Too for
the four cases investigated experimentally. The descriptions of the four
cases are shown in Figs., 3-III and 4-III. Comparison of the thermal con-

ductivities and dimensions of the component parts ,of the thermocouple
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Fig, 3~III. Thermocouple assembly for cases I and III
k (BTU/br £t° °F/rt)

ESilvercioooo.o.otoooonlo.a-.o-o.ooooecuuOotolooooaoooo'onovinozll'o

thermocouple wire.,..'......'»....................o...............ho
stainiess S5tEL.cecacscersctncrcacscsnccnccassaccncsronanaesnsll
BB COTHILC s s aeenconesnesonsonconssonsancnassncsnaconsonsnnansasO.15
Interspace for case I = Blr...ceccsececescsccosceccoassosesaseccesssl.0L8
Interspace for case III = air excepﬁ vacuum between silver and steel,
= 0,014 in,, R

Radii are R, = 0,010 in., R = 0,035 in., R, = 0.039 in.,

2 3
Rg = 0,062 in,, Rg = 0,076 1in., 37 = 0.099 in,, and Rg = 0.101 in.
a =352 £t E a=35.2 £t
-1 } case I —l} case III
b = 33,5 ft ~ 4 b =611 ft
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MU-15167

Fig, 4-ITI, Thermocouple assembly for cases II and IV
k (BTU/hr £t° °F/ft)
== R AR -2 o
thermocouple Wir€.sieessosaseoassasesanssscassesssccncessltO
[/ )stainless steel, .. iciieenreescncscesecsaccecesesscesansneell
MceramicOlS
Blank space inside steel well = dimethylformamide.....o.eeeeeeelo0

Spaée between silver and steel in case II = 81T,..c0s000000000.0.018

40% He - 60% N,....0.036

Space between silver and steel in case IV

Radii are R, = 0,010 in,, R, = 0,01k in,, R3 = 0,035 in,,
R6 = 0.076 in,, R7 = 0,099 in,, a.ndv 38 = 0,101 4in.
8 =61 ft°T 8 =61 £t7T
-l} case IT -l} case IV
b =33.5 ft b =53 ft
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assemblys shows that in all cases heat conduction between the guard and -
receiver takes place primarily by way of the well and wires, Further-
more, conduction by the wire is small in comparison to that by the well,
Advantage was taken of these facts inlmaking simplifying'assumptions in
the derivation of_the temperature-vs-distance equations above, The a
and b values are also given in these figures, Computed values of
A'rl/A T as a function of distance frqm the guard are presented in
Table I-IIT, Comparison of these calculations with experiment is shown
in Fig, 5-II1, Excellent agreement is found in all caées except I for
the evacuated cell, As pointed out in Chapter IV,. the results derived
here may be taken as sufficient proof that the cell temperature is uni-

form along its axis,
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Table 1-I11

Case I

Computed values of Aﬂi/ﬁm&

| Case IT Case III Case IV
1(in.) AE@/ATW 2(in.) A/ AT - 1(in.) vcmL/Amm" 1{in.) vnml/amw
0.25 0.10%4 0.25 0.171  0.50  0.086 0.25 . 0.k27
0.5 0.323 0.50  0.518 - 1.00 0.27k 0.50 0.688

0.75  0.566 0.75 0.732  1.50 0.435 0.75  0.793
1.00 0.83 1.00  0.862 2.00  0.562 1.00  0.907
©1.50 0.924 -1.50 0.966 3.00 ° 0.737 " 1.50 0.9904

2.00 0.947 2.00 0.992 4,00 0.842 2,00  0.9989
-- -- 3.00 0.995  6.00 0.943 -- --
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Fig., 5-III. Temperature gradient in thermocouple assembly.
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APPENDIX IV

Thermal Diffusion Between Cell and Connecting Pipes

A, Separation

According to the rigorous kinetic theory, a temperature gradient
within a gas is accompanied by a corresponding concentration gradient,
The relation between the steady-state concentrations in the hot and cold
poftions of a binary mixture and the temperature difference may be written
approximately as

ot

T (1-1V)

x'' - x!' = ax
: 1

x2_ln;
where o 1s known as the.thermal diffusion factor. This factor depends

in a complex way upon intermolecular forces;_the ratios of the molecular
masses- and of the dlameters, and relatively insensitively on composition.
For the present purpose, it is assumed constant for a given mixture,

That part of the equipment used in this work in which separation
by thermal diffusion can occur is shown schematically in Fig. 1-IV, The
cell and connecting pipe shown correspond approximately to the two-bulb
apparatus usually employed for the determination of thermal-diffusion
factors, That part of pge cell and of the pipe up to the end of the
horizontal section on the top of the copper Block may be visualized as
the "hot-bulb”, -and that portion of the pipe. at room temperature as the
vcold-bulb; The change in composition at steady state is dependent upon
temperature difference as well as upon the relative volume of the hot
and cold volumes. If the volume of the connecting pipe is small, then

19

the change in composition of the hot volume is

X," - X.i . .
X, - X, = T . (2-1v)
Lot g

Although the hot volume, connecting pipe, and cold volume as given in
Fig., 1-IV are 81k cm3, 147 cm3 and 313 cm3, it is assumed that as a
first approximation no correction need be made for the volume of the

connecting pipe.
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Fig. 1-IV, Conductivity cell as thermal-diffusion apparatus.
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By combining Eqs, 1-IV and 2~IV, the expression for computing

change of composition in the cell is obtained:

T'f
ax. xX. 1n i
172 T
X " ¥ T T T ant . (3-1v)
l + V-‘ ¥ Tx

As an example,for a 1 : .1 He—A mixture at a cell temperature of 32000,
the difference between the steady-state He concentration and initial He

concentration is

. 0.50 (0.5) (0.5) In 223
X, - %X = PR = 0,058 .
| 8Tk 5593%

This is the maximum separation that may occur in the mixtures investigated

experimentally in thils work,

B. Relaxation Time

The time required to approach steady state in the usual two-bulb

thermal diffusion apparatus has been discussed by Clark Jones and Furry,ll

Their expression for the relaxation time is

1ty ! omrs T4 1 /e
L o NN LY In (TV/T') \ (4-TV)

(N*" +N') n D, 0" AT

This equation was derived on the assumption that the connecting pipe
volume is small, .As a first approximation, however, Eqs 4-IV is assumed
to be gpplicable to the system as shown in Fig, 1-IV, and the relaxation

time cited in Chapter IV for the various mixtures were so calculated,
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APPENDIX V.

Temperature .Dependence of Ké/hﬂ and'nm/nﬁ

From Eq. 3%, the conductivity of a binary mixture is

M 2 M2
M T x TALxE T +A . x ° - (1)
12 72 21 71
The simple-mixing-rule value is
XZ = X M o+ X Xz . (2-V)
Dividing Eq, 1<V by 2-V, we obtain
X3 N | . X, hz
iS } Xp + Ao X, Xp + By X N (3-v)
A R
' 3 11
Ir Moo= & ™ and Ay = b T » then we have
13 1
a X b X5 o
- +
Lc Xl + A12 X, X, + AZl X, )
’}:_" = b Tntt_nv-x ( -‘V)
2 a X, + x2
Now, if n' is equal to n'' and Al2 and AZl are independent ofbtemperature,

then hc/hz is a constant for any given composition,
The expression for qm/nz is identical with Eq, 4-V, except for the

values of the constants,
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