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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 0° to 774°C from the literature and this work. 

The average deviation is 2.1%. In correlating conductivity data of 

mix.tures of polyatomic molecules, the energy transport is considered 

in two pa~ts, 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 ex.isting 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 simple 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-
a o ature range of 200 to 300 C. 

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 540°C. The gases 

are He, A, N2, 02, co2, CH
4

, C2H4, c
3
H8, 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, ~' and D, describe the rates of 

transfer under a given gradient. 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 = 2o5 ~ 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 

D=Cv=c..!l. . p 

where C depends upon intermolecular forceso 

For gas mixtures, no such simple relation ex.istso While it is 

possible with a certain amount of mathematical labor to calculate with 

fair accuracy from the kinetic theory the transport coefficients of 

simple molecules following a given law of interaction, 24 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,l2, 23,34 , 40 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 

therrp.al conductivity and viscosity of mixtures than those found in the 
i ' 

literature. 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 l?Y diffusion. An ex- " 

planation of the usually observed deviation of conductivity and vis

cosity from the simple mixing 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, conductivity 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 1000°C are available. 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 100° to 54o°C. 

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 II. 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 data 

collected from the literature and those presently measured. They are 

also compared with existing "correlations. 
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CHAPTER I. Review of Theoretical and Empirical Relations for Thermal 

Conducti~i~y and Viscosity of Gases. 

A. Interrelations of the Transport Properties 

'-. of Pure Gases 

'I1he relations "Qetween the. trans.port coefficie:qts can be deduced 

directly from the kinetic theory 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) .al.L.mol.ecules travel with the same speed. 

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

to any one of the three perpendicular coordinate a.x.es in 

space. 

On the bas.is of these assumptions, the following relations are obtained: 

D 
A. 

= c p v 
(1.) 

T} = p D (2) 

A. :;:: c 7J V· 
(3) 

8 13 -1he rigorous kinetic theory treatment of Chapman and Enskog 

invo~ves.the solution of the Maxwell-Boltzmann integra-differential 

equation. This procedure takes into account the variation of mean free 

path .with velocity, the persistence of velocity after impact, and the 

fact that the most rapidly moving molecules also have the greatest 

translation kineti-c energy and momentum. The results thus obtained 

are: 12 0,(2, 2f [A.] 
1 

[ D]l = (1 1 f ( 4) 
25 n ' P c v 



-9-

c .· 
v' 

(5) 

(6) 

where the brackets with the subscript 11 1 11 denotes the first approxi

mation to the transport properties and the Q q_uantities depend upon 

the potential function employed to describe molecular interactions. 

For rigid spheres 7 these q_uantities are unity. It is seen that the 

results of the elementary theory and the rigorous thoo ry differ only 

by a numerical factor. 

Eq_uation 6 has been used widely in correlating conductivity 

. with viscosity. Experimental 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 translation, asymmetry of the molecules, and inelastic col

cisions. 

The first attempt to account for the effect of internal degrees 
14 . 

of freedom was that of Eucken who separated the ratio A./Tl into two 

terms, one for translational kinetic energy and one for all other forms 

of molecular energy. He assumed that the transfer of translational 

kinetic energy follows the eq_uation derived from the rigorous theory, 

Eq_. 6, and that the transfer of internal energy follows the relation 

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

A. = .2. c. + 1. 0 c • • 
Tl 2 vt ~ 

(7) 

C01Ilparison with the experimental data indicates that Eq_o 7 holds fairly 

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

and poorly for polar gases at all temperatures. 

"! 

. . 



. . ... 

tl,. 

: 

-10-

22 
Hirschfelder has derived the Eucken type equation in a rig-

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

has been frequently written as fint' should be 

15 R .X: D11 
fint = 4 A ' ( 8) 

mon 

where A is a fictitious conductivity calculated on the assumption 
mon 

thay the polyatomic molecule is effectively monatomic. For the Lennard-

Janes 6-12 potential and the Buckingham 6~xp~ potential, it can be 

shown that f. t has the value of 1.328 to within a few percent. 
~n 45 16 6 

Schafer , Franck; and Bromley have independently refined 

the Eucken relation by splitting the internal energy contr~bution to 

the ratiq, AjTj, into its various components and have proceeded to 

evaluate the f's in Eq. 9, 

= + + + f C + ••o 0 v v (9) 

The most recent and comprehensive work in this direction is that of 
6 

Bromley, who collected literature data for A, Tj, C , and y v = c ;c 
p v 

and qerived therefrom the numerical values for the f's. He showed that, 

ex.cept for H2, f:· = 1.0, and that f .. r ~r 

1.0 with risiag temperature. For H2, 

results are in general a~reement with 

and f decreased from 1.32 to 
v 

f was found to be 1.32a These. 
r 

the theoretical predictions that 

f = 1.0 if internal energy transfer by collision is rapid, and f =PD/Ti 

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 

transfer is one of pure diffusion rather than collision.6 'lOa Thus 

rotationalenergy is seen to be readily transferred except in the case 

of H2, for which the data of Huber and Kantrowitz showed that several 

hundred collisions are necessary for rotational equilibrium. 29 Bromley 

has also pointed out that, except at ex.treme temperatures, most gases 

will have pDjTj 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, f and f. tend toward · v ~r 

unity. 
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Hirschfelder point~d out that the Euck~n expression would not 

be valid if nonadiabatic collisions distort the molecuJ.ar distribution 

function. 22 Uhlenbeck, Wang Chang, and deBoer have extended the formal 

treatment of the kinetic theory to polyatomic molecules. 61 They also 

have shown that, in the limit when nonadiabatic collisions are infre

~uent as compared to adiabatic collisions, the Eucken-type formula is 

valid. In their treatment, the translational energy is considered 

classically and the internal energy, ~uantum mechanically. Each ~uan

tum state of the molecule is taken to be a separate chemic~l specie 

having its own Boltzmann e~uation. Ex.cept for the special cases of a 

.perfectly smooth sphere and a rigid spheroid, ex.tensive numerical re

sults .from this theory are not yet available. 

B. Thermal Conductivity and Viscosity of Mixtures 

In thi~ 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 e~uation 

for the conduetivity of a binary mixture,65 

A. 
"'A.l "'A.2 

(10) = 
x2 

+ 
' m 

1 + Al2 1 +A21 x1. 
-· X x2 . 'l 

which is identical in form to Sutherland's e~uation for-the viscosity 

of a binary mixture. 50 Weber showed that the A's should be the same 

for both viscosity and conductivity; 66 but, ex.perimentally, different 

values are found. In contrast to pure gases, no simple relation exists 

between the-conductivity,_viscosity, _and heat capacity of a mixture. 
- - ..-- - - - - - -

It has been customary in this f~eld to treat the two transport proper-

ties separately. They will be discussed here also under two headings. 

1. Thermal Conductivity 

The rigorous kinetic-theory treatment of conductivity leads to 

E?Xpressions 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-Janes 6-12 potential 

and the modified Buckingham 6-exp potential. For monatomic mix.tures, 

Hirschfelder et al. demonstrated that calculations based on the Lennard

Janes model yielded values of conductivity that are within a few per-

t f . t 1 24 cen o experJ.Inen a • 

For polyatomic gases, Hirschfelder et al. recommended an empi

rical procedure that involves the calculation of a fictitious conducti

vity on the assumption th~t the polyatomic molecules are effectively 

monatomic. 23 The result so obtained is then multiplied by a correction 

factor which is a function of composition and ratios of the experimental 

conductivity of a pure component to the conductivity calculated by as~. 

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

(11) 

where (12) 

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 relation: 22 

A =A i + m m x. man 

A -A 2 2 mon 
D22 x1 

l+-
D21 x2 

(13) 

22 Equations 11 and 13 have been tested for several systems. In 

most instances, the deviation from experiment is under 10%. The calcu

lations are quite laborious even for the simplest binary mixtures. Be

cause these equations are of the same order of accuracy as other 

simpler, though empirical, expressions, ex.tensive 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 



-13-

an equation di£'-'the following form: 

A. 
m 

K x
1 

x
2 + (14) 

where K is an empirical constant.34 Lindsay and Bromley pointed out that 

the agreement of this equation with experiment is poor even if the con-
I 4o 

stant, K, is determined by le~st squares from the data. Davidson and 

Music represented their data for several mixtures at 0°C by 

A. 
m 

a+bx = e 
' 

(15) 

wherein a and b are constants characteristic of each pair, and x. is the 
12 

mole fraction of the light component. Mo~e recently Brokaw· proposed 

(16) 

in which f.. and A. are the conductivities of the gas mix.ture calculated · sm rm 
according to the simple mixing rule and the reciprocal mixing rule, re-

spectively, and 0: 1 is an empirical function of the mo:le fraction of light 

constituent of a binary pair. 5 For a mix.ture of more ·than two compenents, 

he arbitrarily takes a:' = 0.5. Lacking .in sound theoretical foundation, 

these equations conform to experimental facts only under certain limited 

conditions, and their general application cannot be taken too seriously. 

Bromley and Lindsay chose to work with relations of the form of 
4o 

Eq. 10. They have expressed the A values as functions of the proper-

ties of the pure components. Two. alternate equations are. proposed. Follow:ing 

the method af Buddenberg. and 'W]]ke for the' viseosity~cl-. §:6 mixtures, 7 they fcund that 

A. ___ m = 
"-1 "-2 

_l.ll!iO Al __ • · _1{2 + __ lo~}-_4_ ~2 1+ --- 1+ 
P1 cp

1 
:012. xl. P2 cp

2 
D21 

X 
- )_ --

(17) 

correlates data near room temperature with an average deviation 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 mixture5° (see Eq. 19 below) and 

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

' 
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s 
[ ~ ~)3/41-_+......,:;~;:-...: 

l + T-

1. s .. 

J
-2 . }'2 :1 +-¥-

sl 
1 + -T-

(18) 

For other A values, the subscripts are interchanged. By making suitable 

adjustments in the evaluation of the SutherLand constant for the collision 

of unlike mole~ules, they succeeded in making Eg_s. 10 and 18 applicable 

to polar as well as nonpolar molecules. Other authors have been content 

to consider polar mixtures as ex.ceptions in their attempts to correlate 

conductivity of mix.tureso Equations 10 and 18 are in good agreement 

with data near room temperature. For the 16 gas pairs and 85 different 

compositions considered by these author$, the average deviation between 

calculated and· e:xperirnental values is 1 .. 9% and the ma.x.imum deviation, 

lOojo 6 

2i Viscosity 

From the simple kinetic theory and Sutherland 1 s model, Suther

land50 sho'Weld that the constahts in Eg_~ 10 should be 

s. l 

+ :!]2 }2 
+-T 

A + ~)1/ 2 1· ....... -+-. _s=-~=2 
\-2 ~ . s1 

l + -T 

(19) 

The subscripts are interchanged in the case of A21 . However, it was 

found that agreement between theory and experiment is imp;roved if the 

right-hand member of Eg_. 19 is multiplied by [2M
2
j(M

1 
+ M

2
)] 3/4 .. • 

Lindsay and Bromley developed their formula for conductivity by a similar 

empirical modification of this expression. 40 

Taking a more rigorous theoretical approach, Thiesen also devel

oped a formula for viscosity of binary mix.tures in the form of Eg_. 10.52 
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Schudel showed that A
12 

and A
21 

are related as follows:
4

7 

(20) 

From a careful analysis of the data, Buddenburg and Wilke found that G 

may be expressed in terms of the diffusion coefficienti7 

(21) 

Furthermore, they have expanded Eq~ 10 to a more general form to include 

multicomponent mix:t;ures.. They proposed the following expression: 

x·. 
1 -·-

D •. 
1J 

(22) 

By application of the kinetic theory, Wilke eliminated the empirical 

coeffipient and Dij from. Eq. 22, and obtained a relation that gives 

mix.ture viscosity as a function of the viscosities of the constituents 

and their mole.cular weights: 67 

n 

=I 
i=l 

j=n 

1 + !_ \ X. ¢,iJ" 
x .• L J 

1 . 1 . 
J= 
ifj 

The value of ¢1 j in Eq. 23 is 

.¢ .. 
1J 

= 

(23) 

(24) 

' 
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A method for estimating mix.ture viscosity from the principle of 

corresponding states was developed by Uyehara and Watson. 61a Kuenen 

derived an equation by a corrected mean-free-path method. 39 

From the rigorous kinetic theory, Chapman and Cowling derived 

an equation for the first approximation to the viscosity of binary 

mixtures. 9 This equ,ation expresses the viscosity as a function of the 

viscosities and molecular weights of the components aqd two constants 

that depend upon the interactions of molecules of different kinds. 

Hirschfelder et al. a1sd developed from the rigorous theory an ex

pression for binary mix.tures in terms of the viscosities and molecular 

weights of the constituents and a quantity that may be regarded as the 

viscosity of a hypothetical pure substance having a molecular weight 

of-(2M1M2 )/(M1 + M2 ) and following the law of interaction governing 

collision of molecules of different kinds. 
25 For multi component mix.

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

on the rigorous theory. After making 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 II. Alternate Correlations of Thermal Conductivity 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: 

p c v 
21.. ;~ Av p 

For a single component system, we have 

cv . 
1 

(25) 

(26) 

Thus, thermal conductivity is proportional to the rate of movement of 

the individual molecules within the gas and the heat capacity per unit 

volume of the molecules. Analogously, for the same gas in a mixture 

we have 

c v • 
l 

(27) 

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

same in both:expressions, we find 

(28) 

The -diff'U:sron coeffiCi-ent; ·Dim, ·is a measure of the rate-ef 

• 

movement of 11 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 
68 

Dlm as 

1 
D •lrq 

of a 

= 

gas into 

xl 

Dll 
+ 

a multicomponent mixture, we may write 

x2 
(29) 

Dl2 
+ • Cl 0 

io 

.... 
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Dlm 
After Eq_. 29 is multiplied through by n

11 
and inverted, the.ratio 

Dll 
req_uired in Eq_. 28 is obtained.! 

= 
1 

(30) 

The thermal conductivity of a mix.ture is the sum of the conduc

tivities of the individual components, i.e., 

•• 0 (31) 

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

+ 

n A.. r ]. 
(32) = n 

i=l 1 +I D .. X. 
].]. _J_ 

Dij X .• 
i=l ]. 

ifj 

Ba Thermal Conductivity of Nonpolar Mixtures 

In order to calculate the conductivity of a mixture from Eq_. 32, 

it is necessary to have the data for the pure components and the ratios 

of the diffusion .coefficients. Experimental values for the latter 

q_uantities are presently scarce. However, they may be calculated with· 

fair accuracy by either the method of Hirschfelder et al., 27 which is 
. -- 4 

based on the Lennard-Janes 6-12 model, or the method of Arnold. 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 



-19-

experimental values. The maximum deviation appears to be about 15%. 

A comparison of Eq_. 32 with the experimental data for He-A mix.tures 
.·. 

is shown in Ifig.·l. The trend of the deviations is such that the 

largest d:i-screpancies occur in systems having components whose molec-

., .. 

ular weigh~s differ most widely. It appeared·possible to improve t 
Eq_. 32 by taking A.j as the product of a power of D . . JD .. and an em-. ~ ~~ ~J 

pirical function of th~ molec-q.lar weight in the form of (Mij/Mi)n. 

Hence, we obtain 

n 

"'c =I 
i=l 

' 
(33) 

where M. . is the arithmetic average of Mi and M.. Wh~n energy transfer 
~J . . J 

occurs by collision, the exponent m and the factor (MiJ/Mi)n may be 

consiQ.ered as corrections for the difference in the mean free paths 

appropriate to diffusion and to heat conduction and for the difference 
\ 

of the effects of persistence df velocity upon conductivity and Upon 

diffusion. In the case of energy transfer by diffusion, the use of a 

value of m other than .unity and n different from zero cannot be justi-
1 

fied on similar groupds. 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 

where 
c• 
vt 

= 
2.5 cvt 

and 

+ 1.0 c 
r 

+ .1.0 c + . . r 

' 
(34) 

(36) 



... 

: 

0 0.1 0.3 0.7 0.9 

MU-15169 

Fig. 1. ·Experimental and calculatel conductivity of He-A 
mixtures at 0°C. 
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ex.cept in the case of hydrogen, for which the c term does not appear 
r 

in the numerator and.the numerical factor in front of c in the de-
r 

nominator is about 1.32 (as pointed out in Chapter I). The evaluation 

of the empirical constants m and n an~~omparison of the resulting 

correlation with experimental data are presented in Chapter V. 

C., Thermal Conductivity of Polar-Nonpolar Mixtures 

It is reaso
1

nable to believe that Eq.. 34 should also be appli

caole to mixtures ~ontaining polar molecules, proVided the ratios of 

the diffusivities are known either from experiment or calculation. As 
I 

in the case of nonpolar mix.tures, the paucity of exper:i.lnental data 

requires that a goqd method be found for predicting these ratios. The 

method of Hirschfelder et al. for averaging the force constants -for 

the Lennard-Janes 6-12 potential .cannot be applied to polar-nonpolar 
27 mixtures., Moreo¥er, in many instances, it is impossible to determine 

these force constaqts for the polar components. Ar.nold 1 s method of 

calculation yields binary diffusion coefficiemts that are too high in 

nearly all cases. 4 Theoretically, it should be possible to determine 

from experimental data the molecular volume and the Sutherland's 

constant that woulq be appropriate for a polar molecule in a mix.ture 

containing nonpolw molecules. 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 gas; therefore, two such measur~ents 

would be sufficient for the calculation of these parameters. Once 

these parameters are obtained, the diffusion coefficient for the dif-

·fusion-of the ~olar_gas into any other nonpblar gas may be readily 
' . . - ~ - ··- - -- -

-

calculated. However, calculations based.on data for the diffusion of 

water into co2 and wat~r into H
2 

indicate that it is impossible to 

obtain a set of values for the molecular volume and the Sutherland's 
I 

constant for water that would fit both cases. Apparently, Arnold's 

equation is not sufficiently ~igorous to withstand such a test. 

Another difficulty may be that the molecular volume andjor the 

.~ . 

. 
' 
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Sutherland's constant are not truly constants. Even if it were pos• 

sible to determine the constants, the scarcity of data would still im

pose a serious limitation • 

An alternate approach would be to modify Arnold's equation by 

taking the mean Sutherland's constant to be 0.,733 .J s1s
2

, according 

to Gruss and Schmick. 20 Lindsay and Bromley recommended this proced

ure in their correlation of mix.ture conductivities, 40 but Vine and 

Bennett found that all of their data did not fit the Lindsay-Bromley 
62 relation using the value of 0.733. 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. Appar

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 

mix.tures~ 

D. Viscosity 

The analog of Eq. 32 for viscosity is 

= 
~ Tl· 

L ~ ~ii 
i=l l+L ~ 

-. , iJ 
J.::::w.. 

i:fj 

(37) 

Equation 37 yields calculated viscosities that are a few percent higher 

than ex.perime~taJ. values. A comparison of this equation with the data 

of H2-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 Eqa 32 above; hence, one assumes 
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Fig. 2. Experimental and calculated viscosity of :t):i-{'Je 
mixtures at 20°C. 
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The determination of the empirical constants p and q and comparison 

with experimental data are discussed in Chapter V. 

Equation 38 may also be applied to polar-nonpolar mixtures. 

The diffusivity ratios for such mix.tures 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 Tb.e identity of the 

Ratio D.i/Di. with Wilke's ¢ .. is proved in Appendix I. This result 
1 J 1J 

also yielded a .method for estimating self.-diffusion coefficients as 

discussed in Appendix II. 



CHAPrER III. Experimental Method 

A. Introduction 

The thermal conductivities of pure and mi.x!ed gases 1m the tem

perature range of 100° to 540°C were obtained by means of a thermal

conductivity cell of the concentric cylinder type. 44 A schematic diagram 

of the cell used in this work is shown in Fig. 3. The principle compo

nents of the cell are the two concentric silver cylinders and the heat 

guard. The inner cylinder is supported within the outer hollow cylinder 

* bV means of Lava tips. An electrical heater is placed inside the inner 

cylinder to supply the energy to be trans.ported across the gas filled 

annular space between the inner and outer cylinders as well as the space 

at the bottom end of the cylinders. The :heat guard is a· silver cylinder 

containing an electrical heater. The purposec of the heat guard is to 

prevent heat flow from the UJ?per end of the inner cylinder. Thermo

couples measure the temperature of the inner cylinder, the outer cylinder2 

and the heat guard. Aux.iliary eg_uipment described below maintains the 

cell at steady-state conditions of temperature, pressure, and electrical

energy i~put to the inner cylinder. From the temperature .measurementsj 
I 

the electrical 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 details of the experimental eg_uipment, the gases used, the 

experimental procedure, and the metp.od of calculation are described in 

this chapte'r. 

* Lava is a product of American Lava .Corporation, Chat~anooga, 

Tennessee. It is a natural stone which may be machined and 

then fire-hardened to a .refractory. 
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Fig. ,3. Schematic :iiagram of thermal-coniuctivity cell. 



B. Eg_uipment 

1. Conductivity Cell and Associated Components. 

With the exception of certain modifications and additions, the 
.... . 44 

eg_uipment used in this work is essentially that described by Rothman 

unless othe.rwise rtoted. The ther.rn:al-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 outer cylinder, the 

receiver, has radii of 0.7530-in. and l.25~in. 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 .tip. 

The emitter contains a heater, the electrical energy input into 

which can be accurately regulated and measured. It consists of a spiral

ly wound 0.016-in. -diam. nichrome 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 nichrfome wires in order to 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 the energy input to the emitter be totally trans

ferred to the receiver, energy flow from the top .of the emitter is pre

vented by the heat guard, located 0.5 in. above the emitter. This is a 

silver 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 t-emperature of the-heat guard may-be_,maintained eg_ual 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 inserted into thin-walled 
• i \ 

stainless steel casings which fit tightly in the wells drilled in the 
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Fig. 4. Ccmductivi ty-cell dimensions. 



silver a 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 conduits 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 thi·s pipe 

in order to prevent convective currents generated by temperature gradi

ents from reaching the annulus space of th~ 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 asseii'lply. is placed inside an 8oO:-lb copper cylinder 

which was cut into three sections and machined to fit snugly over the 

stainless steel parts (Fig. 6). Tb.is copper cylinder takes the place 
' . 44 

of the tin bath used by Rothman who found corrosion a sepious problem. 

The large heat capacity and the high heat conductivity of the coppe-r 

cylinder serve to help maintain constant and uniform ambient temperature 

for the cell. Four chromel-alumel thermocouples and two nichrome-wire 

heaters are located 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 input 

to the heaters in response to ambient conditions. 

* ~e copper block is surrounded by a .2 in. layer of Superexo 

Nichrome-V heating coils are imbedded 0.5-in. into the outer surface 

of- tlie top, bot·tom, ·and side- o~ the--Supere.x .•. _.outside_the_ cgi~s is an

other 6 in. layer of Superex.. The low thermal conductivity and thermal 

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

* Superex is a product of Johns-Manville. 

insulation made of diatomaceous earth. 

It is a high-temperature 
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fluctuations in the heating coils 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. 

2b Gas-Handling System 

In order to facilitate the handling of gas mixtures .containing 

components condensable above liquid air temperaturesJ the piping system 
44 as used by Rothman 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 diameter) welded 

to the top flange of the cell casing. This pipe is connected by a 

flexible stainless steel tubing to the piping system as shown in Fig. 7. 

The evacuating 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 mix.tures. 

SiX stainless steel tanks, whose volumes have been accurately 

measured, are used for preparing gas mix.tures. Each of the tanks has 

its own calibrated t:p.ermometer 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 mix.ing 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 to 5 
micron, an absolute mercury manometer 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 are noncorrosive, choice of material of 

consturction is not a. serious problem. Steel~ prass, and glass are 

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

a. Emitter and guard heaters. Constant voltage sources re~uired 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 2508 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 storage 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 cur

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 par-

allel circuit constant. Fine variation of the currents through the heat

ers is made by a series of wire-wound rheostats ranging from 1 to 800 ohm~. 

These circuits are shown in Fig. 8. 

The guard and emitter circuits are identi.cal except for the size 

of the heaters and instrumentation. The guard heater is approximately 

35 .ohms; the heater in the emitter is 90 ohms. Because the guard heater 

current is adjusted so ~ha~ the temperature difference between the guard 

and the emitter is zere, accurate determination of the power through it 

is not re~uired. An or,dinary milliammeter is the only instrument used in 

this circui.t. The energy input to the emitter is determined accurately 

from voltage and current measurements made with either a Leeds and North

rop No. 8662 or a Rubicon portable precision potentiometer (catalog No. 

2745). · Current is measured by the voltage drop across a standard 0.1-ohm 

resistor, and the voltage across the heater and standard resistor in 

series is measured with the usual voltage-divider-potentiometei c:i;!rcuit 

as shown in Fig. 8. The high resistance box. in this curcuit was ~ali

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 
')I; 

proper but are re~uired 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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Fig. 8. Emitter heating and measuring circuit. 
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the Superex.. The wiring diagram for these heaters is shown in Fig. 9. 
Nearly all of the heat required to maintain 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 other is a 3-kw circuit supplied from the 115-v line through 

Solex transformers, which control voltage fluctuation to ± 1%. This 

circuit 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-
. 44 

bath heaters used by Rothman. Input to these heaters may be varied 

between 3 and 30 watts in response to the signal generated 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 

about 17 w. In this manner, the cell is isolated from ambient temperature 

fluctuations, and ~ell temperature can be maintained at ± O.l°C for 

periods of several hours. A block diagram of the temperature control 

* loop is shown in Fig. 10. 

~-. Temperature Measurement 

Temperature is measured with Pt-10% PtRh thermocouples. These 

consist of 20-mil wires fused together and annealed in air at 1450°C for 

1 hr, as recommended by the U.S. Bureau of Standards. They are threaded 

in 2-hole refractory 'porcelain insulators, which in turn are encased in 

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

* Detailed dr11wings of the temperature controller and associated equip• 

ment are found in Figs. 5, 6, and 7 of Ref. 44. However only portions 

of the circuit shown thereon are used in this work. The "winding" 

preamplifier which receives a signal from a thermocouple is used in 

conjunction with the amplifier and power circuits marked "bath". 
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~:'his 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 double potentiometer is used in conjunction with a Leeds 

and Northrop No. 2285b high-sensitivity galvanometer for determination of 

thermal emf. The range of the potentiometer is 1 to 10,000 IJ.V, and the 
.. 

sensitivity of the galvanometer is about 0.05 -~vjrrmi of scale deflection. 

In the temperature ·range of this investigation, the rate of change of 

thermal emf of Pt-PtRh thermocouples with temperature is 6 to 10 IJ.V/°C$ 

In terms of temperature,-~ mm of galvanometer deflection corresponds to 

0.005 to o.oo8°c. Interconnec~ed. ~hields ·are used to keep the entire 

measuring _system at the same potential so as to reduce errors caused.by 

stray emf us •. By means of a .set of copper knife switches between the 

thermocouple leads and the potentiometer terminals, the absolute thermal 

emf of any one of the three thermoco~ples as well as the difference be

tween any two of them may be read rapidly in any desired seQuence. 

c. Gases Used 

The gases and vapors used in this investigation were taken 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~ Equilibrium temperature was usually attained in 24 
-

to 48 hrs after sw1 tch:i.ng on.- Then- the heaters- in the- copper block .and _ 

cell were turned on, and the temperature controller set by trial. The 

guard -p?mperature was .made eQual to that of the emitter by trial setting V .'..·,:{. -* 
of the guard heater input., ., 

* Ex.cept 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 I 

Specified Chief 
Gas Source and Grade Purit~(~) Impurities 

.. 
Linde Air Products Co. 

N2 "water pumped" 99.9 A) Ne 

'•· C0
2 Pure Carbonic) Inc. 99.5 Air 

Linde Air Products Co, 
A Standard grade 99.97 N2 

CH
4 

Phillips Petroleum Co. 99 C2H6 

Methyl Eastman Kodak Co. 
formate S 1227 Spectro grade 

The Mathieson Co.J Inc. 
C2H4 C.P. grade 99,5 

(cii
3

)
2
o The Mathieson Co.) Inc. 99.9 

The Mathieson Co.) Inc. 
C3H8 Instrument grade ·99.9 

Liquid Carbonic Co. 
02 Commercial grade 99.5 A 

u. s. Navy 
He Research grade 99.99 H2) H20 

,· 
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At the beginning of a series of measurements at a particular tem

perature level, the celltvas evacuate<\ to a pressure of 1 IJ. of mercury or 

less in order to determine the rate of heat transfer by radiation across 

the annular space and by conduction across the Lava supports. After 

steady state was reached, the emf's of the thermocouple in the receiver 

and that in the emitter, and the difference in voltage between the two 

thermocouples were measured at regular 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 temperciture, 

especially for runs under vacuum. The experimental and theoretical justi

fications for positioning the thermocouples in this manner are given in 

Appendix III. The voltage across the 0 0 1-ohm standard resistor in the 

emitter circuit and that across the te.rminals to the emitter were also 

recorded periodically. The same procedure was followed when the cell was 

filled with gas. In most of the runs, the measurements were continued for 

at least half an hour at 5 to 10-min intervals. 

In order to account for the difference of emf of the different 

couples, they were compared .against the standard coupla: at 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 to be made .under steady state condition by replacing each one of the 

couples in turn with the standard couple. Values of T , T , and£:::.. T were e r 
measured as described above. The positions of the standard couple and the 

couple under comparison were then quickly interchanged and again readings 

of T , T , and l:::..T obtained. This procedure yielded three independent e r 
values of the differt:~nce between the ordinary and the standard couple at 

tvo different- temperatures·- Bec~us_E? :t;he _ ch_ange with temperature of the 
- - - - -- - - o-- - -

emf difference between two couples is small with the usual £:::.. T of 10 C or 

less, the average of the three val~s 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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Measurements were made at several pressures in order to make cor

rection for temperature discontinuity at the gas-solid 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 

vras used. The cell was filled with the gas to a pressure between 0.5 and 

1 atmos and then evacuated to 5mm of Hg or" less. The filling and evacuating 

were repeated at least three times. The cell was then filled to the ae

sired pressure, which was determined with an absolute manometer as well as 

with an open-end manometer. 

Binary :(Ilix.tures were prepared by allowing the streams from tanks 

corrta,jn:ihg the components to impinge against each other and flow simultane-

·ously into an evacuated .. ,tank. 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 mix.tures was 

used as a check. Ternary mixtures were prepared in the same manner by 

mix.ing a binary with a pure gas . 

E. Method of Computation 

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.
44 

An expression for the 

heat conducted by the gas from the emitter to the receiver may, therefore, 

be written in three parts as 

q = + 

2 
1C r f... 6 T a 

X + qcorner (39) 

The corner effect may be accounted for with a max.imum error of about 0.3% 

by taking an average for L in the first term as L + ~ and for r 2 in the 
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2 2 44 
second term as (r1 + r 2 )j2. Thus 'i-re have 

2 2 

(L + ~) /\a t. T 
'•'t rl + r2 

2 :n: rc ( 2 .. ) 1\ t.T a ( 40) q = + 
r2 X 

ln 
rl 

or Q = C1
, /\at. T, ( 4J;.) 

vrhere 2 1r (L +:!£) 2 2 
1(, (rl + r2) 

c• 2 (42) = + 2x 
ln 

r2 

rl 

The cell constant 7 C 1 , at a particular temperature was calculated from tl.te 

coefficients of thermal expansion of silver and Lava and the dimensions of 

the cell measured at room temperature. The average linear coefficient of 
.-6 0 .· .· -6 0 

silver was taken as 20 x. 10 per C and that for Lava as 3 x. 10 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 voltage drop across the leads and the standard 

resistor used for current measurement. When the cell is filled with gas, 

this rate represents heat transfer by three different avenues: gaseous 

conduction, radiation, a.I).dconduction.across the supports. The sum of the 

heat transferred by the last two mechanisms was taken as that measured at 

high vacuum. Heat transfer by gaseous conduction was thus taken as the 

total heat transfer minus that measured under high vacuum. This procedure 

is- based on the_assumption_ tha3; s~ppo_:rt conduction is independent of the 

presence of gas in the cell. Although this is an qbvious oversimplifica

tion, it can be shown that the error ~nvolved should be less than 0.1% 1 

because support conduction was a very minor contribution to the total heat 

transfer. 44 

Temperature' difference was computed from. the rate of change of 

thermal emf with temperS.ture, dE/dT, and the difference in emf between the 

·~ 

.. 
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thermocouples in the emitter and receiver. Proper correction; was applied 

for the difference in emf from the thermocouples themselves as described 

in a previous section. The temperature 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

prox.imate 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, the pressure, 

and the properties of thegas in the following manner,35 

g' = 2-a 
a ( y + l) c vp 

( 43) 

At infinite or large pressures the discontinuity disappears. The heat 

conducted per unit area per degree temperature difference between con

centric cylinders may be expressed in terms of the conductivity of the 

medium in the annulus, the radii of the cylinders, and the temperature

jump distances at the two surfaces:35 

q 
A6.T 

Combining Eqs. 43 and- 44 ,yields 

6.T 
= q 

-

where 

r2 
·ln-

rl 
2:rr A. a - -~-

:rr M 
R 

L 
-

B 
+ p 

l 
2 :rr L 

(44) 

(n; -rT;) + 
rl r2 ' 

( 45) 

2 - a ( 46) 

·. 
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Equation 45 shows that the plot of ~ Tjq ~ 1/p should be a straight line 

whose y intercept gives the value of ~ and whose slope gives the accomo-
a 

dation coefficient. An ex.pression 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, 

it was under 3%. Finally, linear relations between ~ 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 qj~T at infinite pressure and the slope of the ~T/q 

vs 1/p curve were derived from the measurements by the method of least 

squares. In the case; of pure gases, the value of q/6 T so determined gives 

directly the conductivity through Eq. 41. For mixtures, however, Eq. 41 

does not yield the true conductivity, since the thermal flux. consist8d 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 ~ calculated 

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

\n :::: ~ - ~td ' .c ( 47) 

where 

~td 
2 

:::: a DnRx.1x2 
( 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 conductivity and a value of ~ estimated from the 
td 

thermal-diffusion data. 
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CHAPTER IV. Experimental Results. 

A. Data 

The pressure-independent ;thermal conductivity of He, A, C02, N2, 

02, CH4, C2H4, c
3

H8, CH
3
0CH3' CH

3
co2cH

3
, forty-nine binary mixtures, and 

five ternary mi:X.tures of these· gases were measured at temperatures rang

ing from 94 to 538°c. The experimental results are .tabulated in Tables 

II and III. The values of qj£::::, T given therein have been corrected for 

heat transfer byradiation between the emitter and receiver as explained 

in Chapter III. The thermal conductivities given have been calculated 

from values of !::::, T/q extrapolated to infinite pressure, i.e., to 1/p = 0, 

by the method of least squares. Figures 12 a and 12 b show some of the 

typical plots of !::::,T/q ~ 1/p. The slope of the line in such a plot is 

related to the accorrunodation coefficient as indicated in Eq. 45. Accom

modation coefficients have been calculated from values of the slopes 

determined by the method of least squares in connection with .the compu

tation of conductivity and are tabulated in Table IV. Also given there

in for comparison are values found in the literatwe for both silver and 

platinum. 

Figure 13 shows the relation between conductivity and composition 

for several binary systems. Similar data are 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 isotherme.l 

curve. In no case did this extrapolation. exceed 4qc, and in most cases 

it was 1 or 2°C. For a mixture, the molal average value of dJ.../dT was 

used. Because the temperature extension was small, the error involved 

should be negligible in comparison to experimental errors. 

-Tne-the:fmalconductiv:tty-of 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 
0 those already reported, ex.cept the value for He at 315 C. The high con-

ductivity in this case was probably caused by an error in the small !::::, T 

measured as discussed in Section B. 

·. 
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Table II 

Ex;eerimental data for pure gases. 

. T ffi' qjffi' "A. X 105 .. p Date av cal 
(day-mo. ) Gas {oc) (oC) . {wattL0 c) .. (mrn Hg) sec oc em 

"·' 17 v N2 104.5 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 

19 v A 106.0 10.022 0.55100 151!-. 5 5.12) 
10.060 0. 54884 38 
10.111 0.54598 ~20. 5 

20 v 9.951 o. 54-782 54.5 
21 v 9.940 o. 54868 54.5 

22 v He 100 . l. 258 4.5087 757° .· lfl. 94 
1. 278 4. l+330 l4ll-.5 
l. 338 l+. 2494 50,5 
l. l!-23 4-.0003 25 

10 VI :·L256 4.4445 459.5 
l. 315 4.2443 61.5 
1.397 3·9940 27.5 

20 VI 02 101 6.617 0.82564 94.5 7•732 
6.746 0.81216 23 
6.668 0.82188 38 

22 VI 'co 103 9.107 0.57126 152 5.331 2 9.176 0. 56682 '45.3 
9.264 0. 56126 23 

26 VI CH4 98 4.730 1.1355 153.5 10.60 
4.755 1.1294 51 
4.798 1.1191 26 

27VI C3H8 100 7.540 0.69744 155.5 6.500 
7· 571 o. 69451 48.5 
7.612 0.69067 24.5 

29 VI (CH
3

)20 101 8.060 0.64579 130 6.015 
8.087 0.64357 51.5 
8.128 0.64023 20.5 

... 
29 VII Methyl 99 ll.432 0.45250 102 4.217 .. · formate ll. 457 0.45147 50 

ll. 477 0.45065 32 
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Table II ~cont'd.) 

ExEerimental data for Eure ~ases 

T ... .6T qjm f.. X 105 . 
Date p cal .... ~-av 
(day-mo.) Gas ~oc) {oc) {wattL0 c) (mm Hg) sec °C em 
16 VIII N 317 5.906 1.1430 112 10.67 \. 2 5.964 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 
l. 539 4.4957 27 

18 VIII C02 320 6.498 L0354 126 9.655 
6. 559 l. 0254 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 0.77377 28 

20 VIII C2H4 318 4.162 1.6381 l3L5 15.30 
4.197 l. 6242 52.5 
4.285 1.5900 26.5 

21 VIII CH
11 317 3.179 2.1566 111.5 20.34 

3.261 2.1014 46 
3.359 2.0390 26.5 

22 VIII 02 319 5.470 l. 2372 114.5 11.62 
5. 645 1.1977 47. 5. 
5.849 1.1546 22.5 

23 VIII C3H8 318 4.335 l. 5712 144 14.65 
4.393 l. 5500 49.5 
4.470 l. 5226 25 

27 VIII (CH) 2o 318 4.866 l. 3956 132 12.96 
4.868 1.3950 53 

~~R ---• --- -- -- . - .. 4 •. 890 1.3885 25 
4.859 i. 3976-- - 127 

12 IX C3H8 537 2.535 2.6653 118.5 25.08 
_2. 591 2.6059 55 

4' 

13 IX CH4 537 2.570 2.·677 130 25.25 · . 
. . 
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Table III 

Experimental data of mixtures 

. ~ A. Binar~ mixtures 

A. X 105 
T ffi' gjffi' 

m 
Date av p cal 

(day-mo.) System xl (oc) . : (oc} ·{ wattL°C) . (mrri Hg) sec °C em 
15 v He-N 0.409 107.5 7.015 l. 5588 208 14.59 2 7.094. l. 5423 27.5 

7.085 . l. 5382 27.5 
7.383 1.4663 9.5 

16 v. 7.345 1.4856 16 
7.383 l. 4851 16 

22 v He-N 0.837 100 l. 782 3.1765 522. ·: 30.33 2 1.770 3.1995 119 
l. 797 3.1519 50.5 
1.846 3.0698 25.5 

23 v 1.773 3.1928 497 
1.858 3.0492 30.5 

30 v He-N 0.219 104 4.848 1.1451 158 10.71 2 4.899 1.1455 158 
4.846 1.1452 158 
4.895 1.1465 158 
4.845 1.1455 158 

31V 4.906 1.1439 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 1.1497 158 
4.963 1.1488 158 

7 VI 4.910 1.1498 93 
4.913 1.1491 93 

... 4.916 1.1484 93 
.. 4.899 1.1480 93 

8 VI 4.857 1.1463 93 
4.872 1.1427 93 
4.891 1.1382 34 
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Table III {cont'd.} 
.. 

f.. X 105 
T ffi' q/AT m 

Date av 
p cal 

. (day-moo) System xl (oC) (oc) (watt/°C) (mm Hg) sec °C em 

4.939 1.1270 21 
4.956 1.1266 21 )_, 

4.924 1.1232: 21 

ll VI He-A Oo525 ·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 
3.274 1.6815 40.5 
3.317 1.6594 24.5 

14 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 2.034 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 l. 0152 171.5 
5.369 1.0180 38 
5.312 1.0146 38 
5.302 1.0159 38 
5.304 1.0156 38 
5.370 1.0097 22.5 
5"474 0.9902 14.5 

2 VII .. cH4-c
3
H8 .o. 4855 95 6.354 0.81957 147 7.636 

6.376 0.82173 50.5 
6.398 .0.81848 26 
6. 545- - _0.81808 94 
6.506 0.81761 94 
6.559 0.81085 14 
6.527 ·o~Bl492 25 

2 VII CH4-c
3
H8 0.3130 94 7.007 0.75526 50.9 7.050 .. 

6.990 0.75715 163.8 . 
' 7.021 0.75372 29.5 

. 
;, 
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Table III {cont 1 d. ) 

T 6.T g}t!r A. X 105 
Date p .m cal av 

( dl:l;y-mo.} S;ystem xl {oc} {oc} {wattL0 c} {mm Hg} sec c:>c em . .. 2 VII CH4-c
3
H8 0.7792 93 5.646 0.95346 54.3 8.841 

5.600 0.95134 174 
5.625 0. 94706 30.7 

5 VII (CH
3

)2o- 0.4983 95 7.981 0.65638 56.5 6.180 
8.066 0.46926 26.5 

C3H8 7.920 0.66158 133.2 
6 VII (cH3 ) 2o~ 0.3149 95 7.944 0.65528 23.9 6.125 

7.959 0.65824. 187.2 
C3H8 7.982 0.65629 51.9 

8 VII A- 0.4877 96 9.047 0.57680 188 5.372 
(CH

3
)2o 9.083 0.57444 37.8 

9.050 o. 57660 118 
8VII A- 0.6705 96 9.370 0.55626 73 5.183 

(cH
3
) 2o 9·377 0.55583 30 

9.359 0.55694 74.5 
8.VII A- 0.3166 95 8.911 0.58589 192.3 5.455 

(CH)20 8.934 0. 58434. 52.5 
8.956 o. 58285 27.3 

9 VII C02-c
3
H8 0.4490 95 8.277 0.63223 173· 5 5.884 

8. 290 0.63120 72.7 
8.299 0.63050 49.9 
8.304 0.63011 30.7 

11 VII C02-c
3
H8 0.6354 96 8. 503 0.61492 107.2 5.738 

8.536 0.61247 51.8 
8. 566 0.61026 31.8 

ll VII C02-c3H8 0.2912 95 8.094 0.64695 133·7 6.083 
8.104 0.64613 108.5 
8.104 0.64613 113.5 

13 VII 02-co2 0.5356 96 7.685 0.68239 108.8 6.365 
7.767 0.67499 2]. 5 
7.702 0.68084 85.1 
7.704 0.68066 51.5 
7.698 0.68121 63.3 

15 VII o2-co2 0.3153 96 8.269 0.63286 186 5.865 
8.304 0.63011 72.5 
8."j29 0.62816 46 
8.412 0.62178 17.8 
8.443 .0.61942 27 

/' 8.363 0.62553 115.3 
8.385 0.62384 53.5 
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. Ta"Qle III { cont 1 d~) · 

"A.. X 105 
T b.T qjt:.T m 

Date av p .cal 
. { da;t:-mo. ) .S;t:stem xl . {oc·) {oc~ {wattL°C) {mm Hg) sec oc em . 
16 VII· o2-co2 0.2699 97 8.511 0.61432 38.5 5·777 

8.452 0.61874 113 !.., 

8.530 ·0. 61291 35.4 
8.523 0.61343 35.4 
8.507 0.61462 54.2 

23 VII 0 -CO .0. 7776 97 7.106 0.73954 33 7.027 2 2 7.054 0.74513 52.5 
7.053 0.74742 52.5 
6.999 0.75114 90.2 
7.063 .0. 74416 32-7 

30 VII .C3H8- 0.530 96 8.948 0.58339 79 5.435 
8.934 0. 58434 52 methyl·· 8.954 .0. 58299 27 formate 8.941 0.58386 100 

31 VII (CH
3

)2o- 0.4841 97 9.843 0.52862 96.5 4.928 
9.877 0.52673 51 methyl 9.920 0.52437 24.5 formate 9.894 0. 5_2579 37 

4 VIII (CH3 ) 2o~ 0.7248 . 100 9.089 0.57405 99·5 5.361 
9.118 0. 57216 42 

5 VIII methyl 9.137 o. 57093 24.5 formate 9.160 0. 56945 24.5 
9.056 0.57621 158 

7 VIII (CH ) 0- 0.3059 101 10.288 0. 50493 151 4.707 3 2 10.388 0.49987 28 methyl·· 10.342 0.50220 52 formate 

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 (CH3 )~0- 0.4841 318 4.445 l. 5314 98 14.25 
4.465 l. 5244 51 , 

methyl 4.499 15.126 25.5 for:ntate 

19 VIII A-CO 0.4935 320 7.192 0.93177 130.5 8.670 2 7.265 0.92202 50 .. 
7·390 0.90578 20.5 

-. 
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T~ble III {~t'd.) 

T ffi' qjffi' p /I. X 105 
Date av m cal 

(day-mo.) System xl (oc) (oc) (watt/°C) (mm Hg) sec °C em . .., 
19 VIII N -A 0.4966 320 7.107 0.94338 102 8o788 2 7·170 0.93475 49.5 

7.229 0.92681 27.5 
20 VIII He-C02 0.610 317 2 .. 710 2.5365 50 23.65 

2.685 2.5605 l30o5 
2.717 ·2.5298 26 

20 VIII He-N 0.637 317 2o306 2.9876 124.5 28o 28 2 2.334 2.9513 48.5 
2.454 2.8051 24 

21 VIII N2-C2H4 0.4980 318 4.799 1.4156 117 13.22 
4.879 1.3918 41 
4.953 l. 3704 2~.5 

21 VIII C2H4-co2 0.5118 318 4.996 1.3583 104 12.69 
5.029 l. 3491 52 
5.129 l. 3220 23.5 

22 VIII N2-C2H4 0.7558 319 5.261 1.2879 142 12.05 
5.373 l. 2603 48.5 
5.492 l. 2321 27 

23 VIII N2-02 0.3902 319 5.651 1.1964 138 11.19 
5.811 1.1624 48.5 
5.913 1.1416 28 

23 VIII CH4-c 2H4 0.4894 317 3. 799 l. 7983 125.5 16.73 
3.824 l. 7863 55.5 
3.863 l. 7679 ·27 

24 VIII He-CH4 0.746 316 1.686 4.1004 117 40.63 
1.794 3.851?! 53.3 
2.017 3.4212 27.5 

24 VIII He-CH4 0.550 316 2.251 3.0615 54 30.54 
2.149 3.2087 134 
2.393 .2.8776 27 

27 VIII He-CH4 0.299 317 2.664 2.5809 1Jl 24.58 
2.770 2.4807 55 
2.975 2.3071 25 

28 VIII He-N 0.305 318 J.928 1.7380 136.5 16.27 2 3.948 1.7290 53 
4.067 1.6773 27 
4.090 l. 6677 40 

... 
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Table III {cont'd.) 

T L'fr qfm Date av 
( da;y-mo.) · S;ystem 41 . {oc} . (oc) (wattL0 c} 
30 VIII He-N · 0.739 316 2.017 3. 4.212 2 2.157 3.1960 

2. 412 2.8546 . 
2.365 2.9121 

31VIII He-A 0.306 318 4.720 L4399 
4.885 . l. 3900 
5.023 l. 3507 
4.727 1.4377 
4.829 l. 4066 
4.926 1.3781 

31 VIJ;.I He-A 0.774 316 2.041 3-3805 
2.176 J.l684 
2.4i 1 .. 2. 8486 

2IX C H8- 0.4966 317 4.590 1.4818 
3 4.617. l. 4729 (CH
3

)2o 4.646 l. 4635 

l IX N2-C3H8 0.5253 318 4.866 .LJ956 
4.896 1.3868 : 
5.012 l. 3538 

2 IX A-C
3
H8 0.4712 318 5.317 1.2739 

5-350 1.2658 
5. 413 1.2507 

ll IX N2-G3H8 0.4761 538 3.061 2ol928 
3.149 2.1291 
2.996 2.2422 

10 IX A-C3H8 0.4712 538 3.181 2.1069 
3.274 2.0446 
3· 403 1.9639 

13 IX CH4-A ·0. 4767 538 3.682 1.8087 
3·774 1.7625 
3.803 l. 7485 

p 

(nim Hg) 
126 

48 
25 
33 

130 
53 
25.5 

127 
24.5 
40 

118 
55 
28. 

98 
53 
28.5 

133.5 
53 
26 

132 
54.5 
28 

5~.5 
30 

138.5 

136.5 
55 
28.5 

l37o5 
58.5 
52.5 

A. X 105 
m 

cal 
sec °C em 
33.47 

!.. 

13.36 

33.23 

13.78 

13.06 

11.86 

20.99 

19.80 

17.03 
.., 

.. 

. 
i 

. . 
. 
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Table III {cont'd.) 

. B. Ternary mixtures . ... 

A. X l05 
T .6.'1' qjt:rr .m 

Date av p cal .. (day-mo.) S;ystem ,Xl ]'2 {oc) {oc) . {wattL0 c) (mm Hg) sec °C em 

18 VI He-N -A 0.415 0.468 99.5 3-590 1,4860 128.5 13.95 2 3.634 L4800 48.5 
3.708 1.4401 23 
3-710 l. 4479 26 
3.585 1.4807 67.5 

24 VII N2-o2-co2 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 o. 71476 38.8 

26 VII A-(CH ) 0- 0.3660 0.3260 98 8.428 0.62056 111.8 5.767 3 2 8.495 0.61551 .51 
C3H8 8.509 0.61447 30 

8.483 0.61641 103.5 

29 VIII He-CH4 -N2 0.159 0.365 317 J.992 l. 7095 45 16.74 
4.066 1.6777 33 
3.871 1.7642 105.5 
4.183 1.6297 23.5 

3 IX A-c
3
H8- 0.5348 0.2310 318 5.707 1.1842 136 ll.Ol 

(cH
3

)2o 5.778 Ll692 53.5 
5.841 1.1562 26 
5.824 1.1597 36 

.· 
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Fig. l2a. Accommodation effect. 
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He-A BINARY 100.5°C 
XHe= 0.525 

A-(CH 1 ) 2 0 BINARY 95°C 

XA=0.317 

C02 -C 1H1 BINARY 95°C 
X0 o2 =0. 449 

~~~~~~~~~~~~~~~~~~ 

MU-15176 

Fig. 12b. Accommodation effect, 
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Table IV 

Accomodation .coefficients 

Temp. Literature value and source for . . ~ 

Gas (oC) ~ a Ag and Pt 

N2 104.5 0.364 
0. 4(Ag44) 317 0.343 ~ 

A 106 0.702 
o.65(Ag~\ 0.57(Pt53 , 321 0.528 6S0°C); 350°C) 

He 100 0,148 44 0.17(Pt53 , 315 0:081 0.13(Ag , 680°C); 400°C) 

02 101 0.299 
319 0.148 

,co
2 103 0.193 

' ( 44) 2) 53) 320 0.212 0.,3 Ag ; 0. 3(Pt ; 0. 6(Pt 

CH4 98 0.242 
317 0.106 

C3H8 100 0.175 
318 -0.103 
537 0.070 

C2H4 318 0.153' 

Binar;y mixtures 
Temp. 

x1 
Temp. 

System (oc} a S;ystem {oc) x1 a 

He-N 104 0.219 0.407 _He-CH4 317 0.299 0.076 2 107.5 0.409 0.352 r. - ~ (316~. 0.550 0.097 
100 0.837 0.335 316 0.746 0.07~ 

He-A 102.5 0.276 .o. 622 He-ce2 317 0.610 0.226 
100.5 0.525 0.496 

99 0.780 0.424 A-C
3
H8 318 0.471 0.192 

CH4-c
3
H8 94 0.313 .0. 537 N2-C3H8 318 0.525 O.J-31 

95 0. 486 0.625 
93 .0. 779 0.691 N2-A 320 0.497 0.394 

C02-c
3
H8 

·~· 95 0.291 0.073 A-CO 320 0.494 0.309 ... 
95 0.449 0.255 2 

·. 
96 0.635 0.568 c2H4-co2 318 0.512 0.195 
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.Table rv {cont 1 d.) 

Temp. :,11 .... , . ';D¢mpo 
x1 . .. S;ystem {oc~ .S;ys-t;em' (Oc) a a 

o2.;c~2 97 0.270 0.227 N2-C2H4 318 ,Q, 498 0.187 
96 0.315 0.321 319 0.756 0.145 
96 0.536 0.355 
~97 0.778 0.230 N2-02 319 0.390 0.166 

He-A 318 0.306 0.377 CH4 -C2H4 317 Oo489 0.267 
316 0.573 0.307 
316 0.774 0.129 N2-C3H8 538 0.476 0.099 

He-N 318 0.305 0.263 A-C
3
H8 538 0.471 0.083 2 317 0.637 0.337 

316 0. 739 0.105 CH4-A 538 0.477 0.149 

Ternar;y mixtures 
Teil1p. 

~1 X 
S;ystem (°C) .2 a 

He-N -A . .2 99.5 0.396 0.482 0.366 

N -0 -CO 2 2 2 97 0.323 0.373 0.254 

He-ctr4-N2 317 0.135 0.374 0.113 
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Fig. 13. Conductivity of some binary mixtures. 
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o- Experimental 
0°C , Wachsmuth 64 

/00°C and 316°C, This 

MU-15162 

Fig. 14. Comparison of experil1ental and calculated conductivity 
of He-A mix.tures at various temperatures • 
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o- Experimental data 
0°C , Davidson and M~sic 12 

/04°C and 3/6°C, This 
· work 

0.4 0.6 0.8 

MU-15163 

Fig. l5. Comparison of experimental and calculated conductivity 
of He-N2 mixtures at various temperatures. 
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Table V 

A..x 105 .Literature value and source . .. Temp. cal NU-05 6 cal ) 
Gas (Oc) sec °C em 

' 
sec °C em 

N2 104.5 7·459 7.58(Keyes,1952)37 
7·33(Schottky,l9524t6 
7.25(Rothman,1954) 4 
7.56(Nuttall and Ginnings,l957) 3 

.N2 317 10.77 l0.62(Stops,l949) 49 
l0.77(Keyes,l952)37 
l0.85(Schottky,l952)46 

02 101 7·732 7.90(Johnston and Gril1y,l946)32 

7.80(Keyes,l952)37 

02 319 11.62 . . ( )16 11.73 Franck,l95l 

CH4 98 10.60 10.86(Johnston and Gr~l1y,l946)3 2 

l0.30(Schottky,1952)4 

CH4 317 20.34 21.00(Keyes,l952)37 
l8.87(Schottky,l952) 46 

C3H8 100 6.500 6.24(Mann and Dickens,l93l) 41 

He 100 41.94 40.75(Johnston and Gril1y,l946) 3~3 41.65~Kannuluik and Carman,l952) 
40.86 Keyes~1952)37 

He 315 ?8·73 55.58(Kannuluik and Carman,l952)33 

A 106 5.125 5.ll3(Ka:t;:~.nuluik and Carman,l952)33 
5.16(Keyes,l952)37 
5.155(Schottky,l952)46 

\ 

A 321 7.299 6.962(Kannuluik and Carman,l952)33 
7.26(Keyes,l952)37 46 7.165(Schottky,1952) 

~ 
co2 103 5.331 5.20(Eu~ken,l940)15 2 

5. 56(Johnston an~7Grilly ,1946)3 
5.35(Keyes,1952) 

. co2 320 9.655 8.89(Eucken,l940t5 
. 9.89(Keyes,1952) 7 



B. Error Analysis 

In this section, the sources. of errors are evaluated and an esti• 

mate of the maximum error is made. 'llhere are two distinct types of er

rors, namely that involved in the experimental measurements and that in 

i~he assumptions .made in deriving from the measurements the results pre

sented in the preceding section. The principal experimental q,uantities 

req,uired for the Q.etermination of thernia.l conductivity and accommodation 

coeffi-cient are (1.) temperature difference between the emitter and the 

receiver, (2) rate of energy input to the emitter,. (3) the dimensions of 

the cell, ( 4) pres sure, and ( 5) the rate .of heat trans fer by radiatdton 

and conduct·ion in the cell under vacuum. In the case of mix.tures 7 the 

composition is also req,uired for calculation of accommodation coefficient. 

The total error is the s.um of these errors in measurements and those in

volved in the assumptions discussed in Paragraph 2 below~ 

l. Errors in Measurement 

ao ~ T measurements_ Temperature difference is calculated from the meas

ured difference of the thermal emf of two thermocouples that have been 

calibrated against a standard couple. The major error in this q,uantity 

appears in the stray emf's arrising from various lead connections. It was 

found that these emfS fluctuated from 0 to 0.6 mv. For a temperature dif-

ference of 6°c, this amounts to a ma.ximu.m error of l.l%. The average 

error from this source is estimated to be 0.5%. Intercalibrations of 

thermocouples were reproducible to within 0.2 .mv~ A part of this difi'~r

ence was probably caused by fluctuation in stray emfs; hence, it is .esti

mated tltna.t error from interca::Libration is at most 0. 2% at a ~ T value of 

6°c. The dE/dT calibration of the standard couple is known to ± 0.3 to 

± 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 corrections~ to l% of the total voltage 

drop, and these are known to within 5%. 

·-
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c. 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. 

d. Pressure. The ma.x.imum error in pressure readings is 3%. These measure

ments were made in order to correct for the accomodation effect by ex.tra

po.lating the b. Tjq vs ljp line 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%, ex.cept in the case of 

He and mix.tures 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 ma.x.imum vacuum correction occurred in runs made 

at 540°C. The radiation and support conduction at this temperature amom1ted 

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. Tempera,.ture 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 l part in 20,000. Thus the nillnber of moles of a 

gas introduced into a previously evacuated tank for mix.ing 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 72 hrs before use, some difficulty of 

poor mixing was experienced, as indicated by the scattering of data .points 

in the b. T/q ~ ljp plots. In one case, the scattering was 2.5%, but in 

most others it was under 1%. In later runs 9 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 Errors 

a. Ax.ial 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 ~:::.·· T decreased as the thermocouples 

were moved toward the topt of the·cell. By varying the guard temperature, 

it was found that at .least a part of the cause of the change of b.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, the indicated temperature of 

the receiver increased as the thermocouple was raised tow~rd 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 raised. The small amount of heat conducted by the thermocouple 

wells and the high thermal conductivity of silver led one 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 b. T zone and increase the b. T near the top of the cell. This 

point was proved experimentally. At l00°C and under vacuum, b.T did not 

become constant until the thermocouples were placed at a depth of 4 in. 

from the top of the cell, and the ratio of the b. T at the top of the cell 

to that in the constant b. T region was 0 o3. When the cell was filled with 

·air, the corresponding quantities were 2 in. and 0.5. Further experiments 

showed that .the constant-t::.T zone lengthened, and the ratio of the t::.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 here 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, 

~· 
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a two-hole ceramic insulating tube through which the wires were threaded, 

a ceramic protecting tube surro~~ding the two-hole tube, and concentric 

air spaces. Just as in the case of the well above, the persistence of 

temp~rature 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 ~ 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 ~T and the ~Tat the top of the ce~l again increased. This re

sult shows that the junction does .not indicate the ex.act temperature of 

the well until a certain depth of immersion is reached. 

The ex.periments 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 ~ T with distance. There r~mains to be shown whether or not this cause 

alone was sufficient to account entirely 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 the 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 ex.tending 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 junction 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 



the well, a region who~e.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

tinct cases with two different thermocouple assemblies and three different 

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

above. Ex.cellent agreement between calculated and experiril.ental values is 

found in all cases in which the cell was filled with gas. In the case for 

the cell under vacuum, the calculated values are lower than the experi

mental data. The djscrepancy was probably due to error in estimating the 

radiant-heat-transfer coefficient between the well and the silver. Even 

if the coefficient had been estimated correctly, contact between the well 

and silverwould. have caused the higher rate of heat transfer indicated 

by the Cj.ata. Howeverp even in this extreme· case; the theoretical curve 

predicts that at the bottom of the well the indicated ~T should be nearly 

95% of the actual ~ T. A comparison of the calculated and measured ~ T 

values as a .function the axial position of the thermocouple junction is 

shown in Appe:r;tdi.x. III, (Fig. 5-III). The agreement shown thereon between 

data and calculation based on the assumption of constant temperature in 

the cell indicates that .the observed nonuniformity of ax.ial temperature 

should cause practically no error in the conductivity values. 

b., Thermal. diffusion. In the cases of mixturesp the effects of unmix.

ing .because of temperature gradients in the experimental 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

mix.ing of the gas because of the temperature gradient 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 temperature gradient can be readily determined 
·~ 
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from ®ta on thermal diffusion. The time required to attain steady-state 

concentrations in the hot and cold parts of the system may also be esti

mated. Details of these calculations and a discussion of the necessary 

approximations are given in Appendix IVo 

Of the .mixtures investigated in this work, those for which the 

effect of thermal diffusion is most pronounced are He-A, He~2 , and 

He-cH4• The results in Appendix. IV show that .. , for these cases, the dif

ference in steady state concentration between the cell at 320°c and that 

part of the connecting pipes at room temperature is of the order of 6% 

for an initialmix.ture 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 atmQs. Because .most of the data were taken at 

0.25 atmos or less, and the time between filling the cell and taking the 

first r~adings of 6 T 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 mixtures, a correction must be applied to the composition as deter

mined in Paragraph lf 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 

tl:eniraldiffu.s!on. The error involved in these estimates based upon thermal-if 

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 



near the 1 : 1 ratio, this error becomes smaller for mixtures rich in 

either component, eveli for cases.of high thermal-diffusion factors. 

most .of the mixtures investigated i::1 this work, the error involved in 

ignoring thermal diffusion ~ntirely is negligible. 

For 

c. Convectiono The plots of 6Tjq ~ ljp indicate that convection is 

practically negligible at a pressure as high as one atmosphere. The 

· insertion of a tube bundle in the verticle pipe leading from the cell 

was apparently sufficient to keep the convective currents originating 

in the cooler section of this pipe from reaching the cell, as observed 
. 44 

by Rothman. As a further precaution, all data were taken at 0.25-

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

from convection was completely eliminated. 

44 d •. Effect of AT. Rothman st:udi~d the effect of 6 T on apparent con-

ductivity in the range of 6 T from 2 to 25°C and estimated the error from 
. 44 

variation of conductivity with 6 T to be less than Oo2r{o. In the present 

work, the data were taken at a 6 T value of 2 to l0°C; 'therefore no more 

than 0.2r{o error would be involved here also. 

e. Eccentricity of the cell. When the emitter is not concentric with 

the receiver, higher values of apparent conductivity are observed. Cal·· 

culation. based on the maximum possible displacement from concentricity 

indicates an erl'or of less than 0.3% in the temperature range of the data 

.of this work, 44 

3. Summary of Errors 

The largest error in measurement appears in 6 T, and the largest 

error in computation occurs in the estimated correction for thermal dif·· 

fusion in certain mixtures. The former may cause a max.imum error of 4% 

in the few measurements taken at 6T of 2°C or less, and the latter, 0.9% 

in some of the mixtures containing helium. With the addition of errors 

from other sources, the total maximum error may reach 5.7%o This is the 

.. 
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worst possible case for a mix.ture. For measurements at higher values 

of ~::; T and most of the mix.tures stu.died, for which thermal diffusion 

is unimportant, the max.imum error is of the order of 2%, and the aver.., 

age error is in the neighbo11hood of lo2% • 



CHAPTER V. Evaluation of Empirical Constants ·arid Comparison with 

Experimental Data.· 

A. Evaluation of Empirical Constants ,for Proposed Correlations 

Empirical relations for the thermal conductivity and viscosity 

of gas mixtures were prqposed in Chapter II. BecaU$e these equations 

are presumably approx.iiilately applicable in general, the constants in 

them may be evaluated from the data on any arbitrarily:: chosen set of 

btnary mix.tures. However, because of the variables appearihg 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 are those of monatomic gas mixtures. 

Because these gases do not possess any internal degrees of freedom, the 

second term in Eq. 34 does not exist. Furthermore, the factors D .. JD .. 
1.1. l.J 

and M . . jM. 'indicate that it would be advantageous to choose mix.tures 
l.J 1. 

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

side:J;"ed., According to the rigorous kinetic theory, the heat flux. in a 

gas mi.x.ture consists of two terms, one from conduction and the other from 

thermal diffi.lsioti.1° Franck17 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 

con~uctivity, he wrote 

where 

= A. c "-td ( 47) 

(48) 

The conductivity because of thermal diffusion, "-td' depends principally 

upon molecular-weight differences of the constituents. In all cases, 

"-td' is small compared to "-m. For example, the maximum value of "-td 

for He-A mixtures at 0°C is ~bout 2.5% .of A. .. When the molecular-weight 
.m 

diffen::nce. 

.. 
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is small, the effect of thermal diffusion is negligible. A correlation 

that applies equally to all mix.tures should, therefore, be based on A c 
rather than A • 

m 
For the empirical determination of m and n in Eq. 34, the data 

for He-A mixtures were chosen. Proper corrections for the effect of 

thermal diffusion were made according to Eqsb 47 and 48. Calculations 

showed that the best values of m and n for this system are approximately 

1 and 1/8 respectively. With the introduction of these constants, Eq. 

34 becomes 

n A. 

I . ci 
A.c = ~-------n------------~~~~-----1/e 

\ Dii ( MMiij) i=l 1 + L D . 
. . 1 iJ 
J.= 

irj 

n 

+ I 
i=l 

(49) 

A comparison of this expression with the existing data of He-'A at 0°C is 

shown in Fig. 1. 

Out of considerations similar to that in the case of the conducti

vity correlation, the viscosity data for binary mixtures of Ne and H
2 

was 

chosen for the determination of p and q in Eq:. 38. It was found that Eq. 

38 conforms most closely to the data of this system when p and q have the 

values of 2/3 and zero respectively; thus, the empirically modified ex.

pression for viscosity becomes 

n 
\ T)i 

1l m = L n .D.. 2/3 

i=l 1 + I ( D~~) 
i=l l.J 

irj 

(50) 
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A comparison of this relation with experimental data of H2--Ne mixtures 

at 20°C is shown in Fig. 2. 

B., Comparison of Data and Correlations 

lo Introduction 

The relation between the thermal conductivity , .. or the viscosity 

and the composition of a mix.ture depends mainly upon the following .. factors: 

(1) temperature, (2) relative mass and size of the component molecules, 

( 3) differ.ence .in intermolecular forces, and ( 4) polar characteristics. 

In the case of conductivity, the proportion of molecular energy associated 

'vi th internal degrees of freedom and the ease of transfer of such energy 

by collision are also import~t. 

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 dete:rminip.g .factor, i.eo,,molecules be• 

have as centers of repuision q.uring .a. high-energy collision. At low tem

peratures, the attractive forces play the major role in molecular encoun.-· 

ters. Thus tne angle of deflection suffered by a .molecule 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 associated with internal degrees of freedom. With decreasing 

temperature, inelastic collisions among polyatomic molecules became more 

numerous. The proportion of energy associated with the internal .degrees 

of freedom also increases with temperatur~. For example, about one fourth 
. 0 I 

of of the heat capacity of C02 at 0 C is ,due to internal degrees of f:tee'- j 

dom, but at 1000°C, tne 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 -. 
I 

diffusion increases. Furthei"thore, the conductivity for internal energy 

depends also upon the effects 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 une~ual masses, the persistence of velocity of the 

heavier molecule is increased, while that of the lightet molecule is re

duced. As a result, the contribution of the heavier molecule to the con

ductivity and the viscosity of the mix.ture 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 compositionb 

· The force fields of molecules in a mix.ture 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 concentrations may behave simply 

as nonpolar molecules, because in such.mix.tures; polar-polar encounters 

would be negligible in comparison to polar-nonpolar encounters, in which 
. 62 

the polar characteristics are much less important. Even in mixtures of 

nonpolar gases, unsymmetrical force fields may be important .in determining 

the shape of the conductivity or viscosity~ composition curveo 

The agreement between the experimental data .and a .correlat.ion de

pends, therefore, upon how nearly the correlation accounts for the effects 

of the factors mentioned. 

20 Thermal Conductivity 

In a .. comparison of conductivity data with correlations, it is con

venient to classify molecules according .to the following scheme: 

Type I. Monatomic molecules. 

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

Type lli. Molecules having energies of vibration andjor 
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 



the mixtures may· then be discussed in groups according to the types of 

constituents. 

a. Monatomic mixtures. It is with this type of mixture: that the effe·cts 

of relative molecular masses and temperature can be best assessed; because 

these gases possess orily translational kinetic energy, and their inter

molecular forces should be quite similar. The factors Aij in ·Eq~ 49 in

dicate that these mixtures should have a conductivity-vs-composition curve . --
lyirig below the linear relation. Both Dii/Dij and Mij/Mi (where: i refers 

to the lighter component) are larger than unity; hence, the ·contribution 

of the lighter component to mix.ture conductivity is reduced. The reduc

tion usually cannot be b~anced by the increase in the contribution of the 

·heavier molecule,. The net result.is negative deviation from the linear 

relation.· 

Temperature may influence the conductivity of monatomic mix.tures 

through its effect upon A .. and upon the conductivities .of the pure gases. 
~J 

Aij should be nearly independent of temperature. The conductivity of the 

gases can be represented quite well over extended temperature ranges by 

a~ with a value of n between 0 .. 5 and 1. If A .. were constants,. and the 
~J . 

n values for all components of a mixture are equal, .then the ratio of the 

actual conductivity of the mix.ture to that calcul.ated from the ideal mix.

ing .rule A.cf> .... :e would be independent of temperature.. Actually, A.c/~p, 

Would be a f~ction of r':-n·H if it were assumed that temperature has no 

effect upon A~ • (see Appendix. V). 
~J 

A comparison of the conductivity of the binary system of He~ 

with Eq. 49 was made in the light of the foregoing points. For this 

system, the ratio of the molecular weights is ten; hence, the conducti

vity of the mixtures should be well below that calculated by the simple 

8 
0 . 

mix.ing rule. Over the temperature range of 200 to 00 K, the conducti-

vities of He and A are proportional to the 0 .. 63 and 0.78 .power of·the 

absolute temperature, respectively. Thus, the ratio A.c/A.:e should be a 

function of T
0

•15 • Because the variation of A. /A. n with temperature is 
I 1 I C .;r, •• 

. much less than proportional to ~ -n , and n 1:-n1 1 is small compared to 

unity in this case, A.c/A.:p, should vary only very slowly with temperature. 



• 

;' ·, 

As a first approximation, A.c/A.:£ 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 the data in this .manner quite well for various 

temperatures. There is some scattering of the experimental points about 

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 mix.ture 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 0 to 316°c. For these data, the average deviation of Eq. 49 from 

experiment is 1.9%. Experimental and calculated conductivities for He-A 

mix.tures and various temperatures are shown .in Fig. 14. 

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

rotational energy in addition to translational kinetic energy. Both 

rotational and translational energies are transferred rapidly by col

lision;6'63 therefore, when Eq. 49 is applied to mixtures of this group, 

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 mix.tures should be similar to their effects up

on the conductivity of monatomic mixtures discussed above. Binaries of 

He and N
2 

are typical representatives 'bf this group. The molecular weight 

ratio of 7 : 1 between He and N2 should cause considerable negative devi

ation from the linear A.•vs-x relation. OVer the temperature range of 

170 to 670°K, the conductivity of N2 is .proportional to the 0.85 power 

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

He-A system, A.c/A.-.e for this system should also be essentially independent 

of temperature. The data for this system in the form of A.c/A.:e 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 
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• Exp't 'I 0 °C Wachsmuth64 

6 Exp't 'I 100°C This work 

• Exp't 'I 316 °C This ·work 

• Ca lc'd 100°C Equation 49 

0.4 0.6 

MU-15177 

Fig. 16. Temperature effect on "A.c/>--.e of' He-A mixtures. 

. . 
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Table VI 

Comparison of experimental and calculated conductivities 

of nonJ2olar binar;y mixtures 
system Temp. A. x105 A. :X. 105 A. Deviation A. calc' d. Deviation 
and (~c) m c calc'd. (%) xl cal cal (Eq. 49) (%) (Lindsay-ref. sec °C em sec 0 c em Bromle;y) 
H -CO 0 1 3.60 2 2 0.100 5.10 5.13 5.16 +0.56 5.04 -0.97 (30) 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 40.40 

H2N2 0 0 5.50 
(30) 0.159 8.0 8.05 8.26 +2.46 .8.18 . +2. 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 

H2-N20 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 40.4 

He-A 0 0 3.894 
( 64) o. 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 +4. 76 
0.946i 29.39 29.43 29.93 +1.78 29.97 +2.04 
1.000 33.86 

H2Co 0 0 5-3 
(30) 0.163 8.0 8.05 8.12 +0.92 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 40.4 

, .. • 

H -A 0 0 3·9 2 0.180 7·3 7-37 7.21 -2.17 ' 7.14 -2.07 (30) 0.400 12.6 12.71 12.62 -0.71 12.24 -3.12 



-81-

Table VI {cont'd.) 

System Temp. A. X 105 A, . X 105 
A. calc'd. Deviation A. Deviation 

and (oC) _m c .. '-
(%) calc' d. (%) xl cal cal (Eq. 49) (Lindsay-ref. sec °C ·em sec, oc em Bromley) 

0.600 18.7 18.81 18.88 +0;;37 18.52 -0.99 
0.802 27.0 27.07 27.80 +2.62 27.37 -1.44 .. 
1.000 40.4 

H2.;c2H4 25 0 5-27 
(38) 0.1698 8.61 8.68 8.05 -7.14 7-99 -7.10 

0. 3140 11.48 lL58 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 -4.71 
0.8649 32.9 32.96 32.50 -l. 42 32.40 -l. 51 
1.000 43.7 

N :-A 0 0 3.849 2 0.2038 4.173 4.173-: 4.19 +0. 59 4.22 +0.99 (66) 0.3587 4. 436 4.436 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 +0.24 5.27 +0.55 
1.000 5. 66 

H -D 0 0 30 •. 8 2 2 0.187 32.31 32.31 32.80 +0.62 32.70 +1.30 (3) 0.395 34.1 J4.l 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 

H2-co2 25 0 4.08 

(38) 0.047 4. 43 4.45 4.81 +8.07 4.80 +8.39 
0.193 -7-58 7.65 7·37 -3.56 7;32 -8.38 
0.496 15.13 15.24 14.87 -2.25 14.73 -2.40 
0.9059 35.0- 35.04 35-35 +1.01 35.07 +0.37 
0.9638 40.2 40.20 40.20 0 40.10 -0.22 
1.000 43.7 

H2-co2 0 0 3.393 
(66) 0.1701 6.073 6.127 6.21 +1.35 5.91 -2.58 

0-3698 10.34 10.43 10.47 +0.48 9.82 .-4. 91 . 
0.6068 17.24 17.33 17.76 +2.53 16.66 -3.18 
0.8314 27.99 28.04 28.80 +2.84 27.25 -2.46 
1.000 4L63 
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Table VI (cont'd.) 
,,. 

X 105 System Temp. f.. f.. X 105 f.. calc'd. Deviation X calc' d. Deviation 
and (oc) m c (~) (~) xl cal cal (Eq. 49) (Lindsay-

'* ref. sec 0c em sec °C em .. Bromle;z:) ~ . 
He-C02 0 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 
0.74 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 24.25 24.44 25.48 +4.25 25.55 +5.36 
l..OO 33.21 

Ne-GO 0·, 0 3:39 ... -' 2 o:26 4:47 4~47 lf: 7~ +5:59 4:617 +3:28 (12) 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 

N -CO 0 0 3.39 2 2 0.48 4.55 4.55 4.36 -4.36 4. 412 -3.03 (12) .0.73 5.12 5.12 5·03 -1.76 5.084 -e. 70 
1.00 5.77 

He-N 0 0 5·77 2 0.26 8.64 8.76 8.97 +2.40 9.22 +6.29 (12) 0.55 14.23 14.38 14.42 +0.28 14.91 +4. 77 
0.76 19.77 19.88 20.71 +4.17 21.27 +7.58 
1.00 33.21 

C2H2-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 -1.04 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; 6') 0 . 6·.70 2 2 0. 211 6.76 6.76 6.69 -1.04 6.65 -1.59 ( 20) 0.464 6.653 6.653 6.61 -0.68 6.55 -1.49 
0.646 6. 573 6.573 6.44 -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 1~_-Air 22 0 6.03 
." 0.076 6.120 6.120 6.125 +0.07 6.129 +0.14 

(20) 0.390 6. lJ-95 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 +2.04 
1.000 7.22 
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Table VI ( cont '.d. ) 

System Temp, 1\ X 105 A x'.105 A calc'd, Deviation A ·. Deviation 
and (Oc) m c c (%) . .calc 1 d. (%) xl cal cal. (Eq. 49) (Lindsay- . 

. ref, - "' sec·!::lc em ·sec °C ··em ·Bromle;y) 
CO-Air 18 0 5·97 
(20) 0.108 5.946 5.946 5.940 -0.14 5·936 -0,21 ,, 

0,]21 .· 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 
0.1714 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 

.·· o. 5785 7.68 7.68 7.805 +1.63 7-94 +3.38 
0.6528 . 8.30 8.30 8.395 +1.14 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 10.47 10.47 10.47 0 10.56 +0.86 
1.000 11.80 

Ne-Kr 38 0 < 2.33 
(48). 0.1444 j.07 3.10 3.041 -1.90 3.105 +1.14 

0.3293 3.98 4.03 4.143 +2.80 4.29 +7.78 
0.4930 5.16 5.21 5.358 +2.84 5.55 +7.55 
.o. 5723 5.91 5.96 6.062 +1.71 6.26 +5.92 
0.6908 6.96 7.01 7.262 +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 
l.QOO 11.80 

A-Kr 38 0 2.33 
( 48} . 0.1885 2.56 2.56 . 2.638 +3.04 2.639 +3.08 

·0.3317 2.77 2.77 2.896 . +4. 55 2.892 +4.40 
. 0. 5160 3-17 3·17 3.255 +2.68 3.25 +2.52 
0.6205 ·3.]4 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 4.15 +4. 27 
1.000 4.38 

N ·-CO 50 0 4.34 --2 2 0. 3406 4.99 4.99 4.96 -0.60 5.02 +0.60 (36) 0.5288 5.37 5-37 5.33 -0.74 5.42 +0.91 -
0.6650 5.67 5.67 5.67 0 5.76 +1. 59 -. 
1.000 6.64 
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~ Table v± {cont'd.) ~ 

System Temp. f.. X 105 f.. :.x 105 f.. calc'd. 
Deviation f.. Deviation . 

and (oC) m . c (.; (%) calc'd . (%) . .. xl (Eq. 49) (Lindsay-cal cal 
ref. sec °C em sec 0c em Bromley) 

N2 ... co2 150 0 6.27 
(36) 0.3406 7.02 7.02 6n84 -2.56 6.88 -1.99 

0.5288 7.38 7-38 7.15 -3.12 7.26 -1.63 
0.6650 7.64 7.64 7·47 -2.22 7.58 -0.79 
1.000 8.31 

N2-co2 250 0 8.36 
(36) o. 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 

N2-co2 350 0 10.58 

(36) o. 3406 11.04 11.04 10.73 -2.80 10.78 -2.35 
0.5288 11.27 11.27 10.76 -4.62 10.82 -3.99 
0.6650 11.30 11.30 10.91 -3.45 10.96 -3.01 
1.000 11.22 

N2-co2 369 0 10.40 
( 44) 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 

N -CO 372 0 11.06 2 2 0.33 11.36 11.36 11.25 -0.97 11.49 +1.14 ( 44) 0.50 11.61 11.61 11.38 -1.98 11. 5!3 -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 

N2-co2 375 0 11.19 
{:-44) 0·33 11.53 11.53 11.35 -1.56 11.49 -0.35 

0.50 11.78 11.78 11.46 -2.71 11.61 -1.44 
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 

N2-co2 472 0 12.15 
( 44) 0.56 12.56 12.56 12.17 -3.10 12.33 -1.83 

1.00 12.32 
... • 

N2-co2 569 0 13.62 
( 44) 0.33 13.78 13.78 13.42 -2.61 13.54 -1.73 

0.50 13.88 13.88 13.34 -3.89 13.46 -3.02 



-85-

Table VI ( cont 1 d.) 

System Temp. 
.. . 5 

A ~X 105 ... 
.. Deviation· },. . Deviation A. X 10 .. ;... . 

and.· (°C) m c .calc 1 d. (%) calc 1 d. (%) xl cal Cl;l.l . (Eq. 49) (Lindsay.: 
ref ... . 

sec· 0 c em sec oc em ·Bromle~) - " 

0.67 13.94 13.94 13.25 -4.95 13.43 -3.66 
1.00 13.12 .. 

N2-co2 . 573 0 13.87 
( 44) 0.33 .14. 03 14.03 13.69 . -2. 42 13.81 -1.57 

0.50 14.17 14.17 13.59 -4.09 13.74 -3.04 
0.67 14.19 14.19 l3.52 -4.72 13.71 -3.38 
LOO 13.39 

N2-co2 677 0 16.10 -.;,.. 
' 

( 44) 0.50 16.27 16.27 15.60 -4.12 15.74 -3.26 
1.00 15.12 

N2-co2 688 0 16.21 --
( 44) 0.25 16.44 16~44 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 774 0 18.29 2 2 0.50 18.28 18.28 17.46 -3.83 17.79 -2.68 ( 44) 1.00 16.99 

* He-N 104 0 1· 45 2 0.,219 10.71 10.88 10.77 +1.01 10.89 +1.68 
0.409 14.45 14.70 14.63. -0.48 14.88 +2.97 
0.837 30.58 j0.73 30.41 -1.04 30.75 +0.56 
1.00 42~23 

* 316 10.64 He-N 0 2 0.305 16.21 16.63 17.03 +2.40 17.54 +8.20 
0.637 28.24 28.78 27.80 -3.40 29.60 +4.81 
0.739 33.47 33-99 33-94 -0.15 34.96 +4.45 
1.000 55.6 ' 

* 5.058 He-A 100 0 ---
0.276 9.439 9.711 9.67 -0. 1+2 9.90 +4.88 
0.525 15.88 16.43 15.92 . -3.16 16.14 +1.64 
0.780 25.24 25.49 26.19 +2.74 26.34 +3. 34 
1.000 4L94 

* Data of this work. ., 
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Table VI (conf.ld,) 

System Temp. A. X 105 A. :x 105 A. calc' d. Deviation A. calc'd. Deviation .. and (oc) m c .. (%) (%) :• + xl cal cal (Eq. 49) (Lindsay-ref, sec c::>c em sec c::>c em Bromle;y) 
* 316 ~. He-A 0 7.255 

0.306 13.31 13.89 14.20 +2.23 14.71 +10.~2 

0.573 23.00 23.76 23.57 -0.80 24.52 +6.60 
0.774 33.23 33.84 34.65 +2.39 35.69 +7.40 
1.000 55.6 

* 316 He-CH4 0 20.29 
0~299 24.53 24.86 25.02 +0.64 26.01 +6.04 
0.550 30.54 30.96 31.1'2 +0.52 32.85 +7.56 
0.746 40.63 40.94 39.43 -3.68 40.41 -0.54 
1.000 55.6 

* 316 He-C02 9' 9.580 
0.610 23.65 24.29 25.58 +5.30 26.09 +10.31 
1.000 55.6 

CH4-, 95 0 6.344 
. * 0.313 7.083 7.083 7·031 -0.73 7.18 +1.37 
C3H8 0.486 7·636 7·636 7·522 -1.49 7.81 +2.28 

0.779 8.841 8.841 9.140 +3.38 9.54 +7.90 
1.00 10.49 

co - 95 0 6.344 
2 * 0.291 6.083 6.083 6.023 -0.82 6.082 -0.02 

C3H8 0!.449 5.884 5.884 5.853 -0.53 5.928 +0.75 
0.635 5-715 5.715 5.615 -1.75 5.%15 0 
1.000 5.181 

* 5.218 02-CO;:! 97 0 
0.270 5·777 5·777 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 6.274 -1.71 6.336 -0.74 
0.778 7.027 7.027 6.9lL6 -1.58 6.967 -0.85 
1.000 7.660 

I * 14.65 A-C
3
H8 318 0 

0.471 11.86 11.86 11.90 +0.34 11.88 +0.17 
1.000 7.18 

* A-C
3
H8 538 0 25.l3 

0.471 19.80 19.80 19.21 -2.98 18.83 -4.90 
"" 1.000 9.00 
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Table VI (cont'd.) 

System Temp. A. X 105 A. .X 105 A. 1 'd Deviat:ion A. . Deviation 
and (oC) m . C .ca c • (%) calc' d . (%) xl cal . cal (Eq • 49) (Lindsay-ref. sec 0 c em .sec °C em Bromle;y} 

.. .. .. 
N - 318 D 14.65 

2 * 0.525 13.06 13.06 12.92 -1.07 13.02 -0..,31 
C3H8 1.000 10.68 -- ~ 

N - 538 0 25.13 --
2 * 0.476 20.99 20.99 20.74 -1.19 20.53 -2.19 

C3H8 1.000 13.42 --
* N -A 320 0 7-291 2 0.497 .8. 788 8.788 9.03 +2.76 8.96 +1.96 

1.000 16.71 

·* 9.655 ·A-CO 320 0 2 0.494 8.700 8.700 8.58 -1.38 8.64 -0.69 
1.000 7.291 

c2¥4- 318 0 9.617 

* 
0.512 12.69 12.69 12.38 -2.44 12.75 +0.49 

Co2 l.oo·o 15.30 

CH4- 317 0 15.26 
* 0.489 16.73 16.73 17.45 +4.JO 17.49 +4.54 

C2H4 1.000 20.34 

* 11.62 ~2-02. 319 0 
0. 3902 11.19 11:.19 11.16 -0.27 11.25 +0.54 
1.000 l0.70 

N - 318 0 15 . .30 
2 * 0.498 13.22 13.22 13.36 +1.06 lJ.l6 -0.45 

C2H4 0.756 12.03 12.03 12.09 +0.50 12.01 -0.17 
1.000 10.68 

* 538 CH4-A 0 9.00 
0.4767 17.03 17.03 16.58 -2.65 17.59 +3.28 
1.000 25.30 

Average Deviation (177 points) 2.08 2.56 

Maximum Deviation 10.47 10.52 
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• Exp't'l 0°C Davidson and Mu-sic 12 

• Exp't'l 104 °C This work 

• Exp't'l 316 °C This work 

• Calc 'd 100 °C Equation 49 

0 

MU-15178 

Fig. 17. Temperature effect on "-c/A.p, of He-N_2 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 0 to 320°C. The average devi

ation is l.O%o Experimental and calculated conductivities for the He-N2 
system at various temperatures are shown in Fig. 

c. Mixtures containing molecules of Type IIIo Among molecules of this 

type, the H
2 

.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 H2 serve to test Eq •. 49 not only for the correctness 

of its account of the .relation between mQlecular-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 mix.tures of 

H2 and A is shown in Fig. 18.. These are the 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 Eq. 49 and the 

data is seen to be good; the average deviation is 1.5%. When, however, 

the rotational energy of H
2 

is considered to be transferred by collision, 

as in the case of N2 discussed above, the 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 co2 were considered. Here the molecular-weight ratio is 22, arid 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 

the mixture. For a l : l mix.ture at 

rapidly in the mixture as in itself, 

co2 and 
0 

0 C, H2 
and co2 

their rates of diffusion 

diffuses only one-half as 

diffuses about 50% faster 

the .mixture. Three sets of experimental data with a total of fifteen 

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

in 

in .. 
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0 EX p't' I d 0 t 0 3 0 

-Equation 49 

MU-15179 

Fig. 18. Experimental and calculated conductivity of H
2
-A mixtures. 
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Table VII 

Proportion of energy.transferred by diffusion . 
Temp. 
(Oc) CH4 C2H2 . C31:I4 C3H8 H2 C0

2 

0 0.22 0.42 0.34 o.:n 0.17 0.34 

200 0.37 0.53 0.53 0.72 0.18 0. 43 

400 0.48 .o. 57 0. 6:L 0.78 Ool8 o. 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 t~ese data, but on the basis of all energy taken as trans

ferred by collision, the deviation rises to 2.85%. Similarly, for the 

43 data points of the nine different sets of mixtures containing H
2

, 

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 III, other than H2, 

because these molecules may have more than half of their energy distri

buted in the vibrational degrees of freedom at temperatures conveniently 

attainable experimentally. The fraction of conductivity from transport 

by diffusion for a number of vibrators and H
2 

.at various temperatures are 

given in Table VII. 

In comparing Eq_. 49 with the available data on mixtures of these 

Type III molecules, it is difficult to justify the procedure of splitting 

the energy transport 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 

I )1/8 factor (M .. M. . 
lJ. l 

Unless the molecular weights of the components of the 

mixture were widely different, this factor is near unity, in which case 

the effective contribution of the two types of energy transport are eq_ual. 

Of the data available on mixtures of this group, the system He-CH4 has the 

highest molecul~r weight ratio. At 316°C, 35% of the energy transported 

by CH4 occurs through diffusion. Nevertheless, values calculated by 

splitting the energy of CH4 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 yield 

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 CH
4

, except at high CH
4

.concentrations; conse

q_uently, the small change in calculated values for the diffusional contri

bution of CH
4 

has little effect on the total calculated conductivity. At 

high concentrations of CH
4

, however, the effect upon conductivity of the 



/ 

difference between the rates of diffusion of CH4 in the mix.ture and in 

itself becomes small., Appreciable differences between the values calcu-

lated by the two procedures would appear only in cases where not only • ~ 

the molecular-weight ratio is high, but also the diffusional contribution 

is a significant portion of the mix~cure conductivity. In view of these 
- 0 

requirements, it appears profitable to consider the system A-cH4 at 538 c. 

For a 1 : 1 mixture, roughly one-third of the total energy transported is 

accounted f'or by diffusion of CH
4

.. Although the molecular-wieght ratio 

has a relatively low value of 2.5, splitting the energy affords a value 
' that is in better agreement with the single experimental point available. 

For 76 points of 16 binary systems .of mixtures of this group over the 

temperature range of 0 to 774°c, the average deviation of Eq. 49 is 2.2%. 

If the energy were not split, then the deviation would be 2 .. 1%. It is 

difficult to determine the advantage of one procedure over the other 

from the available1 data. 

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

the literature and those of this work is given in Table VI. The data 

cover 177 points from 30 different nonpolar binary systems in temperatures 

ranging from 0 to 774°C. -The average deviation of Eq. 49 from the data 

.is 2.1%. Of the many empirical equations found in the lite~ature, that 

of Lindsay and Bromley40 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%o Comparison of the two correlations in another 

way is presented in Table VIII, in which the average and maximum deviations 

from the data according to source are given. Data for 16 ternary mixtures 
0 . 

at temperatures from 0 to 317 C are given in Table IX. The average de-

viations of Eq. 49 and of the Lindsay-Bromley equation from these data are 

2 .. 2% and 3o9% respectively. It appears that for the data presented, Eq. 
. . 

49 is somewhat more consistent with experiment than the Lindsay-Bromley 

relation. It should be noted -that for some of the systems listed in 

Table VI, values calculated by Eq. 49 are not directly comparable with ~ 

those from the -Lindsay-Bromley 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 

Equation 49 Lindsay-Bromley Number % Deviation % Deviation of 
Data Source Points Average Maximum Average Maximum 

Collected by Lindsay 
and Bromley40 68 1.97 10.47 2.16 10.28 

This work 37 1.59 5.30 2.84 10.52 

44 Rothman N2-co2 23 2.88 4.95 2.03 3.74 

36 Keyes N2-co2 12 2.14 4.62 1.55 3·99 

Srivastava and Saxena 48 22 1.90 4.55 3. 48 7.78 

Davidson and Music12 15 2.80 5.59 3.98 7.58 

Total 177 2.08 10.47 2.56 10.52 



·Table IX 

Com;Earison of experimental and calculated conductivities of ternary mixtures 
System and Temp. 

xl x2 "1. ":2 '"3 A. f. 
A. calc' d. Deviation A.calc' d. Deviation 

--:Data source (oc) m .c Eq. 49 
(ojo) Lindsay- (ojo) 

(calx l0-5/sec°C em) Bromle;y 

He-CH4-o2 0 0.743 0.060 33.86 7.20 5-77 20.0 20.15 20.93 +3.87 21.1 +5.50 

(5) 0.712 0.100 19.5 19.66 19.88 +1.12 20.1 +3.08 
0.684-. -0.135 18.6 18.77 19.00 +1.22 19.2 +3. 23 

A-CH4-o 0 0.751 0.050 3-89 7.20 5-77 4.59 4.59 4.423 -3.64 4.41 -3.92 . 2 
o. 712 0.100 4.71 4.71 4.568 -j.Ol 4.56 -3.18 (5) o. 677-: 0.144 4.91 4.91 4.703 -4.21 4.69 -4.49 

Ne-A'-Kr 38 0.1387 o. 717 11.80 4.38 2.23 4.50 4.506 4.628 +2._71 4.691 +4.26 
(48) .0.1861 0.145 3.47 3.484 3.504 +0.57 3.598 +3.69 

.0.3019 0.385 4.80 4.816 4.948 +2.74 5.016 +4.09 
0.4537 0.157 5. 45 54.71 5.471 0 5.542 +1.69 
0.4984 0.130 6. 58 6.60 6.782 +2.75 6.879 +4. 54 
0,1279 0.157 3.24 3.251 3.251 0 3.269 +0.90 
0.7919 0.142 8.45 8.46 8.971 +6.03 9.142 +8.19 

I 

N -0 -CO 97 o. 3231 0.3729 7·331 7.660 5.218 6.729 6.729 6.760 +0.46 6.792 . +0. 48 \.0 
\J1 

(thi~ wo~k) I 

He-N -A· 
(thi~ work) 

99-5 o. 415 0.468 41.90 7·374 5.052 13.95 14.17 14.21 +0.28 14.64 +4.95 

He-CH4-N2 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 6.0 8.2 

: 
'" 
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measured values corrected for conductivity from thermal diffusion. 

However, the percentage deviations may be compared. 

e. The effect of temperature u;pon mix.tures containing vibrators o It 

is well established experimentally that the conductivity of mix.tures 

of N
2 

and co
2 

shows a positive deviation from the simple mix.ing rule 

at temperatures above 150°C, and a negative deviation at lower temper

atures.36,44 The data of this work show that the deviation is also 

positive for the following systems: A-co2, N2-c3
H8, A-c

3
H8, C2H4-co2, 

0 . 
and N

2
-c

2
H

4 
in the neighborhood of 320 C; CH4-A, N2-c3H~, and A-c3H8 

at 538°C; and co2-c
3
H8 at 95°C~ A similar trend is also seen in the 

0 47 
data for the c2H4 -air mix.tures at 20 and 65 C. 

That mix.tures of nonpolar molecules should behave in this man

ner has not been heretofore satisfactorily explained. However, these 

ex.perimental facts appear to be consistent with predictions based upon 

Eqo 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 ]>ersistence of velocity 

in their collisions with heavier molecules; and similarly the contri

bution of the heavier molecules is increase~. ~e 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 mix.ture 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 mix.ture 

shifts from a negative to a positive deviation. 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 mix.ture than in itself. 
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f. Conductivity of polar-nonpolar mixtures. In the application of Eq_o 
i ' 

49 to nonpolar mixtures, the method of Hirschfelder et al. was used to 

calculate the ratio D .. jD . .• 27 As pointed out in Chapt~ II, such a 
J.J. J.J 

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

sugg~sted that a modification of Arnold•s method might be suitable in 

this instance. 4 Accordingly, n11jni~i for these mixtures was computed 

by the following expression: 

l 

D11 = ( Mi )2 
D.. M .. 

l.J l.J 

! 2 

H [l+C~Y n T + 0.733 F 1.5 (~TB.TB.) 
J. J 

T + 1.5 TB. 
J. 

(51) 

The conductivity of mixtures of NH
3 

and air at 20° and 80°C was calculated 

with n
11

jDij from this eq_uation and from Arnold's original eq_uation. The 

results of these calculations and the experimental data are shown in Fig. 

19. It is seen that modification of Arnoldts eq_uation in unquestionably 

desirable for this system. 

It will be shown subsequently that Eq., 51 is applicab+e to mix

tures containing a number of strongly polar clolecules. Because it is ex

pected that this eq_uation cannot be applied.with eq_ual success to weakly 

polar molecules, it is desirable at this point, to put an arbitrary limi

tation on the term "po],ar". A criterion for measuring the polar character 

of a substance is the dimensionless quantity introduced by Hirschfelder 
·.t 

1 
28a 

~~·· 
o* = 

1 
2 

2 
l..L (52) 

This quantity is a measure of the extent to which. a polar molecule deviates 

* from nonpolar behavior. On the basis of the o values of the substances 

to which Eq. 51 will be applied, a polar molecule is defined in this work 
* . 

as one having a value of o greater than 0.27. 
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• Experimental data 20 
Lindsay- Bromley correlation 
Eq.49 and modified ~ 

....... 6.5 Arnold equation 
0 
0 

I() 

b 

-- Eq. 49 and original 
Arnold equation 

~---, .. ,. 
•11 ' 

60··-- 20°C ', . -- ' 

5.5 

0 

........... ' 
.......... ' " \ " ~' " \ " \ ,\ 

~ 

MU-15164 

Fig. 19" Experimental and calculated conductivity of NH
3
--11ir mixtures. 



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 that 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-nonpo~ar 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 experimental confirmation of this argument. Calculations 

show that Eq_s. 49 and 51 are consistent with this q_ualitative aspect of 

the conductivity-vs-composition curves for mixtures of this type. Com

parison of calculated values and experimental data is given in Table X. 

For the 49 poi~ts of 9 different binary systems in temperatures from 0 

to .121 °C, the average deviation of Eq_. 49 from the data is 2. 2r{o. .Also 

shown thereon are values calculated with the eq_uation of Lindsay and 

Bromley. 40 The deviation in this case is 2.lr{o. Although the two methods 

show about the same accuracy, the distribution of the deviations of the 

latter is better. In eight cases out of ten, the values computed by Eq_. 

49 are higher 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 conductivit;ies are proportional to r 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; conseq_uently, 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 . ~ 

Eolar-nonpolar binar~ mixtures 
System and Temp. A. A. calc' d. Deviation A. calc'd. Deviation 
data source (oc) exp't. (%) (%) xl caiLxl0-5 (Eq. 36) (Lindsay-

sec °C em Bromle~) 

NH
3
-Air 20 0. 6.00 

(20) 0.246 6.306 6.24 -1.24 6.20 -1.70 
0.366 6.270 6.27 -0.39 6.20 -1.20 
0,608 6.084 6.14 +0.68 6.05 -0.60 
0~805 5.754 5.90 +2.32 5.81 +1.0 
1.000 5.490 

CH
3

0H-C6H14 78 0 4.23 
( 61) 0.25 4. 57 4.49 -1.75 4.52 -1.09 

0.50 4.80 4.74 -1.25 4.73 -1.46 
0.75 4.83 4.90 +1.45 4.81 -0.41 
1.00 4.67 

CH
3
0H-c6H14 98.4 0 4.75 

(61) 0.25 5.06 5.034 -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 

CH
3
0H-c6H14 121.4 0 5-37 

(61) 0.25 5-73 5.672 -1.01 5. 68 -0.87 
0.50 5.90 5.975 +1.27 5.70 -3.40 
0.75 5-97 6.105 +2.26 5.97 0 
1.00 5·77 

c
3
H6o-c6H6 76.7 0 3.40 

(61) 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 

c
3
H6o-c6H6 102.8 0 4.00 

( 61) 0.25 4.16 4.282 +2.93 4. 277 +2.81 
0.50 4.26 4.446 +4.36 4.435 +3.95 
0.75 4.28 4.447 +3.90 4.532 +5.89 
I:. 00 4.22 

• 
... c

3
H6o-c6H6 125.1 0 4.525 

(61) 0.25 4~70 4.842 +3.02 4.827 +2. 70 
0.50 4.78 5.012 +4.95 4.993 +4.47 
0.75 4.83 5.003 +3.58 4.983 +3.17 
1.00 4.745 
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Table X ( conV d.) . 
' ' • 
' 

~ystem and .Teirrp. A, 't A .. Deviation A . Deviation 
.data source (OC) . exp :.5 ca1c'd . (%) calc' d. (%) xl cal.xlO (Eq_. 3b)' (Lin(isay-

sec °C em Bromle;r:) 
H20-N2 65 0 6.90 
(60) 0.25 6.90 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 

H20-C02 65 0 4.62 
(60) ·0~25 5.14 4.99 -2.92 4.997 -2.78 

0.5Q 5.20 5.23 +0.58 5.17 -0.58 
0.75 5.11 5.27 +3.13 5.16 +0.98 
1.00 4.95 

CH
3

0H-A 78 .o 4.85 
(61) 0.25 4.98 5.19 +4.22 4.737 -4.88 

0.50 4.93 5.195 +5.37 4.640 -5.88 
0.75 4.82 5.003 +3.79 4.575 -5.36 
1.00 4.67 

CH
3

0H-A 100 0 5.10 --
(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 

NH3-C2H4 25 0 5.27 
(38) 0.264 5.76 5.80 +0.79 5.84 +1.4 

0.5879 6.12 6.25 +2.02 6.26 +2.2 
0.773.2 6 .. 26 6.365 +1.65 6.35 +1. 5 
1.000 6.30 

rm:
3
-Air 80 0 6.90 

0,216 7.362 7.27 -1.29 7.28 -1.2 
0.410 7-535 7-49 -0.60 7-47 -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 

NH -CO 22 0 5.746 3 0.220 5.97 5-99 +0.21 6.01 +0.7 (20) 0.338 6.03 6.04 +0.21 6.07 +0.7 
0.620 5.947 6.01 -+1.04 6.00 +1.0 
0.790 5.825 5.86 +0.57 5.845 +0.4 
1.000 5·559 



. 
" 

System and 
data source 

Temp. 
(oc) 

80 0 
0.197 
0.306 
0.444 
0.519 
LOOO 

Average Deviation (49 points) 

Maximum Deviation 
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Table X ( cont' d.) 

"' exp't. 
caJ..xl0-5 
sec °C em 

6.90 
7.148 
7.08 
6.893 
6.735 
5. 231 

"' calc'd. 
(Eq, 36) 

6.905 
6.855 
6.711 
6.591 

Deviation 
(%) 

-3.41 
-3.09 
-2.64 
-1.97 

2.2 

"' calc'd. 
(Lindsay
Bromley) 

7.058 
7.012 
6.831 
6.690 

Deviation 
(%) 

-1.3 
-0.9 
-0.9 
-0.5 

2.1 

6.9 



rate of change of the functional relationship with temperature is slower 

in the case of viscosity, because ail important effect of rising tempera

ture is an increase .in the persistence of velocity, and viscosity is less 

sensitive to the persistence of velocity than is conductivity. This is 
' particularly 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 

Tlm/Tl:,e for nonpolar mixtures is found to be- independent of temperature 

over temperature xanges of two to three hundred degrees or more, in ac

cordance with the SJ"gume~t .. · set forth :in Paragraph 2a above for conduct

ivity. To test the constancy , of Tim/Tl:e' the data for several binary 

systems, whose viscosity-~-concentration relations are highly irregular 

and dissimilar, have been selected. The room-temperature data for these 

systems are shown in Fig. 20. 'Values of Tim/Ti:e for different temperatures 

are giv:en in Table XL With the ex.ception of H2--c
3

H8 mixtures, the 

ratio is constant to within 2% through a temperature r.ange of 250°C. For 

some of the H2--c
3

HS mixtures, this ratio increased 3.5% with a temperature 

rise of 250°C. The excellent agreement between experiment and prediction 

shows that A. . is essentially independent of temperature (see Appendix V), 
J.J 

as would be .expected on the basis of Eq. 50, since :D •• /D .. should not be 
J_J_ l.J 

very sensitive to tem:p=rature. 

Equation 50 was .compared with 69 selected data points from 19 

binary systems. Table XII shows the experimental and calculated values. 

The numerical average deviation, the algebraic average deviation, and 

the max.imum deviation of Eq. 50 from these data .are 1.33%, + 0.15%, and 

6.32% respectively. Comparison against data of ternary and quarternary 

mix.tures is given in Table XIII. The numerical average deviation for the 

nine mixtures tabUlated is 2.38%. 

~he correlation established by Buddenburg and Wilke7 and the equa

tion proposed by Wilke67 appear to be in better agreement with the .experi

mental data than other correlations found in the literature. Calculated 

values based on Wilke's equation are given in Table XII to show a com

parison between it and Eq. 50. The numerical average, algebraic average, 

and maximum deviation . in this case are 2 • 07%, + 1. 30%, and 10. 8%. The 
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0.2 0.4 0.6 0.8 
x1 = mole fraction of first gas 

MU-15165 

Fig. 20. Viscosity of some nonpolar binary mixtures • .. 
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Table-XI ,, 
•· 

The constancy of the ratio TJrr/TJ;_ 

' T} ' TJ._e 
. • 

System and :' 

x1 0 200°C 250°C data source 20 G 100°C 
H -Ne 0.8895 1.1616 1.1610 1.1625 1.1619 2 ' 

0.7715 l. 2195 1.2202 1.2209 1.2207 (55) 0.4609 1.1723 1.1756 1.1744 1.1713 
0.2520 1.0972 1.1008 1.0986 1.0978 

He-A 0.3405 1.0690 1.0691 
(53,56) 0.3660 1.07;19 1.0776 1.0769 

0.3820 1.0806 1.0790 1.0762 1.0759 
0.4906 1.0963 1.0977 --
0.5966 1.1134 1.1305 1.1278 
0.7565 1.1165 1.1149 1.1126 

H2"'?He 0.2163 0.9751 0.9742 0.9746 

b5) 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 

0 26.9 c 126.9 °C 226.9 °C 276.9 °C 

H~.-c3H8 0 .. 1821 1.0072 1.0168 1.0181 1.o2eo 
0. 3704 1.0338 1.0511 1.0589 1.0602 (57) 0.5818 1.0744 . 1.088'2 1.1078 1,1095 
0.7882 1.1258 1.1443 1.1507 1.1490 
0.8750 1.1202 1.1304 1.1355 1.1328 
0.9225 1.0961 1~1055 1.1064 1.0983 

N2-o2 0.1864 1.0005 0.9960 0.9957 
(58) 0.2408 1.0020 1.0008 1.0007 1.0021 

o. 5893 -1.0005 1.0000 0.9975 1.0000 
0.7822 1.0016 1.0009 0.9992 1.0014 
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Table XII_ 

Comparison of experimental and calculated viscosities 

o:E.nonEolar binar;y mixtures 

System and Temp. ~exp't. ~calc'd. Deviation ~calc'd. Deviation 

data source (oc} xl (poisexlcY-E) {Eg,. 50) (~) (Wilke) (~) 

co2-Freon 12 25 0 124 

(7) 0.25 130.1 129.8 -0.23 128.8 -1.00 
0.50 135.3 135·7 +0.30 134.4 -0.66 
0. 75 142 141.9 -0.07 141.0 -0.70 
1.00 147.8 

H2-Freon 12 25 0 124 

(7) 0.25 128.1 128.5 +0.31 127.2 -0.70 
0.50 131.9 132.6 +0.53 131.4 -0.38 
0.75 135.1 131.4 -2.74 135.4 +0.22 
1.00 88.4 

N2-Freon 12 25 0 124 

(7) 0.25 130.7 135.8 +3.90 131.9 +0.92 
o. 50 144.1 149.0 +3.40 142.2 -1.32 
0.75 158.4 163.3 +3.09 156.6 +1.14 
1.00 176.8 

H2-C3H8 26.9 0 81.7 
0.182 83.6 85.6 +2.39 84.1 +0.60 

(57) 0.370 87.4 90.0 +2.98 87.3 -0.14 
o. 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 
0.589 189.4 188.3 -0.58 187.8 -0.84 
0.592 189.3 188.2 -0.58 188.6 -0.37 
0.782 184.3 183.7 -0.33 183.6 -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 -+0. 52 229.3 +0.31 
.• 0.382 229.1 230.1 +0.44 229.6 +0.22 

0.491 229.6 231.4 +0.78 231.3 +0.74 
0.597 230.4 231.1 +0.30 232.9 +1.08 
0.756 227.0 226.7 -0.13 230.8 +1.67 
1.000 197.3 
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Table ·XII {cont'd.2 

System and Temp. 11exp 1t. 11ca1c 1 d. Deviation 11ca1c 1 d. Deviation·. 
data source {oc} x1 (poisexlo-6) (Eq.50) {~} {Wilke} (%) 
H -CO 25 0 174.5 2 0.193 171.7 170.4 -0.76 173.4 +0.99 (54) 'o. 410 165.1 162.6 -1.52 . 169.8 +2.85 

0.476 161.0 159-3 -1.06 167.8 +4.22 
0.695 144.9 142.0 -2.00 155.0 +6.96 
1.000 87.4 

C2H6-C3H8 20 0 .80.1 
0.153 81.5 .81.6 +0.12 81.4 -0.12 (51) 0.256 .82.8 82.5 -0.36 .82. 5 ' -0.36 
0.433 84.1 84.4 +0.36 84.3 +0.24 
1.000 90.9 

CH4-c
3
H8 20 0 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 +4.41 
0.632 94.8 96.9 +2.21 102.6 +8.23 
1.000 108.7 

H2-02 26.9 0 205.7 
(51) 0.394 192.5 189.6 -1.51 198.5 +3.12 

0.603 178.4 172.2' -3.48 185.8 +4.15 
0.863 ;131.4 129.7 -1.29 145.6 +10.80 
1.000 88.9 

H -,He 100 0 234.1 --2 0.039 ;229.1 229.0 +0.04 228.9 -0.09 (51) 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 

H ..,1£e 20 0 197.3 2 0.552 131.7 136.7 +3.80 136.0 +3.26 (51) 0.607 125.2 130.8 +4. 46 130.0 +3.84 
0.69·2 11:6.6 121.5 +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 

0.391 250.4 ' 252.4 +0.80 245.4 -2.00 
0.732 280.8 2'82.8 +0.71 275-5 -1.89 
1.000 309.2 

H -A 20 0 221.1 2 0.294 2.14.0 210.6 -1.59 217.0 +1.40 (51) 0.4'46 205.6 .201 .• 2 -2.14 211.9 +3.06 . 
0.626 189.5 182.9 -3.48 199.lf +5.22 ~ 

0.652 185.7 179-4 -3-39 1~6~6 +5.87 .. 
1.000 .87,5 

~ 
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Table XII (cont'd.~ 

System and Temp. Tiexp't. Ticalc'd. Deviation Ticalc'd. Deviation 

( oc) ·>X (poisexlO~ (Eq. 50) (%) (Wilke) (~) data source ' 1 
H -Ne 20 0 309.2 2 0.252 278.2 278.0 -0.07 285.1 +2,39 (51) 0.461 242.7 243.3 +0. 25 . 257.5 .+6.09 

0.772 168.4 169.1 +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 

H2-co2 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 --

H2-cH4 20 0 108.7 

(51) 0.281 109.9 110.5 +0,55 110.4 +0. 45 
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 

co2-N2 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 142.5 142.9 +0.28 142.6 -0.07 
0.2563 140.1 140.0 -0.07 139.4 -0.50 
0.1526 138.2 138.5 +0.22 J.38.o -0.14 
1.000 152.6 

Average deviation (69 points) ldJ 2.07 

Maximum deviation 6.32 10.8 

I' 



Table XIII 

Comparison of experimental and calculated viscosities of 

multicomponent mixtur~ 

llcalc'd. 
"lcalc'd. 

· 11exp 't. 
Devia- Wilke De via-

System and 
x2 

Temp. Eq. 50 tion Eq. 23-24 tion 
data source ~ x3 (oc) .PoisexlO~ J20isexla-6 (%) (J2oisex1CT6) (%) 

• 

Ne-A-He 0.5576 0.2670 0.1754 20 274.0 273·2 -0.29 270.3 -l.35 
(56) o. 2166 0.5851 0.1983 100 288.6 288.-8 +0.07 .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 +7.96 190.2 +2.42 
2 2 

(7a) 

H2-N2-CC12F2 0.3333 0.3333 0.3333 25 146.9 1.50.2 +2.24 145.7 -0.82 

(7a) I 
I-' 
0 
\0 

N2-co2-CC12F12 0.3333 0.3333 0.3333 25 145.8 150.0 +2.88 144.6 -0.82 I 

(7a) 

co.2-o2-N2 0.062 0.107 0.831 20 179.3 176.7 -1.45 176.0 . -l.84 

(2Jl.a) 

Ne-H -CO -... · 2 2 
CC1l2(7a) o. 2500 0.2500 0.2500 25 168.1 175.9 +4.64 159.3 -5.24 

H -CO -N -2 2 2 
CC12F 2(7a) 0.2500 0.2500 0.2500 25 147.1 150.8. +2.51 146.7 -0.27 

Average deviation (9 points) 2.49 l.55 

Maximum deviation 7.96 5.24 

... 
. .. .. 
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data presented in Table Xlll include all of the systems shown in Fig. 1 of 

Ref. 67. In the case of the data of the nine multicomponent mixtures of 

Table XII, however, Wilke 1 s eg_uation is in somewhat better agreement with 

experiment than Eg_. 50. The average and maximum deviation of the former 

eg_uation from the data are 1.55 and 5.24% respectively. The correspondin1s 

deviations of Eg_. 50 are 2.49 and 7 .96%. An approximate comparison of Eg_. 

50 with the correlation of Buddenburg and Wilke was also made on the basis 

of the 30 data points for the 7 binary systems listed in Table II of Ref. 

7. The average deviation of Eg_. 50 and of the Buddenburg-Wilke correla

tion from the9e 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 g_ualitative 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 Eg_. 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 Eg_. 

50 to polar-nonpolar mixtures. As in the case of the conductivity of 

such mixtures, the modified Arnold's eg_uation was used to compute the 

diffusivity ratios. The calculated and experimental values are shown in 

Table XIV. For these data the numerical average, algebraic average, and 

maximum deviations of Eg_. 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 justify 

the application of Eg_. 50 to polar-nonpolar mixtures as well as of the 

modified Arnold's eg_uation for calculating the diff~ivity ratio. 

Wilke's eg_uation was,also used to calculate the viscosities for 

these mixtures. 67 The average deviation 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

polar systems the function ¢ij (Eg_. 24) is eg_uivalent to Dii/Dij; hence, 



Table XIV 

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

11calc'd. · 
11calc 'd. 

11exp't. 11calc 'd. 
Devia- Devia- ( rr{odified Devia-

System and Temp. 
X -6 tion (Wilke tion Wilke tion 

data source (oc) ~1 ( poisexlO. ) (Eq. 50) (%) Eqs.23z24) (~) ESJ.S. 23 z 53) (~) 

H2-NH3 20 0 98.2 

(51) 0.2913 104.7 103.6 -1.05 100.6 -3.92 102.8 -1.81 
0.4823 108.0 105~9 -1.94 101.0 -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 

N2-NH3 20 0 98.2 --
0.1117 109.2 108.5 -0.65 105.6 -3.30 108.2 -0.91 

(51) o. 4362 138.3 139.0 +0.50 128.8 -6.86 136.3 -1.44 
0.8889 169.0 171.5 +1.48 166.6 -1.4§ 170.5 +0.89 
1.000 177.6 

CO -HCl 18 0 142.6 
2 0.20 145.3 147.8 +1.72 144.4 -0 .. 62 149.5 +2.88 I 

(51) f-' 
0. 50 148.0. 151·3 +2.23 143.7 -2.90 153.8 +3.92 f-' 

f-' 
0.80 148.1 149.9 +1.22 135.2 -8.71 151.4 +2.23 I 

1.00 146.4 

.· so2 ~co2 15.8 0 145.8 

(51). 0.20 142.8 148.4 +~·92 142.2 -0.42 150.0 +5.04 
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
3

-cH4 14.5 0 107.7 
0.20 109.1 108.6 -0.46 105.3 -J.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-HCl 16.5 0 140.7 
(51) 0.10 147.0 146.5 -0.34 143.7 -2.44 146.2 -0.68 

0.30 157.0 157.0 0 152.2 -3.06 156.7 -0.19 



Table X~ (cont'd.) 

'Tlcalc'd. 

Ylexp't. Devfa- ll-ca1c 1 d. De via- (modified De via-
System and Temp. 'Tlcalc'd. tion (Wilke' tion Wilke tion 
data source (Oc) x.l (poisexlo6) (Eg,. 50) (~) Eg,s. 23 z 24) (~) E~s. 23 z53) {~) 

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 +0.56 174.5 -1.41 178.3 +0.73 
1.00 179.4 

Air-H S lT2 0 124.3 2 
., 

(51) 
0.10 l3L 1]1.4 +0.31 127.2 -2.90 130.8 -0.15 
0.30 145 145.1 +0.07 137.2 -5.38 143.5 -1.03 
0.50 158.2 157.1 -0.70 147.1 -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 0 172.4 -2.60 176.2 -0.45 
1.00 180.2 

Air-NH
3 

15.5 0 97.5 
0.10 109 108.1 -0.83 105.0 -2.67 108.8 -0.18 I 

(51) I-' 

0.20 118.8 118.2 -0.50 113.7 -4.29 119.5 +0.59 I-' 
1:\) 

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 16o~.4 +0.25 154.4 -3.50 161.8 +1.12 
0.80 169.1 167.2 -1.12 162.6 -3.§5 168.0 -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 



it appears reasonable to assume that the agreement between Wilke 1 s equation 

and the experimental data might also be improved by modifying ¢ij as de

fined by Eq. ,24 in the .same way as Arnold 1 s equation was modified. With 

this assumption, ¢ .. should be multiplied by a correction factor as fol-
l.J 

lows: 

= 
T + 0.733 F s12 

T + F s12 
(53) 

The significant improvement .of 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 factor, 0.733, in the calculation of D .. jD .. 
].]. l.J 

of polar-nonpolar mixtures is thereby again established. 
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CONCLUSIONS 

From the kinetic theory and a number.of empirical assumptions, 

eg_uations have been developed to relate the thermal conductivity and the 

viscosity to the diffusion coefficient in gas mixtures. These eg_uations 

have been found to be in g_ualitative agreement with the experimental 

facts. The relation between conductivity and diffusion coefficient, Eg_. 

32, and that between viscosity and diffusion coefficient, Eg_. 37, are 

identical 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 eg_uations are no longer preserved. 

The proposed correlations for thermal conductivity, Eg_. 49, and 

viscosity, Eqa 50, appear to be in better agreement, in general, with 

experimental data than correlations found in the literature. According 

to the proposed relations the ratio 'f...c/"-;,. for very simple molecules and 

the ratio 11m/11;e for most moleGules 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 conductivity 

of mixtures of polyatomic molecules, it has been po'inted out that A. /"-n c >k. 

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 contribut'i6n to heat conduction. 

Equations 49 and 50 are applicable to both nonpolar and polar-nonpolar 

mixtures. In the former case calculation of the diffusivity ratio accord

ing to the method of Hirschfelder et alo appears to be satisfactory in 

spite of the fact that the diffusivities calculated this way deviate, on 
27 the average, 6ojo from the experimental values. For polar-nonpolar mix.-

tures, the suitability of the modified Arnold's equation, Eq. 51, for 

calculating these ratios has been demonstrated. 4 

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. 

.. 
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SYMBOLS 
·English Symbols 

a 

A 

Al2' A21 
c 

ci 

cir 
c r 
cvt 
c v 
c 
c• 
c p 
c v 
D 

D12=Dij 

Dlm 
e 

E=emf 

f 

F 

g 

g1 

h 

h c 
h 

r 
k 

1 

l' 

L 

L'* 

ln 

acconunodation coefficient, dimensionless 

area f'or heat transfer 

constants in'Eq. 10 

heat capacity (caljgm-°C) 

internal heat capacity · 

internal rotational heat capacity 

rotational heat capacity 

translational heat capacity at constant volume 

vibrational heat capacity at constant volume 

proportionality constant 

cell constant (watt-sec.-em/cal) 

heat capacity at constant pressure 

heat capacity at .constant volume 

diffusion coefficient (cm2jsec) 

binary diffusion .coefficients 

diffusion coefficient given by Eq. 29 

base of natur·al logarithms 

electromotive force 

constant in Eq. 9, dimensionless 

function defined by Eqs. 10-III and lOa-III 

gravitational constant 

temper'ature-jump distance (em) 

heat transfer coefficient (BTU/hr-ft2) 

heat transfer coefficient by conduction 

heat transfer coefficient by radiation 

thermal conductivity (BTU/hr-ft-°F) 

distance of thermocouple junction f'I·om botto±n of .guard 

(in.· or ft) 

characteristic length in Grashof Number 

length of thermal conductivity cell 

length of connecting tube in "two bulb" thermal-diffusion 

apparatus (em) 

natural logarithm 



m 

M 

mass of molecule 

molecular weight 

-ll7-

n number density of molecules 

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

diffusion apparatus 

N·' i number of molecules in the cold bulb of a ntwo-bulb" thermal-

diffusion apparatus 

p pressure, (atmospheres or mm of Hg) 

q heat flow (caljsec, watt, or BTU/hr) 

r 1 radius of emitter (in. or em) 

r
2 

.inner radius of receiver (in. or em) 

R universal gas constant 

Ri through R8, 

and R~ radii in thermocouple assembly, (in. or ft) (see Fig. 3-III 

in Appendix. III) 

s1 8utherlai.~d 1 s constant for component 1 (°K) 

812 ~ 81 82 
T temperature ( 0 c, °F, °K) 

Tbi normal boiling temperature of component "i11 (°K) 

Te temperature of emitter (0 c or °K) 

(o OK) Tr temperature of receiver C or 

T temperature at any point a,long the thermocouple well (0 c) 
w 

T' temperature of hot bulb of "two-bulb" thermal-diffusion 

apparatus (°K) 

T·' • temperature of cold bulb of "two-bulb" thermal-diffusion 

apparatus (°K) 

~T temperature difference (°C) 

v root mean square velocity of molecules 

V'' • volume of cold bulb in "two-bulb" thermal diffusion apparatus (cm3) 

V1 volume of hot bulb in "two-bulb" thermal-diffusion apparatus ( cm3) 

Vi molecular volume of the ith component in the liquid state at 

X. 

x.' 

the boiling point 

clearance at bottom of cell (in. or em) 

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

diffusion apparatus, 

.. 



. . 

x.'' mole fraction of a gas .in the cold bulb in "two-bulb" thermal

diffusion apparatus 

xl mole fraction of component 1 

x.f steady-state mole . fraction in cell 

x. initial mole fraction in cell 
0 

Z distance from bottom of guard (ino or ft) 

Greek Symbols 

a 

a' 

t3 

1 
E: 

"l 

T}l 

le 

Tlm 
e 
A 

f.. 

A.l 

"-a 
f.. c 
"-tr;:.f.. . sm 

"-m 

"-mon 

"-rm 

"-td 

"-ci 

"-d· .J. 

thermal-diffusion factor (dimensionless) 

value of empirical function given by Brokaw,5 (See E~. 16) 
coefficient of cubic expansion (0 c-1

) 

heat-capacity ratio, C jc (dimensionless) 
p v 

intermolecular potential energy 

viscosity, poise 

viscosity of gas 1 

viscosity of a mixture. calculated by the simple mixing rule; 

i.e •' 1l;e = x.l 1l1 + x.2 1l2 
viscosity of a mix.tu.t"e 

Tw -.Tr,· (°C) 

mean free path of molecules (em) 

thermal conductivity (caljcm sec °C) 

thermal cohductivity of gas 1 

apparent measured thermal conductivity 

conductivity of a gas mixture from conduction only 

conductivity of a mix.tuxe calculated by the simple mix.ing rule; 

i.e.' A.;, = xl i\1 + x2 /..2. 
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 mix:ing 

rule; i.e., ,lfi\rm = (xlji\1) + (x2ji\2) 

conductivity of a mix.ture from diffusion 

collisional conductivity of the ith component (E~. 35) 

diffusional conductivity of the ith component (E~. 36) 



v 

p 
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dipole moment (Debye) 

kinematic viscosity (em 
2

/ sec) 

numerical factor = 3.1416 

density of a gas (f!fnjcm3) 

P1m density of gas 1 in a mixture 

a molecular diameter (angstroms) 

cr' cross section area of connecting tube in ""two-bulb" thermal

diffusion apparatus (cm2) 

T relaxation time (sec) 

¢ difference between ~he temperature of any point along the 

thermocouple wire i.n the. receiver and the actual temperature 

of the receiver 

collision integrals (dimensionless) 
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The expression for the binary diffusion coefffcient in terms 

of the coefficient of self-diffusion in the case of hard spherical 

molecules is appr~imately:Ji7 l/2 
4 (_ ml + m2) 

.f2 \ml m2 
Dl2 = _......_;;___ _ __,1 ..... /"""4..,... ______ ;;__ __ ':-lf.,.4--:::2:--

[C~1m1 ·) + (D~2
1m2 ) J 

therefore W&' have 

[ ( ~} 1/4 + (:;; 't ( ~) 1/4 ] 2 

. 6 
Following Wilke, 7 we .assume 

or 
= 

p 2 i) 1 

pl 1)2 
; 

; (hi) 

( 2-I) 

(3-I) 

( 4-I) 
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hence, we have 

= 

= (5-I) 

Here m is the mass of a single molecule, and M is the molecular weight. 

The correlation between ¢12 and n11jD12 calculated on the basis of the 

first approximation by the Lennard-Jones 6-12 model is shown in Fig. 

1-:t. The points fall fairly close to the 45° line. In view of the 

fact that .molecules are not really hard spheres and hence the group 

p B/TJ is not constant, the correlation is about as good as can be 

expected. 
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0 

2.0 3.0 4.0 

MU-15180 

Fig. 1-I~ Correlation between ¢
12 

a.nd Dl.l/D
12

• 
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APPENDIX II. 

A Method for Estimation of the Self~Diffusion Coefficient 

It appeared that Eq. 5-I in Appendix. I might be used to esti

mate self-diffusion coefficients from experimental values of binary co

efficients. Accordingly, calculations were carried out for five dif

ferent gases with 15 different binary diffusion coefficients. The ex

perimental values of the self-diffusion coefficient and the calculated 

values are given ·in Table 1-II for comparison. Very good agreement 

between Eq. 5•I ~d the experimental data is found for several cases, 

but for a few other cases, 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 said 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 surprising. 

Also shown in Table 1-II are values .computed by the method of 

Wilke and Lee, 69 and by the method of Hirschfelder et al. 
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 points tested, it appears safe to state that, 

in general, values obtained by these methods are in better agreement 

with experimental data than those from Eq. 5-I. 
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.... 
Table 1-II 

. Experimental and calculated self-d~.sion coefficient . .. 
n11exp't. Expt'l. Calc'd. De via- Calc'd.D11 D . Calc' d. Devia-n12 used Dll' 

evla-

~t28b and tion Wilkeband tion tion a in E~.5-Ia E~. 5-I (~) {~) (~) Gas source Lee 

H2 1.285 H -A 1.39 +8.2 1.119 -12.9 l.e62 -1.8 
(21) H2-co 1.302 +1.3 

H~-C3~8 1.572 +22.4 :_~;-

H -0 l. 27 -1.2 
H2co2 

1.195 -7.0 2 . 
H2-He 1.468 +14. 2 
H2-C2H4 1.273 . :.o. 9 
H2-C2H4 1.26 -[.9 

A 0.156 H2-A 0.1775 +13.8 0.1675 +7.3 0.1534 -1.7 
(70) He-A 0.174 +11.5 

Ne-A 0.1695 :+8.6 

CH4 
0.206 H2-cH4 0.211 +2.4 0.198 . ~3. 9 0.187 -9.2 
(70) 

C02 0.0970 N2-co2 0.112 +15.4 0.1013 +3.3 0.0915 ..;5.7 
(l) C02-H2 0.1087 +12.0 

Ne 0.452 He-Ne 0-576 +27.4 0.468 +3.4 0.438 -3.1 
( 70) A-Ne 0.531 +17.5 

8All data taken or reduced to 0°C. 

bFirst approximation values . 

... "!! 
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APPENDIX III. 

Variation of Thermocouple Junction Temperature 

with Depth of Immersion 

Experiments showed that heat conduction along the thermo

couple well and wires would cause the thermocouple junction temperature 

at certain distances below the guard to be .different from the actual 

temperature in the receiver, when the guard was kept at a temperature 

equal to that of the emitter. This difference between actual and 

measured temperatures may be estimated on the basis 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 assumed to pass through the constant

temperature region in the ~rd immediately into another isothermal 

zone in the receiver. Because the lateral heat transfer from the part 

of the well within this space is relatively small, the effect of this 

assumption is a minor error in the axial coordinate. Second, the well 

is treated as a .semi-infinite hollow cylinder, the inside of which is 

insulated, since, as will be demonstrated subsequently, the ax.ial 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 thermocouple wires are considered as finite cylinders extending 

from the isothermal zone in the guard into the zone within the well 

where temperature is a function of distance. Equations expressing 

temperature as a function of distance from the guard are derived below 

to describe the assumed conditibns ,' which, incidentally, appear no:t to 

have been treated in the literature. These equations are then compared 

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

. -.r ,.., 



. . ., 

A. Derivations of Temperature-vs-Distance E~uations 

1. Temperature along the well 

Consider the heat balance around a differential length of 

the well (:Fig. 1-III): 

+ (1-III) 

and 

k 1t (R~ • R~) = 

As pointed out above, the inner wall of the well may be considered in

sulated; hence the ~4 term is discarded. The heat balance then yields 

Eqo 3-III, 

(P - T ) w r = 0 ' (3-III) 

where T is the temperature at any point and Z is measured from the 
vr 

bottom of the guard. If we let 

and 8 = T - T w r' 

tb.eri we have - o. 

This equation is to be solved to satisfy the following boundary condi~ 

tions: 

(a) at Z = 0 e = T - T = T - T w r e r 

e = T - T = 0 ~ w r 
(b) at Z = oo 
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GAS G A P---..------11~"1 

STAINLESS 
STEEL --~~~~~~~ 

MU-15182 

Fig. 1-III. Elementary heat balance along thermocouple well. .. 

Fig. 2-~II. Dimensions determining heat transfer from thermocouple well. 
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The solution: is 

8 = T - T = ( T -T · ) ( cosh b Z ... sinh b Z) • 
w r e r (5-III) 

Equation 5•III represents the temperature distribution along the well. 

2. Temperature of the Thermocouple Jnnction., 

For the temperature distribution along the thermocouple wires, 

an analogous development shows that the differential equation to be 

solved is 

d
2 T 2 hl 

(T - Tw) a'
2 

(T 
d z2 ·= = 

k R1 

where 2 2 hl 
a = k R1 

Substituting T from Eq. 5•III above, we obt~in 
w 

- T ) vt ' (6-III) 

= a:
2 

[ T- Tr- (T .... T )(cosh b z-sinh b Z)L(7-III) e ·r 

If we let 

and 

then we have 

T - T = rt.. . .r 'I' 

T - T = c 
e r ' 

2 
~ - ri2 ¢ =- a 2 c (cosh b Z-sinh b Z). 
d z2 8-III) 

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

· condit.ions: 

(a) at Z .- o, rl. = T -. T = T - T = c 'I' r e r 

(b) at Z = 1, ¢l = o. 



The second condition corresponds to the assumption that no heat is 

transf-erred in the a.x.ial direction at the tip of the thermocouple. 

The solution of Eqo 8-III is, accordingly, 

¢ = a cosh a Z + ~ sinh a Z + r (sinh b Z-cosh b ~), 

where 

r = 

b
2 c 

2 ;:·· .2 
b -a 

J 

a b c (sinh bl-cqsh bl) - b2~ sing al 

(b
2 -~ a2

) ~ash al 

2 a c._ 
2 2 

b "" a 
• 

(9-III) 

J 

E9-uation 9-III 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 junction from the guard, 1. Writing 9-III for the 

jttnction temperatUre of the thermocouple, one obtains, after simplifi

cation, 

¢1 c[ ( 1 + 
a2 

) (cosh al-tanh al .s i:tih al) = 2 2 
b -a 

2 -bl b tanh al). J a 
(1 + ..,. 

b2 2 
e 

a . •a 
(10-III) 

= c F • (lOa-III) 

3a The Ratio 1:::, Tl/1:::, Too. 

In order to find the ratio of the measured !:::. T at any length, 

1, to the true !:::. T, i.e., the !:::. T as 1 --7 oo, the following transformation 

is made. By definition we h~ve 

and also C=T -T =f:::,T e r oo 

.. 

' 
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Substituting ~nto lOa-III and rearranging, we obtain 

b. Tl 

-·ET 
00 

= 1 '"'Fo 

B. Evaluation of the Constants a and b 

(11-II+) 

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 = (12-III) 

where k is the thermal conductivity of the well, R
7 

is the outer radius 

of the well, R6 is the inner 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-R
7
, 

is small, convection is negligible. The Grashof number,(~/v2)(1 1 ) 3 b.T, 

bl:).sed on the well diameter and b. T of 10°C is approximately 100. Hence, 

we have 

h = h + h c r 

+ h 
r ' 

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, h , is estimated from the 
r 

surface temperature and emissivity of the stainless steel thermocouple 

well. For l00°C and an emissivity of 1.0, hr is 2 BTU/hr- ft
2 

,according 
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42 to McAdams. As a conservative estimate, the emissivity is taken to be 

0.5, and so h is 1. Because for tbe cases under consideration, h >>>h r · c r 
except when the cell is under vacuum, error in the estimate of h should r 
not seriously affect the accuracy of the calculations to be performed. 

The constant a is related to the parameters determining heat f.lux 

in the thermocouple wires by 

2 hl 
a (14-III) 

The rate of lateral heat transfer from the thermocouple wires is control

led by the series of resistances consisting of fluid gaps and porcelain 

insulators. As in the case of heat transfer from the ~ell 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 wires, 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 

1 
h ·cl 

= + J . (15~·III) 

The conductivities and dimension of the thermocouple components for this 

case are shown in Fig. 3-III in which R] is a mean radius taken as 

.J 2 _ R 2 
R3 2 

C. Comparison of Calculation and Experiment 

Calculations have been made to predict the ratio ~ T1j~ T00 
for 

the four cases investigated experimentally. The descriptions of the four 

case.s are shown in Figs o 3-III and 4-III. Compar;Lson of the thermal con

ductivities and dimensions of the component parts ,of the thermocouple 

.. 
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MU-15166 

Fig. 3-III. Thermocol.lple assembly for cases I and III 

k (BTU/hr ft
2 

°Fjft) 

e3·s il ver .. o • o o ••• ~ • o o •• ·0 • o • o •• o •••••• o o •• o •••••••• o " •••• o •••••• 24o 

~th 1 ir 4o -~ c ermocoup e w e o ••••••••.•••••••••••••••••••• o ••••••••••••••• 

~stainless steel. o. o ••••••• o ••••••• .•••••••• o • .o ••••• •••••••••• o. 20 

~ceramic•••••••••oo••••••••••••••••G•••••••••••••••o••••••••••••O.l5 

Interspace for case I = air •••••• o••••o•••••••••••o•••••••·••••o••••O.Ol8 

Interspace for case III = air ex.cept vacuum between silver and steel. 

Radii are R1 = 0.010 in., R2 "" 0.014 in., R
3 

=- 0.035 in., R4 = 0.039 in., 

R5 = 0.062 in., R6 = Oo076 in., ~ = 0.099 in., and R8 = 0.101 in • 

1 -1 
a = 35. 2 ft- } · a = 35. 2 ft }. 

. 
. case I case III 

b = 33.5 ft-1 b = 6.11 ft-1 
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MU-15167 

Fig. 4-III. Thermocouple assembly for cases II and IV 

k (BTU/hr ft 2 °Fjft) 

~silver •..• o •• • ••••••••••••••••.•••••••••••••••••••••••••• 240 

J:::;~.::;::;lthermocouple wire ••• •••••••.•••••.••••..•••••••••••.• o •• o 4o 

~stainless steel .•••••••.••••••••••••• o•••o•o•••··········20 

~ ceram.ic o ••••••••• o •• o •••• o •• a ••• o •••• o •••••• o ••••••••••••• 0 .15 

Blank space inside steel well= dimethylformamide •••••••••••••• l.O 

Space between silver and steel in case II= air •••••••••••••••• O.Ol8 

Space between silver and steel in case IV= 40% He - 60% N2 •••• 0.036 

Radii are R1 = 0.010 in., R2 = 0.014 in., R
3 

= 0.035 in., 

R6 =·0.076 in.,~= 0.099 in., and R8 = 0.101 in. 

a= 61 ft-l } a = 61 ft-l} 
case II _1 case IV 

b = 33.5 ft-1 b = 53 ft 

,_ 

.. 
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assemblys shows that i:n 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 in ,making simplifying assumptions in 

the derivation of the temperature-~-distance equations above. The a 

and b values are also given in these figures. Computed values of 

~T1j~ T00 
as a function of distance from the guard are presented in 

Table I-III. Comparison of these calculations with experiment is shown 

in Fig. 5-III. Excellent agreement is found in all cases except I .for 

the evacuated cell. As pointed out in Chapter IVr 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-III 

Computed values of t:J.r1/ t:!.r
00 . 

·~ . 
Case I Case II Case III Case IV 

1( in.) t:!.rJ;l? .6.T 00 
T(in.) t:rrll/t:!.r r( in.) t:!.r ]./ t:!.r . 1:in.) t:rr:l_l moo 

.... 00 ,/ 00 

0.25 0.104 0.25 0.171 0. 50 0.086 0.25 . 0.427 

0.5 0.323 0.50 0.518 1.00 0.274 0.50 0.688 

0.75 0.566 0.75 0.732 1.50 0.435 0.75 D.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 

j.OO 0.995 6.00 0.943 

.. 
'1' 
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Experimental 
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Experimental -
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Calculated 
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I 

I // 
/ 
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I 
I 

I 
I 
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2 3 4 
1 ( in.) 

5 6 

MU-15168 

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 

portions of a binary mixture and the temperature difference may be written 
18 

approximately as 

x'' - x' = 
T' 

' 
(1-IV) 

where a is known as the thermal diffusion factor, This factor depends 

in a complex way upon intermolecu~ar forces, the ratios of the molecular 

masses and of the diameters, 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 the 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-bulb11
, and that portion of the pipe at room temperature as the 

"cold-bulb. The change in composition at steady state is dependent upon 

temperature difference as well as upon the re.lative volume of the hot 

and cold volumes. If the volume of the connecting pipe is small, then 

the change in composition of the hot volume is19 

x'' 
= 

1 

- x' 

+ V' T'' 
V''T' 

( 2-IV) 

Although the hot volume, connecting pipe, and cold volume as given in 

Fig. l-IV are 814 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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J 
13cm . 

L- _t .. ___ ,.,,. •olome, V • 814 om• 

33cm 
connecting volume= 147 cmll 

-copper block 

MU-15181 

Fig. l-IV. Conductivity cell as thermal-diffusion apparatus. 



By combining Eqs. 1-IV and :2-IV, the expression for computing 

change of composition in the cell is obtained: 

= (3-IV) 

Af? an example, for a 1 : 1 He-A mixture at a cell temperature of 320°C, 

the difference between the steady-state He concentration and initial He 

concentration is 

"' x.o - xl = 

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

experimentally in this work. 

B. Relaxation Time 

The time required to approach steady state in the usual two-bulb 
11 

thermal diffusion apparatus has been discussed by ClarkJones and Furry. 

Their expression for the relaxation time is 

T = 
N r 1 N 1 T r 1 U · ln ( T tjT t r ) 

( 4-IV) 
(N 11 + N 1 ) n D

12 
cr' £:::,. T 

This equation was derived on the assumption that the connecting pipe 

volume is small •. As a first approximation, however, Eq.; 4-IV is assumed 

to be l:!,pplicable 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 ~c/~] and ~m~~~ 

From Eqo 34, the conductivity of a binary mixture is 

~ 
.c = 

The simple-mixing~rule value is 

Dividing Eqo l~v by 2-V, we obtain 

= 

= a~~ and ~2 
l I 

- b ~ , then we have 

= 

(1-V) 

( 2-V) 

(3-v) 

(4-v) 

Now, if n' is equal ton'' and A12 and A21 are independent of temperature, 

then ~ /A-n is a constant for any given composition. c .fl 

The expression for ~m/~-.e is identical with Eqo 4-V, ex.cept for the 

values of the constants. 
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