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SUM},{ARY

Values of the mutual dif fusion coef f icient , & r, ltave

been measured at 300K over the pressure range of 1-9

atmospheres in binary mixtures of helium with neon , aÍgon,

krypton, xenon, nitrogen and carbon dioxide.

Before this study was undertaken, àa investigation into

the composition dependence ot Ð, , for the helium-nitrogen

system was carried out in trvo groups of diffusion cel1s.

Only one of the two groups yieldecl mutually consistent

results, namely the Loschmidt-type cell, which was subsequently

used for the systematic pressure-dependence measurements. It

was also generally found that the best results were

consistently obtained in the helium-rich compositi-on range.

This was believed to be partly due to the reduced occurrence

of convection around the matched pair of thermistors used to

monitor the diffusion process, by virtue of the high thermal

conductivity of helium. The matching of the thermistors in a.

heLium environment by the manufacturer was also believed to

be a contributing factor.

The results of the pressure dependence study of binary

gas mixtures containing 90% he]-ium were compared with the

depenclence predicted by Thorne's extension to the Enskog

theory of transport in dense gases.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 EXPERIMENTAL

In recent years there has been a wealth of data

published on the mutual diffusion of gases in dilute binary

mixtures, the bulk of which has been reviewed and critically

evaluated by Marrero and ltllasonl. This compilation does not

include the more recent data measured in this laboratory,

in which very precise absolute values of binary diffusion

coefficients Ð12 have been claimed (see Chapter 3, Refs.

5-13), using pairs of matched thermistors as concentration-

sensing devices.

On the other hand there seems to be very little

available on the pressure (or density) dependence of

diffusion in mixtures. This scarcity, plus the high

attainable with the apparatus in this laboratory, was

motivation for this proiect.

data

precision

the

In spite

that there was

absolute value

of the

stilI

ofÐrz

precision claimed earlier, it was found

a significant uncertaintY in the

due to the disagreement between

different ce1ls used in this laboratory. Part of this

project was to investigate this apparent ceIl-dependence

with the view to eliminating such ambiguity. These

experiments àr.e described in Chapter 4.

Thermistors have been in common use for some years as
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sensing devices in gas chromatography. Their recent

application in the monitoring of diffusion2'3 obviates the

necessity of withdrawing samples for analysis. The method

for measuring $1, in this laboratory using thermistors is

outlined in Chapter 3. A disadvantage of using thermistors

as composition detectors is that their operating temperatures

must be above that of the surrounding Bâs, hence the problem

of convection arises. This becomes more acute, both as the

density of the gas increases and, if the composition of the

gas is changing, âs the thermal conductivity of the gas

decreases. Attempts to determine a composition dependence

of the product pÐr, over a range of pressures, p, were

unsuccessful partly for this reason. As will be explained

in Chapter 5, all pressure-dependence measurements ïvere

subsequently confined to mixtures containing 90% helium.

T.2 THEORETTCAL

A theory of transport in dense gases was developed by

Enskog as an extension to the Chapman-Enskog theory of

dilute gu"."4-6. His theory, d.erived for a hypothetical

gas composed of rigid spheres, \Ä¡as based on a modif ication

of the Boltzmann equation by the insertion of a factor, Y,

dependent on the rigid sphere diameter and the number

density, n, which accounted for the change in collision

frequency of the molecules on compression of the gas. This

factor is commonly identified with the value of the

equilibrium radiat distribution function al the point of

contact of the colliding spheres. As in the dilute gas

theory, it is assumed that only binary collisions occur.
5H.H. Thorne- generali-sed Enskog's theory to binary mixtures
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of hard spheres. His

dependence of binary

the data obtained in this project.

General theories of the density dependence of trans-

port coefficients, in various states of development, have

been comprehensively reviewed by BrushT. In one approach,

a set of equations involving successively higher order

distribution functions (the BBGKY hierarchy, named after

the co-founders of the theory, Bogoliubov, Born, Green,

Kirkwood and Yvon) is derived from the Liouville equation,

and a generalised Boltzmann equation may be obtained from

the first equation in this set8. This approach has been

the starting point for the derivation of density expansions

for the transport coefficients in analogy to the virial

equation of state. Expressions for the first density

corrections to the transport properties in binary mixtures

have been given by Bennett and Curtiss9. These expressions,

containing collisional transfer and 3-body contributions,

are functionals of an artl-Í-trary potential function but are

strictly applicable only to repulsive potentials because,

as with the theory developed for single-component gt=""10,

bound states are not considered. For this reason, the best

agreement with experiments is expected at high reduced

temperatures.

Stogryn and Hirschfelder 11 t2and Kim and Ross have

developed approximate theories applicable at low reduced

temperatures to account for the interaction between

monomers and dimers in the density dependence of viscosity.

Wakehaml3 has carried over Stogryn's approach to the

extension,

diffusion in

as applied to the density

gases, was tested against
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estimation of the effect of these interactions on the

density dependence of self and mutual diffusion. This

theory, however, is difficult to apply to binary systems

unless one component is present in ttace amounts.

In the next chapter, some of the background theory of

gaseous diffusion is reviewed in relation to binary mixtures

of real gases. Where numbered subscripts are used on

Symbols, the convention used here is that 2 denotes the

heavier component.
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CHAPTER 2

THEORY OF GASEOUS DIFFUSION

2.7 TNTRODUCTION

In this chapter a review is made of some of the main

theoret ical aspects of gaseous diffusion relevant to this

work. Firstly, a discussion of the macroscopic process of

diffusion is given, followed by the kinetic theory approach

of chapman and Enskog to diffusion in dilute gases. The

extension of this theory to moderately dense single

component gases by Enskog and the further extension of the

theory by Thorne to include binary mixtures, is presented

at the end of the chapter.

2,2 PHENOMENOLOGTCAL THEORY

Diffusion may be defined as the macroscopic flow of a"

chemical species relative to other species in the system,

the flow being produced by some gradient within the system

or by the influence of Some external force. In a gaseous

system at constant temperature and pressure and in the

absence of any external forces, diffusion can only take

place if there is a" concentration gradient. The flow of

matter takes place in such a direction that the components

of the system become uniformly distributed. Under these

conditj-ons the process is cal1ed isothermal diffusion.

This term is strictly a misnomer because in reality the

transport of matter even in aî ideal system is associated

i

t

I

I

I

4,,

tþ
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with the transport of energy. The production of à

temperature gradient in a system in this manner is known

aS the Dufourl effect and is the converse phenomenon to

thermal diffus ion2 which is the flow of matter under the

influence of a temperature gradient, resulting in the

partial segregation of the components of an initially

uniform mixture. Both effects,being second order in nature,

cannot be satisfactorily explained by elementary kinetic

theory; on the other hand, these phenomena a"te predicted

as a consequence of the rigour of the chapman-Enskog
e

theoryr. In addition to these effects, transport of matter

prod.uces a pressuïe gradient; however, this is negligible

except in the case of diffusion along a capíIitaty4,

For a two-component system close to equilibrium, the

flux of each species is directly proportional to the

concentration gradient producing it. This is a statement

of Fick's first law of diffusion5. If the f luxes a'Te

measured relative to the 1oca1 centre-of-volume of the

system, the two fluxes conform to the relationship,

*,

#

0
2

.l.u'jÏl-= I
(2 .L)

where

angles

as the

molar

ji is the mole flux vector of species i at' right

to a unit cross section moving at the same velocity

LoeaL eent?e-of-uoLume of the system, and the partial

volume, V. of sPecies i is defined as.L

l-
( ÐV/ Dni ) (ili). (2.2)

n.
J

V

Fickls law may then be expressed for this system as
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.I

I

I

t;

t

if"'

I
t'

t
ürl
{

l,
l'

it
1,

i
I

i=L 12 ,

are called the multicomponent diffusion

These systems will not be considered any

= DY Vc.,l_ t_'
.v

-J_ i
(2.3)

where Vc. is the gradient in concentration of the ith
l_

species at constant temperature and pressure, and DY is the

proportionality constant. It ca.n easily be shown, using

Eq. (2.7) and the thermodynamic relationship,

1 (m components), (2 ,4)

that
DT = DT = Ðtz, Q.5)

where S12 is the binary diffusion coefficient for the

system.

Eqs.(2.3)maybegeneralisedtosystemscontaining

more than two comPonents;

i=L12 r...ffi, (2.6)

m

I c.V.
ilt r- r-

I

uË,oÏoo*u'
,v

-J.-a

where the DYu

coefficients.
further.

On combining the equati-on of continuity for a' chemically
,6r_nert system ,

ðc./ðt + V. jÏ = O, Q.7)

with Eq. (2.3), one obtains a mathematical statement of

Fick's second law of diffusion:

ã,cr/ât = v. (Sr 2vc*), í=t,2. (2'8)

If diffusion is restricted to one dimension, say the
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z direction, and it is assumed that Ð12 is negligibly

dependent upon concentration, EQ. (2.8) becomes:

( ð ci / àt) - 'Ðr z(ð2 c. / à22 ) . (2 .9)

In actual fact Ð72 is slightly concentration dependent

(of the order of 2.5% over the composition range for helium-

nitrogen) but LjunggrenT has shown that the measured

diffusion coefficient corresponds to the mean concentration

at the end of the experiment if the concentration varies

Linea?Ly during the run. This condition will be met if

the system is not far removed from equilibrium when

measurements are made. Eq. (2.9) is a standard second

order partial differential equation which lends itself

readily to solution by standard methodsS subject to the

appropriate boundary and. initial conditions. The solution

is a" concentration distribution function which varies with

time at a rate related to the diffusion coefficient.

2.3 DTFFUSTON TN REAL GAS MIXTURES

As we have just mentioned, isothermal diffusion is 
^

misnomer, even in ideal gases. When two unlike real gases

mix there is aî additional contribution to the temperature

disturbance due to the heat of mixing effect. The magnitude

of this effect may be estimated from a knowledge of the

equation of state for the mixture, which in moderately

dense gases is adequately represented by the first two

terms of the virial expansionq

pV/Rr = l+Bå(r)p+ (2.10)

assuming only binany coltisions occur. B'(T) is the second

i

I
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pressLLTe uioiaL coefficient of the mixture and is related

simply to the virial coefficients of components 1 and 2 and

of the interaction between 1 and 2 by

B (2. Lt)
22
I I x.x.Bl.

ilr :lr a J r-J
t

m

where *í(= 1-*j ) is the mole fraction of species i in the

two-component system. V in Eq. (2.10) is the molar volume

of the mixture, p is the total pressure, T is the absolute

temperature and R is the gas constant. A knowledge of the

temperature dependence of the second virial coefficient

gives some insight into bimolecular interactionsl0.

The

is given

heat of mixing of two gases at moderate densities

approximatery ¡y1 I

"_"ídeal
-2xtx2RT2p(dE'/dT) (2 .72)

of mixing lgideat 0)

EH

_E,
where H" is the excess molar enthalpy

and E' is the excess second pressure

defined by

virial coefficient,

E'-Bïz-È(Bil+Bå2). (2.13)

This effect will obviously be maximised when equal quantities

of the two gases interdiffuse to give a 50/50 mixture. To

minimise the interference from the heat of mixing in

diffusion experiments it is therefore preferable to work at

mole fractions close to zero or unity.

A companion effect to the heat of mixing of two gases

in a closed volume is the pressure of mixing. This results

in the final pressure of the mixture being different from

the average pressure of the separated components. In a
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I2Loschmidt type diffusion ce11 this effect can be quite

significant especially when two pure unlike gases diffuse

into each other. This can l-ead to a 1-arge uncertainty in

the diffusion coefficient which depends approximately on

the inverse of the pressure. It is not easy to measure the

pressure change precisely; however an estimate can be obtained

by using Eq. (A.7 ) in Appendix A. This equation predicts

that for the system helium-xenon at L0 atmospheres pressu"Te,

the pressure change amounts to about +7.8% when equal

volumes of pure helium and of pure xenon diffuse into each

other. ff, however, a mixture of 80% helium with xenon

interdiffuses with the same volume of pure helium, the

resulting pressure increment is only O.O7%, which is of the

order of experimental uncertainty in the pressure. A

similar magnitude is predicted for the case of pure xenon

and a mixture of 80% xenon and 2O7o helium. It will be

shown in a later chapter that this is only one of several

reasons for choosing to carry out Loschmidt cell experiments

within the composition range in which helium is in excess'

We shall now consider the other phenomenon which

disturbs the temperature equilibrium during "isothermal"

diffusion, namely the Dufour effect. When a concentration

gradient exists in a mixture of two unlike gases, whether

they be real or idea1, there exists àrL associated temperature

gradient which acts to retard the mixing process. The

theory of the effect predicts that the lighter gas is

heated and the heavier gas is cooled. Experimental

observations confirm this13'L4, but demonstrate that the

maximum heating and cooling effects are generally unequal.



This is attributed to the superimposition of the heat of

mixing effectl4 which we have iust discussed'

Both temperature effects have been characterised

mathematically in a single equation derived by Liungg"""7'

The two contributj-ons to the initial temperature transient

decay at different rates. Liunggren has shown that the

Dufour effect decays at approximately the same rate as the

ordinary diffusion process,whereas it has been deducedl5

that the heat of mixing effect decays roughly three times

as fast.

2.4 THE CHAPMAN-ENSKOG THEORY OF DTLUTE GASES

A classical-mechanícàl- analysis of the time evolution

of a. large system of particles ultimately leads to the

problem of solving the BoltzmàrLn integro-differential

equationl6:

12

(2 . \4)D.f.al-

D

Ir<ti,fÍ )
l-

^where D is a differential operator defined by
l-

A/At + v .v (2.15)
l_

which incorporates the streaming operator v. 'v. J( f . , fj )

is a triple integral related to the dynamics of a"

bimolecular collision between species i and i, and fi i"

the velocity distribution function of species i which is

defined as the average number of molecules of the ith

species to be found at a particular time t in a unit

volume centred at position : from the origin and moving

within a unit range of velocities about Yi. At equilibrium,

t_



the solution

distribution

-(0)I.
a

to Eq. (2.L4) is the Maxwell-Boltzmànn

function,

ri (*i /2nkr) 3/ 2.*p(-rir? /2kr),

13

(2.t7)

(2.76)

where and m aîe the number density and molecular

,and k is Boltzmann'smass respectively of species i

constant.

Non-equilibrium solutions to (2.14) may be obtained

by the Chapman-Enskog approach which is applicable to systems

not too far removed from equilibrium. This approach is

essentially a perturbation method rvhich assumes that the

non-equilibrium solution is equal to the Maxwell-Boltzmànn

distribution plus a small perturbation term which decays

to zero as the system tends towards equilibrium, that is

f (0)

a
n.

L

f.
l_ a

( 1+,1.,i )

where üi is the perturbation function which is directly

proportional to the gradients in the system. The perturba-

tion procedure teadè\to an equati-on similar in form to

Eq. (2.14) with f. replaced by tÍo) on the left hand side,

and a modified integral containing tÍo) and the unknown

functJ-on, {li on the right hand side. The "linearised"
Boltzmann equation can be solved for üi by a variational

.L7technique'' or by the solution of an infinite set of linear

equations3. Both methods employ Sonine polynomials3 which

appear in the coefficients of the gradients. Having

determin"U rfi and hence the distribution function to the

order of the first perturbation, the transport coefficients

can be calculated by integrating the distribution function
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to obtain the appropriate flux vectors. If the second

method is used, the exact values of the transport coefficients

are obtained in principle from the ratio of two infinite

determinants. Fortunately in practice these may be

approximated adequately by finite determinants. Different

truncation schemes used by Chapman and Cowling3 and by

KiharalS converge very rapidly for the diffusion coefficient19.

The first approximation to the diffusion coefficient is

obtained by considerj-ng only the first term of the Sonine

expansion. Both methods give

¡¡ [Ð12] 1 = å,kr/2rprr)4/olrnlt'1)*(r*), (2.18)

where t...1 symbolises the mth approximation, .utz is the
m

reduced molecular mass mlm2/(mi+mz) of species 1 and 2

and n is the total number density. T'l is a reduced

temperature, equal to kTle¡2 where etz is the depth of the

potential energy well for the encounter between two unlike

morecures. nÍl't)o is a universal function of T*, which

has been tabulatedl0 for various potential energy

functions 0(r), including the widely used Lennard-Jones

(m,6) function,

0". r. (r) = e lm/(m-6)1 (m/6 ¡6 / 
(n- 6) t( o /r)^ -o /x)61 . (2.7s)

Here, r is the internuclear separation, O is a measure of

molecular size, taken to be the internuclear distance at

which 0".r.(r) = O, and m is a measure of the strength of

the repulsive force between the molecules and is commonly

assigned the value of it2. sì( 1' 1) * is actually a v'atio

obtained by divid.ing the coLLísion integt'aL n(l ' 1) , a'
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functional of 0(r), by the corresponding integral calculated

on the basis of the rigid elastic spheres model:

0*. r. (r) = æ if r(o, or 0 if r>o. (2.2O)

The collision integrals ç¿(Z's) are related to the Sonine

expansi-on coefficients, and in reduced form are useful for

the calculation of intermolecular force parameters from the

transport properti-es and vice-versa. They also provide à

measure of the departure of the molecular dynamics from

rigid spheres behaviour at a particular temperature. By

definition n(Z's)* for rigid spheres gases is identically

equal to unity.

It is notable that to the first approximation

(Eq. (2.18)) binary diffusion coefficients depend only on

interactions between unlike molecules, thus diffusion

measurements provide a useful tool for studying such inter-

actions. At this level of approximation the theoretical

dj-ffusion coefficient is independent of composition. It

can also be seen from Eq. (2,L9) that for a particular

system at constant temperature, the product n [Ðrr]r t"

invariant with number density and hence with pressure.

Higher approximations to the diffusion coefficient gàn

be calculated by using more terms in the Sonine expansion.

The Kihara second approximation (two terms of the expansion)
.20rs gr_ven Dy

n [Ðr z] n tÐr ,l r.(1+A' ) . (2.2]-)
2

where

A t = o. 1( 6cy2-5)2 G?Pr*xrxzP rr+xlP2)/ (xlai+xrxzQ iz+x?.Qi)
(2 .22)
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where *i a.Te the mol-e fractions of the two components.

If M. are the molecular weights and we define the
t_

quant it ies

Zt = Mr/(Mi+M2) (2.23)

and

F1 = o?z) (2.24)

with similar definitions for 22 and F2 by interchange of

subscripts, then the coefficients in Eq. (2.22) àre given

by

Pr = (2zrLt/MÐçzzr¡Un,

p tz = 75(ZrZz)2+82úzATz e .25)

ai = (2zrMr /M2+6Zz+g.2ZrATz ) çZZ¡4r,

Qi z = t5(zrzù2+32ZrZ,rn!r+t. 6(zrzr¡-ut rr,r.

p 2 and Q \ are similarly obtained by interchange of subscripts

1 and, 2. ¡-|z and Cf 2 a"re ratios of cotlision integrals

defined by

*
(2.26)

and Ctz

As Mason has =ho*rrl9 it is rarely necessary to make

calculations beyond the Kihara second approximation unless

high precision warrants it. In one such case Yabsley2 t h""

ca1g¡J^ated the Lennard-Jones (72,6) potential parameters etzlk

ànd. Õ 12 by comparing precise binary diffusion data for five

noble gas mixtures with the chapman-cowling fourth

approximation to the diffusion coefficients '

we conclude this section by summarising some of the

(CIÍ?'z) o 
o?r )/ (nÍrt ") 

o

n17,2)xlnÍl'1)o
ù

Aiz

CIÍl'2)*laÍå't)o
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main assumptions inherent in the Chapman-Enskog theory of
. 10dllute gases :-

(i) The size of the molecules is negligible compared

with the average distance between them. In the collision

term of the Boltzmànn equation (2,14) the distribution

functions of the colliding species are evaluated about the

same position I at the moment of contact.

(ii) Only binany collisions occur. It is assumed

that the occurrence of ternary and higher order collisions

is negligible in dilute gases.

(iii) The collisions are eLastie, that is the molecules

possess no internal degrees of freedom. Strictly this

requirement limits the theory to spherical molecules;

however, the coefficients of diffusion and viscosity àte

not affected greatly if this requirement is relaxed to

include polyatomic molecules, provided they do not deviate

too much from spherical sYmmetrY.

(iv) The mean free path is negligible compared with

the dimensions of the container, thus the gas behaves as

a continuum. The theory does not appty to systems which

are so dilute that a. significant percentage of the

collisions takes place between the gas molecules and the

walls of the container. A Knudsen gas is an extreme case

where gas-walI collisions predominate.

(v) The system is not far removed from equilibrium.

Consequently, the fluxes in the macroscopic properties of

the system are directly proportional to the gradients

prod.ucing them. Under such circumstances the system

obeys the Navier-Stokes equations of change. These



1B

equations are non-applicable only when extremely large

gradients exist at normaf pressures, as in shock waves.

If the system is extremely dilute, devi-ations from Navier-

Stokes behaviour may occur with much smaller gradients.

(vi) Classj-cal mechanics generally gives an adequate

description of the dynamics of the system; however, at low

temperaturesrcorrections must be made for the wave nature

of the light molecules, particularly the isotopes of hydro-

gen and helium. The only change to the formulae for the

transport coefficients occurs in the collision integrals

which arle evaluated in terms of phase-shifts instead of

angles of deflection. These quantum-corrected collision

integrals have been evaluated for the Lennard-Jones (72,6)

potential30'31.

2.5 EXTENSION TO MODERATELY DENSE GASES

In conflict with experimental observation the

Chapman-Enskog theory predicts that the product nÐtz cloes

not vary with number density, n. Enskog3 modified the

theory to take into account the finite size of the molecules;

however the assumption of binary collisions was retained.

For the sake of simplicity he considered a pure gas

composed of rigid elastic spherical molecules, and

introduced a quantity Y, dependent only on n for that

8âs, rvhich represented the factor by which the collision

frequency differed from th.at of a gas composed of point

particles on compression.

The function Y, related to the equation of state for

rigid spheres gases,
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p = nkT( t+frrrno ev) , (2.27)

is made up of tv¡o contributions, the first of which tends

to decrease the collision frequency due to the shielding

effect of the finite-si-zed molecules and the second, over-

riding the first, increases the collision frequency due to

the closer proximity of the molecules when the gas is

compressed.

The modified Boltzmann equation incorporates in the

collision term the factor Y which is evaluated at the point

of impact of the colliding spheres. The corresponding

distribution functions of the colliding molecules are

distinguished by the finite separation o of the centres of

the molecules upon impact. For self-diffusion the Enskog

rigid spheres density dependence is

n9 = (nÐ o /Y, (2.28)

where (n$)0 is the dilute gas value of the product and Y

is given by
Ry = t+ilnno3+0(n2). (2.29)

Enskog' s theory was generalised to binary mixtures by

density dependence of mutual diffusion isThorne

given

where

The

by

ú,, (nÐrz ) vl] ¡f+nnxrx2(ozz-or r)'( o22+orL)l (2. 30)
0

Ytz 7+(2nnl3) txroirE+xz o3z(5/4-E)1 +0 (n2)

and

(o 1 ¡+4o 2z) / (4o t t+4o zz)

(2,31)
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The term [1+. ..1 in Eq. (2.30) is the rigid spheres

expression for the non-ideality f actor ( â1na1/ ð1nx ,), ,n"''"'
It is derived i-n Appendix B using Guggenheim's expression

for the absolute activity ui of species i in a slightly

imperfect gas mixt ur"24 .

Eq. (2.3O) may be rearranged to express the density

dependence in the fo"rn25

nÐrz = (n$rz) [1+Br' "'n] (2.32)
0

where

-r. s.B ='rIx1x2 (ozz-ot I )2(o2z+orr)- Qn/3) [x1o?rE+xroEz(5/A-E)l .

(2.33)

Br's' may be regarded as a rigid spheres density "virial

coefficient" for mutual diffusion. Eq. (2.32) is in à

convenient form for comparison of the theoretical and

experimental density depenclences of diffusion in binary gas

mixtures at moderate densities.

rt has recently been demonstrated26'27 that Thorne's

equations are inconsistent with irreversible thermodynamics,

however the modifications proposed only affect terms which

a"re second order or higher in number densityzg'29.
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CHAPTER 3

E)PERIT,ENTAL

DIFFUS ION

DETERI\{INATION OF

COEFFI CIENTS .

3.1 TNTRODUCTION

The diffusion coefficients reportecl in this work have

been measured at pressures between 1 and 10 atmospheres.

The cells in which the measurements have been made a'Te

described in the next chapter. It is the intention here to

describe the method common to all cells in this laboratory

for the precise determination of diffusion coefficients in

binary gas mixtures, namely the monitoring with time of the

composition of the diffusing system with a matched pair of

thermistors forming part of a Wheatstone bridge circuit.

In all the ce11s diffusion takes place vertically along the

direction of the axi-s of a cylindrical channel sealed at

each end by ^ flat end-p1ate. The thermistors are mounted

inside the cell at two points symmetrically disposed about

the horizontal plane bisecting the ce11. The method is

completely analogous to Harned's for the conductimetric

measurement of y,esty,íeted. d,iffusion in electrolyte solutionsl

By Onsagerrs choice of positions for the two electrodes, the

mathematics of the analysis is considerabty simp1ified2l.
tGover' applied the same principle to the determination of

diffusion coefficients in gaseous mixtures using the

relatively crude technique of withdrawing samples

simultaneously from the ce11 through rubber septa located
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in the corresponding two positions and injecting the

samples into a gas chromatograph for analysis.

The advantage of using thermistors is that gas does

not have to be removed from the system for analysis. They

respond quickly to changes in concentratj-on by virtue of

their sensitivity to the thermal conductivity of their

surroundings. The use of thermistors in monitoring diffusion

is not r.*3'4 but more recently, workers using improved

techniques have been able to claim a precision in$12 of O,2%

or better5-13. Experimental evidence wilt be given later

in this chapter that difference in resistance of two

thermistors in a ceIl is essentially proportional to the

difference in composition of the gas mixture at the monitor-

ing positions. It will be shown that the diffusion

coefficient can be calculated from the following equation

by the method of least squares:

F(t) = AR(t)-An1-¡ = A'exp(-n{Ðr zt/L2), (3.1)

where A' is a. constant, L is the length of the cell, and

AR(-) is the difference in resj-stance between the two

thermistors at equilibrium. This quantity is non-zero

because the thermistors are not perfectly matched.

Since the diffusion coefficient is sensitive to tempera-

ture and pressure it is essential that the diffusion

apparatus be thermostatted and be impregnable to leaks.

In addition these quantities must be measured accurately

to enable the absolute determination of S12. A short

description of the apparatuses for controlling the

temperature and measuring the pressure will be given at the
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conclusion of the chaPter.

3.2 THE USE OE THERMTSTORS TO IIONTTOR DTFEUSTON

A thermistor is à semiconductor device whose resistance

is very sensitive to temperature. Since the heat generated

by a current passing through a thermistor may be sufficient

to change its resistance markedly, the "true" resistance

can only be measured at very low power. Under these

conditions the temperature dependence is governed by the

re I at io., 14

R2 = RlexplB(7/Tz-1lTr)1 (3.2)

where R. is the resistance of the thermistor at absolute
l_

temperature Ti, and ß is a constant related to the materia-1-

of the thermistor. Eq. (3.1) is the integrated form of the

equation defining the temperature coefficient of resistance,

o¿ f or a thermistor: -

o = (l/R)(dR/dr) = -g/T . (3.3)

The thermistor material is a mixture of metallic oxides.

Its temperature coefficient is large and negative, a typica1

value of cr, being about -4% per degree, irt contrast to a

small positive value for most metals, for example +O.4% pel"

degree for platinum.

It is the "self-heating" effect of thermistors which

makes them highly suitable for monitoring changes in

environmental conditions. When sufficient current passes

through the thermistor to raise its temperature above the

ambient value, its resistance fal1s, thereby permitting more

current to pass and heating the thermistor further. Unless
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the current is limited by putting a suitable resistor in

series, the thermistor may be destroyed. The thermistor

eventually assumes a final resistance corresponding to its

steady state temperature. This resi-stance will depend upon

the rate at which the heat generated in the thermistor is

dissipated. The thermal conductivity of the surrounding

gas will influence this to a large extent. The other

mechanisms for the heat dissipation may be controlted by

suitable design of the thermistor assembly. Convection is

minimised by making the thermistor as smal1 as possible and

conduction by the leads is kept to a minimum by making them

as fine as practicable. Since different gases generally

have different thermal conductivities they can be discrim-

inated in principle by measuring the resistance of the

thermistor in each gas. Where thermistors are used for

analysing the composition of gas mixtures the method works

best when the component gases have widely differing thermal

conductivities. For example the thermal conductivity of

helium is nearly an order of magnitude greater than that

of argon.

In this application the composition of the gas mixture

is not determined directly, but the difference in resistance

between two matched thermistors, mounted at positions L/6

and 5L/6 in a" cell of length L, is monitored at known time

intervals using a Wheatstone bridge circuit. Until recently

it had been assumed that the difference in resistance

between the two thermistors was directly proportional to

the difference in composition at the monitoring positions5.

This assumption has since been justified analytically for
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the particular bridge circuit used in conjunction with a

digital voltmeter15,16 but not with the "nul1ing" circuit

used original1y5. An experimental verification of the

proportionality using the hel-ium-argon as a test system is
presented in the next section

The thermistors used in this work \Ã/ere type Gt1-zp,

supplied in matched pairs by Fenwal Electronics, fnc.

(Framingham, Massachusetts). Each unit consisted of a"

small bead of "type B" material about 0.36nun in cliameter

coated with glass for protection from oxidation. The

leads were made from platinum-iridium wire 0.025 mm in

diameter, and \üere soldered to a bracket mounted on a glass

hermetic seal. The thermistor material had a ß value of

about 3500 K and rvas selected so that each pair was matched

in helium to within about O.7% of the nominal value of

8000 ohms at 298.16 K.

3.3 EVIDENCE EOR THE PROPORTIONALITY BETWEEN RESISTANCE

AND COMPOSTTTON DIEFERENCES

The proportionality assumption mentioned above was

tested by a simple experiment which simulated a normal

diffusion experiment by "taking snapshots", as it were, of

successj-ve stages in the run. This technique was accomplished

in the separate compartments of a T,oschmidt-type cell17.

The compartments were of equal volume and the contents were

made up to the same pressure with the aid of a l3ourclon gauge

(Texas Instruments, Houston). Helium-argon gas mixtures

were prepared in situ by partial pressures in such a way

that the mole fraction of helium j-n the top compartment

was always equal to the mole fraction of argon in the bottom
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compartment, the lighter mixture always being in the top.

In this \{âV, the measurement of a series of resistance

differences over a range of mole fraction differences from

1.0 to 0.0, simulated an actual diffusion experiment in

which pure helium diffused into pure argon by the lining

up of the tr,vo compartments.

The results are summarised in Table 3.1. AIl the

mole lractions x refer to argon, with compositions in top

and bottom compartments being distinguished by superscripts

T and B respectively.

TABLE 3.1

Resistance of thermistors versus composition of He/Ar

B Ax
^R(a)

AR'(A)x x

,t

i
,t

Þ,1^

¡

t
f,,l:

'I

ïl
t

I

I

i

I
tlrl¡l

f}
T

0. 0000

0. 1250

o.2499

0. 3750

o .4200

o.4599

0. 5000

1. 0000

o.8749

0. 7501

0.6250

0. 5801

0. 5400

0. 5000

1. 0000

o.7499

0.5002

0.2500

0. 1601

o . 0799

0.0000

1320.46

963.20

619.06

304 .77

191.63

100. 81

-1.13

L321.59

964.33

620.79

305.90

192.76

tat.94

0. 00

The quantity 
^R' 

was obtained by subtracting the last

AR value in the table from the rest. This particular

value, obtained when the concentrations in the top and bottom

compartments were equa1, is analogous to the equilibrium

value, AR(-), obtained in a rea1- experiment (See Eq. (3.1)).

In both câ.ses, the non-perfect matching of the thermistors
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account-ed for smaI1 residual valuesof AR.

The variation in AR' versus Âx over the range 0<Ax<1

equat ioncould best be represented by the

AR' = 3. i+116OAx+160(Ax)" (3.4)

for which a maximum deviation of I ohms could be expected

at t}ne 95% confidence level.

In a" real diffusion experiment, only the range 0<Ax<0.1

would normally be measured, corresponding roughly to a

maximum resistance difference of 100 ohms. The variation
of the slope of the curve (3.4) over this range is only

about 2%, thus there is no serious error made in assuming

that the difference in resistance of the two thermistors in

the cell is directly proportional to the difference in gas

composition at the two monitoring positions , that is, if I(

is a. constant,

^R(t)-An1-¡ 
= KAx. (3.5)

3.4 MEASUREMENT OF AR DURTNG DIFFUSTON

The bridge cj-rcuit used for monitoring concentration

changes during diffusion is shorvn in Fig. 3.1. It consisted

of the pair of matched thermistors with resistances denoted

by Rgr (top thermistor) and R21 (bottom thermistor) and two

mica-card standard resistors R+s and R42 rvith resistances

specified to be within O.O5% of 5000 ohms. The bridge served

as a divider to a constant voltage supply, V. A digital
voltmeter interfaced to a scanning device measured the

voltages V32 and V4 z in rapid succession and these values

were recorded automatically on paper tape by a data-Iogging
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The difference in resistancedevice (Schlumberger, U.K. )

between the two thermistors iwas calculated from

AR = (Rer-Rzr) = (R+z /Y+z)YtzY/(V+z-Vsz) (3.6)

where V was the output from the power supply (usually 3.500

volts). The above equation is exact if the resistances R,*g

and R4 2 a.Tê identical.

It is believed that the operation of this bridge is

more correct than that originally used in which AR was equal

to the resistance on a decade box required to "nu11" the
trbridge5. Yabsley and Dunlopl5 have shown that it is not

possible to obtain the correct diffusion coefficient with

the original method because the power dissipated by the

thermistors depends not only on the change in composition

of the surrounding gas, but also to à large extent on the

process of "nul1ing" the bridge.

Although the two voltages on the present bridge were

not sampled simultaneously (due to the approximate recording

time of O.32 seconds on the tape punch) this did not present

a significant source of error because the following voltage,

Y4z, varj-ed much more slowly than the leading voltùEa, Vsz.

At the commencement of the diffusion process, sampling

was withheld until Vs2 h.ad fallen to about 20 millivolts,

corresponding to a AR value of about 100 ohms. From that

point, between 100 and 150 readings were taken at equal

time intervals which had been preset on tn electronic timing

device. The intervals \ryere chosen so that an optimum

portion of the resistance-versus-time ".rt-r" *t" sampted. A

further 20 readings were taken after the system had reached
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equil ibrium.

3.5 CALCULATTON OF THE DTFFUSION COEEFTCIENT

In order to calculate the diffusion coefficient, the

way in which the composition of the gas mixture changes with

time must be known. The diffusion process is governed by

Ficklssecond law, which, for one-dimensional diffusion in à

binary mixture, is approximated by Eq. (2.9), For convenience

it is repeated here: -

çacr/ðt )r,T,p = Sr 2(à2er/ à22).,r,, (3.7)

(3.e)

where c , (z,t) is the

time t, at position

constant temperature

concentration of the ith species at

z along the direction of diffusion at

and pressure.

To solve Eq. (3.7 ) uniquely for cr(z,t) under the

experimental conditions, the appropriate boundary and initial

conditions must be specified. Since the diffusion is taking

place inside a closed vessel it is termed restnieted

diffusion. The gas cannot diffuse past the end plates,so the

boundary conditions may be stated as:

âc.(0,t)fàz= âc.(L,t)/àz = 0 (3.8)

where L is the length of the cell. We shall let z = 0 at

the top of the cell and z = L at the bottom. Furthermore,

we sha11 drop the subscript i from c.(z,t) but understand

that the concentration of the heauiez' component in the

mixture is being referred to. The general solution of

Eq. (3,7) subiect to the conditions (3.8) i"18

0 Ie(z,t) B +
k=1

Boexp ( -k2 rÐt zt /L2 ) cos (krz lL)



which,at zero time,reduces to the cosine Fourier series,

c(z,O)

The Fourier coefficients depend on

initial concentration distribution. In

initial distribution is approximately a"

33

(3.10)

the form of the

this laboratorY, the

step function:

"o 
* 

nir"u.o= 
(knz/L).

c(z,O) c(0,0) + u(z-a)c(L,0) ( 3. 11)

0, E<0

where u(E) = i (3.72)
l, E>0

and. a (0<¿(L) is the position of the "iump" or "boundary"

in the cel1. By equating the initial concentration

distribution to the Fourier seri-es (3.10) and evaluating

the coefficients (see Appendix c), the concentration

distribution function is uniquely determined.

The symmetry properties of the solution (3.9) enable

considerable simplification to be madel. If the concentra-

tion is measured at positions z and L-z in the cel1, alL

terms involving even values of k, including k=o, vanish

when the difference ac(t) is taken. Furthermore, if z is

chosen to be L/6, additional terms vanish when k is a

multiple of 3. The solution can now be written

Ac(t) =

where Ak =

The second

negligible
25 in the

calcu1 ate

Alexp (-nzÐtzt/L2)-Asexp( -2lrÐrrt/L2 )+. . . (3.13)

-ß"o (Br. is defined in Appendix C).

term in Eq. (3.13) very rapidly becomes

compared with the first by virtue of the factor

exponent. In principle, therefore, one can

the diffusion coefficient &rr, by fitting a set
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of measured concentration differences as a. function of

time to àn equation of the form

y(t) = AexP(-t/"t), (3.14)

where t is the relaxation time of the system given by

t = L2 /nÐtz, ( 3. 15)

Now since we have shown that 
^R(t)-nn1-¡ 

is directly

proportional to Ax, and since for gases in a fixed volume,

Ax is proportional to Àe, we may use the equati-on

AR(t)-nn1""¡ = Ar exp( -tlr ) (3' 16)

to determinu Sp
Since S12 varies

is convenient for

19by the method of non-linear least-squaïes

approximately inversely with pressure it

comparison purposes to calculate the

slowly-varying product pÐrz which is numerically equal

the value of Si 2 "cottected" to 1 atmosphere pressure

is expressed in atmosPheres.

more

to

ifp

In this work the reliability of the data could be tested

by fitting the set of resistances AR(t) to equation (3.16)

in which An1*¡ 'was an extra parameter to be determined. An

experiment was considered to be "good" if the experimental

and calculated values of AR(oo) were in concordance to within

O.O2 ohms. îo eliminate the possibility of such agreement

being merely fortuitous, successive groups of data points

were left out from the beginning of the set and 
^R(-) 

was

recalculated. In this respect a set of self-consistent

values of the calculated AR(-) could be considered to be à

stronger criterion for a "good" run. The uncertainty in

Ðtz was usually well within O.7%.
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3.6 MEASUREMENT OF PRESSURE

The introduction of gases into the cell and their

removal was accomplished with the aid of a manifold which

linked the ceII to the gas cylinders, the vacuum system and

a Bourdon pressure gauge. The vacuum system consisted of a

large T-shaped manifold providing "vacuum on tap" to two

independent dif fusion apparatuses. The base of the trTrt

was connected through a bypass system to a totary pump and

a water-cooled silicone oil diffusion pump.

The pressure transducer in the Bourdon gauge consisted

of a ho11ow quartz spiral with a small mirror at the end

housed in a capsule with two outlets. One outlet connected

the spiral to the system under test and the other connected

the rest of the capsule to the vacuum system. In this mode

absolute pressures could be determined on the gauge by

measuring the degree of unwinding of the spiral due to the

pressure difference across its wa1Is. The rotation of the

spiral was registered on a" d.ecade counter via a photocell

detector linked with a servo motor. This reading could be

converted into units of pressure by interpolating from a

calibration c]nart supplied by the manufacturer. In this

work a capsule suitable for operation up to t4 atmospheres

was used. A least squâres analysis of the calibration data

showed that the pressure p in torr could be calculated to

within ro.o2% from the gauge reading, G,using the formula

p = 5L.7149 c(0.5654 + 0.000025 G). (3.17)

3.7 TEMPERATURE CONTROL

The diffusion cell was completely immersed in a bath
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of deionized water kept constantly stirred with à rotor
I

powered by a"'/S h.p. electric motor. In all experiments

the water temperature was maintained to within 10.001 of

30OK aS measured on a mercury-in-91ass thermometer (Dobros,

Australia) which had been ca1-i-brated against a platinum

resistance thermometer. Constant temperature was achieved

with a mercury-toluene reLayzo .orrrr".ted to à 12 ohm pyrotenax

element mounted in the bath. The heat output of the element

was controlled by a thyratron regulator. For the temperature

control to be effective, the room temperature ïvas kept below

that of the bath so that the water would always be tending

to coo1. Since the bath had a large capacíty (about 625

litres), the controll-er alone usually could not compensate

for heat fosses. This was partially overcome ìoy using a"

base heater consisting of a 35 ohm pyrotenax element through

which the current from a variable A. C. voltage Source was

passed. Heat loss through the glass at the front of the

bath was minimised. by mounting a moulded polystyrene foam

board against it on the outside.
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CHAPTER 4

THE DIFFUSION CELLS

4.L TNTRODUCTTON

Although high pretcisí'on in the determination of Ð¡2

for gas mixtures has been claimed in this laborato ryL'2

it has been found that there àTe some discrepancies when cells

of different types and different sizes a.Te used. In this

study,two types of cel1 using matched thermistors to monitor

diffusion v¿ere compared. Three cel1s of each type had been

constructed, each differing in some aspect of thej-r geometry.

To facilitate the discussion somewhat, those of the first

type have been labe1led 41, A2 and 43, and those of the

second type have been labelled 81, B2 and 83.

The original form of the first type of ce1l, type A,

has been described in detail by carson and co-worke""1.

The type B ce1l, based on the design of Loschmidt3'4 has

been described by Staker et ait.2. A comparison of all six

cel1s was made by measuring in eaeltrthe composition

dependence of diffusion in the heLium-nitrogen system at

3OOK and a pressure of 1 atmosphere. The results of the

investigation showed tlnat only in category B did the results

for the three cells agree within the estimated experimental

precision of O.2% over the whole composition range'

Furthermore, results for the argon-nitrogen system in the

type B cel-Is were in complete agreement with experiments
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analysed with a mass spectrometers. In the tight of these

findings a more detailed discussion of the comparative

features and operations of the cells is given below. In

particul2;T,â" description is given of a new cell which was

used subsequently in the pressure dependence study of

diffusion.
The results for helium-nitrogen are compared with the

predictions of the Chapman-Enskog theory.

4.2 A-TYPE CELLS - DESCRIPTION

Each cell in this category consisted of a closed

cylindrical vessel with a vertical iet screwed into each

end plate, the outlets being made flush with the inner

surfaces.

The passage of gas through each jet was controlled by

a bellows valve (Nupro Co., Cleveland, Ohio), mounted in

close proximity to each iet on the outside. Various other

types of jets have been tested6, namely those which protrude

into the cell and direct the gas horizontally instead of

vertically into the ce1I. These iets, however, were not

used in this investigation. An illusirated description of

a representative A-type celI (41) has been given elsewherel.

The precise internal lengths of the three cells and the

internal di-ameters àre listed in Table 4.L.

TABLE 4.1

Dimensions of the A-type cells

Ce1l Length (cm.) Internal diam. (cm. )

A1

A2

A3

102. 00

45.019
44.999

4.65
4.65
2 .45



Cells A1 and L2

stainless steel

A3 was machined

were constructed from tYPe 316

tubing (wall

from a block

40

stock

. ), whereas

in diameter.

thickness 0. 16 cm

of lorass 7.6 cm.

4.3 A-TYPE CELLS - EXPERTMENTAL METHOD

with the aid of a manifold and the Bourdon pressure

gauge the first gas was introduced into the ce1l until its

pressure was between 90 and 95% of the finaZ pressure.

Generally, the first gas was a mixture prepared in situ

by partial pressures. The cel1 was isol¿rted from the

manifold by closing the bellows valves and the gas inside

was allowed to come to thermal equilibrium and to mix

completely, if appticable. when the difference in resis-

tances of the thermistors had become constantrthe Second

gas was carefully introduced at the top or the bottom,

depending on its density relative to the first Bâs, until

the required final_ pressure was obtained. The cell was

then isolated before the diffusion process was monitored.

It was assumed in this method that the initial

turbulence that must inevitably have been set up when the

second gas was added, disappeared by the time reâdings were

taken.

4.4 B-TYPE CELLS DE S CRIP?I ON

Two of the B-type cellsrdesigned basically after

Loschmidt3 and Strehlow4, consistecl of two identical

cytindrical compartments mounted on opposite sides of a'

pair of stainless steel circular plates 18 cm. in cliameter,

clamped together about à conmon pivot by a set of coil

springs. The sliding surfaces of the plates were lapped
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optically flat and separated by a thin layer of Apiezon

T-grease to provide the best possible vacuum seal and the

minimum hindrance to rotation. The ceI1 81 has been

described in more detail elsewhere2.

82 was very similar to 81 but was designed primarily

for diffusion runs above atmospheric pressure. Heavier

duty springs were used to reduce the likelihood of gas

escaping from the ce1l between the plates. As a further

safeguard, two viton O-rings were inserted between the

plates into two circular grooves concentric with the pivot.

One groove ïuas close to the pivot and the other was close

to the outside edge of the plates.

A third ceI1 83, which was radically different in

construction to the first two, is shown in Fig. 4.7. It

was machined from a cylindrical brass block 18.73 cm. in

diameter , Tuo diffusion channels, 18Oo apart were honed

out parallel to the axis of the block. The block was then

cut exactly in ha1f, perpendicular to the axis, and the

two adjacent surfacesrlrwere lapped optically f1at. As

with the other B-type cells rthe sliding surfaces were

Iubricated by a thin layer of T-grease as one block rotated

rvith respect to the other about a central stainless steel

pivot, R, which was 1.9O cm. in diameter. The two halves

of the brass block vvere hetd firmly together by àn assembly

of cupped washersrS, which, when compressed a total distance

of 1 mm. by the stainless steel nuts, N, exerted a restoring

force of 27 kN on the ends of the blocks. Forces of this

order of magnitude 'were necessary to prevent gas from

escaping through the greased interface at high pressures
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(about 10 atmospheres). In this respect rthis cell was an

improvement on 92 which failed to hold pressure satisfactorily

above 3 atmospheres. There were four separate compartments

in the brass Loschmidt cel-I ivhich, when lined up, formecl

two independent diffusion columns which we shall denote by

83(a) and 83(b).

The lengths and internal diameters of the B-type cells

are summarised in Table 4.2.

TABLE 4.2

Dimensions of the B-type celIs

Ce11 Length (cm.) Internal diam. (cm.)

B1

B2

B3(a)

83(b)

L77 .34

45.038

40 . o49

40.o49

4.65

4.65

2.54

3. 81

4.5 B-TYPE CELLS - EXPERTMENTAL METHOD

fsobaric gas mixtures were ptepared. in sì-tu in the

separate compartments by the method of partial pressures.

Each compartment was then isolated from the manifold by

closing the bellows valves and the mixtures were allowed

to equilibrate. The usual practice in a B-type cell was

to make up a mixture in one compartment on1y, and to have

a pure gas in the other compartment. In celI 83, this of

course, could be done in duplicate with the four compart-

ments. At the conìmencement of a runrthe compartments were

brought into alignment, thereby creating an initial
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concentration distribution closely approximating that of

a step function with the "jump" (the boundary) at z = L/2

(c.f. Eq. (3.11)).

4.6 FEATURES IN COMMON

In al1 cells the concentration changes were monitored

by a pair of matched thermistors mounted symmetrically at

a distance L/6 from each end and connected by shielded

cables to the opposite arms of a Wheatstone bridge (Fig. 3.1)

to which was applied a" constant potential difference of

3.500 volts. Viton O-rings were incorporated in the

thermistor mounting assembly to prevent unwanted leaks at

these points. All other non-moving metal-metal surface

contacts were sealed by lead O-rings, A (Fig. 4.7),

prepared tn situ by moulding lead wire into circular V-shaped

grooves. This particular feature was incorporated in the

construction of the cel1s except A1 and A2 in which Viton

O-rings were used exclusively.

Each cell, when in use, utas mounted in the water bath

on an adjustable three-point suspension and was levelled

prior to first usage to ensure that diffusion column was

truly vertical-. At1 operations involving the introduction,

removal and measurement of the pressure of the gases in

the cell were carried out with the aid of a manifold

consisting of a framework of rigid and flexible stainless

steel tubing and a number of bellows valves. The "plumbing"

was made pressure-tight at the joints by using Swagelok

doubl-e-ferrule fittings (Crawford Fittings, Cleveland,

ohio ) .
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4.7 THE COMPOSITION DEPENDEN CE oF a0 l2 FOR HELIUM/NITROGEN

In eâch cel1, a series of diffusion experiments ^t 300K

and a pressure of 1 atmosphere was carried out as a function

of composition in helium-nitrogen mixtures. The results

for each cell are listed in Table 4.4. The quantities in

each column a're, respectively, the mole fraction of nitrogen,

x(Nz), the pressure p in atmospheres and the product p&2,

which is numerically equal to the effective value of the

mutual diffusion coefficient at one atmosphere pressure.

An equatÍon most suitable for representing the concentration

dependence data i"7'8,

pÐrz = a*bxz/(1+cx2) (4.7)

rvhere x2 is the mole fraction of nitrogen , ànd a", b and

c are constants. The constants could be obtained by fitting

Eq. (4.7) to the composition dependence data by a non-Iinear

least-squares procedure9. A summary of the least-squares

analysis is given in Table 4.3. The quoted uncertainties

in the coefficients represent the error limits at the 95%

confidence 1eve1.

TABLE 4.3

Least-squares results for He/N2 using Eq. (4.1)

4 c ?kStd. dev. x1O8Ce11 *ax10 b

A1

A2

A3

B1

B2

83( a)
B3(b )

o.7048 !
O.7028 t
O.69õ2 t
0.7110 t
0.7091 t
0.7106 t
O.7099 ¡

0.0017 0.043
0.0013 0.048
o.oo22 0.062
0.0038 0.o27
0.0018 0.039
0.0016 0.033
0.0014 0.o27

. 2 -1àTe atm. m. s.

+

+

+

+

+

+

+

0. 018

0. 014

0. 033

o.o25
0. 017

0. 013

0.010

1.37
7 .82

t.9
0. 56

1.25
1. 16

o .72

0.40
o.63
L.2
1.3
0. 88

o.77
0. 58

8.1
3.4
5.8

+

+

+

+

+

+

+

3

6

2

2

2

2

7

4

*Units
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TABLE 4.4

Diffusion data for He/t[z àt 300K

x(N, ) p / atm. lgan$r 2/ atm. r2"- 1

CeIl A1

0 . 0618
0.0782
0. 079 3

0.0800
o . l7L7
o.L726
o .248 3

o.3624
o.4537
0.6057
0. 666 B

0. 669 I
o.7344
o.747 r
0.8024
0.879s
0.9198
0.937e
0.939s
0.939s

0. 098e
o. 100 I
0.199e
o .299 7
0. 376 I
o.377 r
0. 500 o

0. 650 3
0.6530
0.8000
o. 930 o

0. 930 1

0.9302

1.0o00
1. 002 5
0. 999 I
1.0000
1. 0086
1.0094
1.0036
1. 0100
1.010e
1. 0090
1.007s
1. 010 s
1. 002 o
1. 0132
1. 010 5
o .992 r
1. 0002
0.9808
O .979 3

o .979I

. o0o2

.999 s

.999 7

.999 7

.000s

.0001

.999 e

. 0002

.000r

.999 I

.999 s

.9998

Cel1 A2

o .7o7 2
0. 710 I
o .707 4
o.707 2
0. 7094
0. 710 r
0. 7130
0. 715 3

o .777 7
O.779a
o .72O r
0. 719 r
o .72O o
o .72O s
o .7276
o .7277
o .722 7
o .722 s
o .7277
o.7222

o .7o7 2
0. 7066
0.7096
o.7727
0. 7136
0. 7136
0. 715 3

o.776s
o.717 3

0. 718e
o .7L9 B

o.7\97
0. 719 o

0
1
0
0
0
1
1
0
1
1
0
0
0

9987

cont.
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TABLE 4.4 (cont'd.)

x(N p /atm. tooo0r 2/atm.,n2=-12

Cell A3

0. 10oo
0.1003
o . !497
o .329s
0.330s
0. 334 I
o .449 I
0.6003
0.6536,
0. 750 1

0. 8506
0.899e
0.9001
o .929 s
0.9301

1.0000
1. o0o 3

0.999s
O.999e
1.000e
1.000s
O.9997
1. 0887
1. O00s
1.000e
1.0000
1. 0002
0.999e
0.999e
1.000a

0. 698 3

o.6992
0.7005
o.7o43
0.703e
0.703e
o.7o4s
0.7068
0. 709 1

0. 708a
O.7O92
0.7101
0.7095
0.7096
0. 709 e

CelI 81

0. 1500
0.2500
0. 500 o

0.7500
0.850s

0.8808
0.880s
0.880s
0.8808
0.880s

.000r

.0000

.0003

.0006

.000s

.o000

.0002

.0000

.O00e

Cell 82

0.7135
0.716 1

o .72O 3

O.723s
o .725 5

.7t5 s

.717 2

.718s

.72L7

.7276

.721r

.72O2

.72O I

.722 s

.7252

.724 o

.724s

0. 062 5
0. 125 o

O.249 e

0.2500
o.374s
0.5000
0. 500 o

0.5000
0.5000
0.5006
o .625 o

o.749e
0. 750 o

0.85Oe

TLLo
713 e

0
0
0
0
0
0
0
0
0
0
0
0
0
0

000 e

0ooo
000 1

0002
000 i

1
1
1
1
1
1
1
1
1
1
1
1
1
1

cont.
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TABLE 4.4 (cont'd. )

I

J

I

x(N, ) p / atm. toonQ 2/atm.*2"-l

o. 100 I
o.2oo2
0. 300 r
o.5o0o
0.699e
o .799 s
0.899s

0. 100 I
g. 200 1

o.299 s
o. 5002
0. 700 e
0.9O00

CeIl B3(a) ( diam. 2.54 cm. )

1.OOOo
1. OOOo
1. O00a
1. OOoo
1. 000 r
1. OO0 3

1. 0002

cêlI B3(b) ( diam. : 3.81 cm. )

1. 000+
1. 0002
1.0001
1.0ooo
1. 000 r
1. O00o

O.7L37
0.715s
o.7L7 s
o.v212
o.723r
o.7242
o.724s

O.7L2ø
o.7t43
o .7L6 6
o.72Oo
o.7225
o.7246

I

fi

I

lt¿

li
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The data in Table 4.4 and the curves obtained from

plotted in Fig . 4.2.Table 4.3 a.re

4.8 DTSCUSS ION

An examination of Fig. 4.2 readily shows that there is

a" considerable variation in the diffusion data betrveen

different cells. It may be observed hov¡ever, that the

major variation occurs between type A cells, the fixed-

section type. For example, vrhen cells of different lengths

but rvith the same internal diameter are compared (41 and A2 )

it is seen tinat the values of p& z àre in reasonable agreement

at thè helium-rich end of the mole fraction sca1e, but differ

by about O.4% at the nitrogen-rich end. For the cells rvith

the same length but rvith different internal diameters

(Ã2 and A3) the composition dependences a:"e very similar

but the corresponding values of pÐt, differ by about L.2%i

In marl<ed contrast to the above behaviour, all results

obtained in the Loschmidt (B) type cells are consistent to

about O.2%, which is of the order of the experimental error.

The curves for cells 83(a) and B3(b) have been omitted from

Fig. 4.2 f or clarity.

The apparent geometry dependence of the diffusion

coefficient in the A-type cells seems to be a. consequence of

the "squirt-in" technique for setting up an initial concentra-

tion distribution. Since this dependence is not exhibited in

the Loschmidt cells it must be arL attefaet and therefore

such a technique is the wrong one to use in restricted

diffusion ceI1s. An undesirable feature of the A-type cells

is the sma11 "dead Space'r between the iet and the seat of

I

{

tþ-
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the Nupro valve. Since the space cannot be isolated in

this type of ce1l, gâs is diffusing tkrrough the iet at the

same time as the main diffusion process is taking p1ace.

One might therefore expect that diffusion coefficients in

ceIl A3 will be affected the most,whereasrin cel1 41, which

is 8 times as large, this effect will be least pronounced.

This is consistent with the trend in Fig. 4.2.

such an effect is absent in the Loschmidt-type ce1ls

because dead spaces a.re essentially non-existent. It might

be argued f¡at the method of boundary formation in a B-type

ceI1 is superior to that in the former type because the

pressures in the two compartments 2,îe the Same. Although

experiments in such a cell ¿'1.e always done in this way it

has been observed that deliberately-created pressure

differences of up to 30% between the compartments prior to

diffusion have no effect on the reliability of the run, nor

on the finat result1o.

An asymmetric Loschmidt cel1 which creates a boundary

close to the bottom end of the ce1l is being tested at the

present time11. The final mole fraction of the heavier gas

when two pure gases mix is 0.08. The purpose of the cel1

is to test the hypothesis that the diffusion coefficients

are independent of the position of the formation of the

boundary. Results to date indicate that for the helium-

nitrogenSystematx(Nz)=0.0Sthedifftrsioncoefficient
in the new cel} is about O.5% lower than the corresponding

values in the other Loschmidt ce]1s. It is interesting to

note that the results for this system and for helium-argon

are almost identical with measurements made in an A-type

I

I

_t

t
È

¡

I
r
i

,l

I
I

!

I

I
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cel1 of the sâme internat diameter, incorporating a special

type of j.t18. This iet has a much smaller dead space

associated with it. An important feature of its design is

a thin baffle, which protrudes about 0.8 mm into the cel1.

The incoming gas is deflected horizontally by the baffle

ensuring that most of it is initially localised at one end

of the ce1l. One can envisage that the concentration

profile formed in this fashion bears a closer resemblance

to the idealised step functi-on than the one generated by

the simple jets used in ce11s 41, A2 and A3 where the incoming

gas is directecl vertically into the cell.

Since the problem of a geometry dependence did not

arise in the symmetrical Loschmidt-type cells it was

considered that they were giving accuv'ate and precise

results for the absolute determination of the diffusion

coefficients. It is interesting and indeed encouraging to

note that in the ni-trogen-argon system in a 50/50 mixture,

a comparison of mass spectrometry and thermistor bridge

analysis 1ed to identical results in cell B1 which in turn

were identical to those obtained in 83(a) and B3(b)5.

on this basis, the new brass Loschmidt cell 83 was used

in the subsequent systematic pressure depenclence study of

binary gas mixtures containing helium, the main subject

matter of Chapter 5.

9 THE THEORETICAL COMPOSTTTON DEPENDENCE FOR HELIUM-

NTTROGEN

i

4

Having preciselY

of nÐt, at 3OOK and 1

established the composition dependence

atmosphere for helium-nitrogen in the
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Loschmidt cells it was considered worthwhile to compare

these results with the Chapman-Enskog theory. The theoretical

composition depenclence was evaluated ùt the Same temperature

and pressure using the Kihara second approximationl2 (uq.

(2.2L)) to the Chapman-Enskog formula for the mutual diffusion

coefficient. Quantum-corrected collision integralsl3 for the

Lennard-Jones (12,6) potential moclel were used in the

calculationl4. The potential parameters orj and e ij/k and

their sources are listed in Tab]e 4.5.

TABLE 4.5

The Lennard-Jones (12,6 ) parameters for the
helium-nitrogen sYstem.

l

o ( nm)ij e lk (K) Ref. L{ethodij

He-E[e

He-N2

Nz -Nz

o.2576

0. 3120

0.385

to.22

36. 18

47 .6

15

L6

L7

Viscosity

Viscosity

SeI f-di ffus ion

The theoret icat composition dependence is represented in

Fig. 4.2 as a broken 1ine. on comparing this curve with

the experimental ones it appears that the Chapman-Enskog

theory tends to over-estimate the composition dependence of

the di-ffusion coefficient for the helium-nitrogen system.

This is borne out by the comparison of the theoretical and

experimental ratios of the diffusion coefficients at the

two composition extremes as summarised in Tab1e 4.6.
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TABLE 4

Tkre comparison of the

6

theoretical ratio,
(pq2 )* =1/ 

(p4z)*
0

2 2

with the experimental ratio.

{nÐrr)* =1/ (nÐtrl*
=0

2 2

Theoreti ca1

A1

^2
A3

B1

B2

B3( a)

83(b)

1. 033

L. 026

l. o24

1. 031

t. o24

L. O24

t. o22

t. o22

The theoretical curve lies bel0w the curves for the

Loschmidt ce11s by about 1"7to, a difference that cannot be

attributed to experimental error alone, since the estimated

precision was about O.2%. This disagreement is understandable

considering that nitrogen molecules are non-spherical and

therefore àrç strictly not suitable for representation by a'

Lennard-Jones model. The parameters themselves a"re subject

to a wide variation due to varying degrees of experi-mental

precision and different temperature ranges over which the

parameters a"re averaged for this particular potential

funct ion .
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CIIAPTER 5

THE PRESSURE DEPENDENCE OF DIFFUSION

5.1 INTRODUCTTON

It was shov¿n in the previous chapter that of all the

y,esty,ieted díffusion cetls constructed in this laboratory,

only the Loschmidt type cell could be used for the precise

alosolute determination of the mutual diffusion coefficient

over the rvhole composition range of helium-nitrogen mixtures

at 1 atmosphere and 300K rvithout the ambiguity of àî

apparent geometry dependence. cel1 82 was the prototype

Loschmidt cel1 for measuring diffusion coefficients at

pressures above 1 atmosphere. The failure of this cell to

hotd pressure satisfactorily above 3 atmospheres led to the

design of the brass block diffusion ce1l, 83. In this cell,

there could be no possibility of the surfaces of the inter-

face being distorted by the force of the springs ' The

cupped ,ffashers, which replaced the coil springs, enabled

much greater forces to be used in preventing the sliding

surfaces from being prised apart by the gases at high pressures '

The new feature of two independent diffusion channels of

different internal diameters (Tab1e 4,2) and with separate

filling ports, enabled duplicate experi-ments to be carried

out simul-taneously, hence providing a valuable check on the

precision of the data.

Before undertaking à systematic pressure dependence
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study in several binary gas mixtures, it was considered

worthwhil-e to investigate to what limits the thermistors

could be used reliably in diffusion measurements. The

conclusion drawn from this study was that only i-n mixtures

containing excess helium would one consistently obtain the

most reliable measurements over the pressure range to be

studied. On this basis, diffusion coefficients were measured

in binary mixtures of helium with six other gases over the

pressure range of 1 to I atmospheres. In all experiments

helium constituted 90% of the final mixture.

The density dependence was determined from the experi-

mental results and was compared with the Thorne extension to

Enskog's theoretical dependence based on the rigid-sphere

molecular mode1. The rigid spheres model as such failed to

predict the density dependence satisfactorily for alI systems.

However, following Enskog's approach, a modified form of

Thorne's equation, relatable to equation of state data, \¡¿aS

tried and found to give good agreement in most cases.

5,2 INVESTIGATTON OE THE COMPOSTTTON DEPENDENCE ABOVE

ATMOSPHERIC PRESSURE

As in the previous chapter, hel-ium-nitrogen mixtures

were again used aS the test system. Having successfully

determined the composition dependence of the diffusion

coefficient of this system at 1 atmosphere and 300K, to

better than o.2% in both channels of cell 83, a similar

determination was attempted at higher pressures, aS had

previously been done in cel1 A2l. This proved to be

unsuccessful at 3 and 5 atmospheres, aS can be Seen in the
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first graph in Figure 5.1. The solid cuïve represents the

smoothed composition dependence of the product pÐr, at 1

atmosphere evaluated from the combined results from both

channels of the brass block diffusion cell, 83, which were

tabulated in Chapter 4. The apparent composition dependence

of pÐr, measured at 3 and 5 atmospheres was extremely

uncertain, especially towards the nitrogen-rich end of the

composi-tion range. This generally coincided with a poor

agreement between the resistance-versus-time data and Eq.

(3.16). When the pair of thermistors from one diffusion

channel vuere interchanged with the pair from the other, a

similar deterioration in the reliability of the experiments

at 3 atmospheres was observed as the mole fraction of helium

in the final mixtures decreased, although this time the

agreement between the two channels had improved considerably,

as can be seen in the second graph in Figure 5.1. The latter

position of the thermistors was retained for the remainder of

the project.

1It has been suggested that a" larger proportion of

energy is dissipated from the thermistors by conueetion as

the density of the gas increases. It therefore appeared that

the best way to study the density dependence of binary

diffusion with the minimum interference from the convective

effect, was to limit the experiments to mixtures in which

helium was in excess. This unfortunately narrowed the scope

of the project, in which a pressure-composition dependence

ïvas aimed for; however, such a restriction seemed iustifiable
in view of the fact that each pair of thermistors had only

been matched in a heLium environment by the manufacturer.
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It was indeed found in the above experiments that the mis-

matching of the thermistors became steadily worse as the

final mixtures becamo less rich in helium (see Fig. 5.2).

5.3 EXPERTMENTAL TECHNISUES AT ELEVATED PRESSURES

Other factors contributing to the uncertainty in

measurements at higher pressures included (i) the pressure

of mixing due to the non-ideality of the gases, and (ii)

the presence of leaks, predominantly at the interface, which

became worse as the pressure inside the ceII increased. The

pressure of mixing could be minimised by confining the study

to helium-rich systems. The estimated pressure increase in

all systems studied amounted to no more than about O.O7% at

9 atmospheres in a final mixture of 90% helium (see the table

in Appendix A). The leaks which caused the most problems were

mainly attributable to the escape of gas between the sliding

surfaces. Unless one was to resort to dismantling the cell
and regrinding the surfaces of the interface, the only

effecti-ve way available to reduce this type of leak was to

increase the force keeping the surfaces in close contact.

The original clamping arrangement, consisting of heavy duty

coil springs retained by large stainless steel adjusting nuts,

was eventually replaced by sets of cupped washers capable of

exerting a maximum force of 2OO kilonewtons when the adjust-

ing nuts vuere fu1ly tightened. To test the effectiveness of

the new assembly the whole ceI1 was pressurised with helium

at 7 atmospheres, isolated from the manj-fold and allowed to

stand undisturbed for 16 hours. It was found that over this
period the pressure fe1l by only O.4%. At 7 and 9 atmospheres
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it was sometimes observed that a few small bubbles of gas

escaped through the interface during the process of rotating

the two halves of the cell into alignment, however this
behaviour \r¡as intermittent and was assumed to be negligible.

InternaL leaks caused problems at higher pressures. In

this situation, gas leaked from one compartment to another

via the interface, because of the existence of a pressure

gradient between the separated compartments. This problem

usually arose during the preparation of the gas mixtures in

situ, but it was always possible to prepare them i-n such a wa'y

that the pressure difference between the different sections

was kept to a minimum at all stages. It was therefore not

only convenient but also desirable to carry out two experi-

ments simultaneously in the two channels of the cell, so that

there would be no leakage of gas between the compartments.

After the second gas had been added, the mixtures were

allowed to equilibrate until constant resistance difference

readings were observed for both pairs of thermistors. To

ensure that all compartments were at the same pressure prior

to the commencement of the diffusion run, helium was care-

fully bled through the valve outside each compartment until

the required pressure was obtai-ned. The pressure adjustment

in this "topping-up" procedure was usually very small and

hence did not cause a change in composition in the compart-

ments. This was because the gas displaced into the compart-

ment from the space between the outside valve and the filling

port T,vas of the same composition as that in the compartment.

The change in composition which occurred in these spaces did

not have any effect provided that the ceIl was rotated as



soon as possible until each compartment was isolated from

its filling port. If this procedure was carefully carried

out, no composition change was detected unless the pressure

adjustment was large due to a bad teak. In some systems a

"reverse topping-Up" procedure was used. For example, the

pressure of mixing for the helium-sulphur hexafluoride system

at x(He) = 0.8 was so large that the mixture had to be bled

fnom the compartment to obtain the correct pressure before

commencement of the exPeriment.

5.4 INITTAL TRANSIENTS

At the commencement of the diffusion run in a Loschmidt

type ceIl the following effect was often observed. Instead

of the resistance difference between the top and bottom

thermistors starting to decay as soon as the initial concen-

tration distribution relaxed, there was at first no reaction,

but shortly the resistance difference, aR, on the bridge

began to increase until it passed through a maximum and then

decayed normal]y. The first phase could be attributed to

the finite time that the "taiIs" of the concentration gradient

took to reâch the thermistors, but the response in the second

phase was seemingly anomalous. The Dufout' effecÚ would not

have been responsible because it would have acted in the

opposdte directlon, that is the top thermistor would have

been heated and the bottom one cooled. This, in faet, would

have enhaneed t1¡e decay in the resistance difference between

the thermistors.

of miæùng

case both

63

of the

thermistors
It would appear then, that

gases was à determini-ng factor.

the

In

heat

this
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'"vould have been heated but they would have been affected

differently because they were in different environments.

It had been observed that this phenomenon was partícularly

pronounced when the mole fraction of helium in the final

mj-xture was less than or equal to 0. 5 . Presumably, at the

beginning of the diffusion process, the heat generated by

mi-xing was dissipated much more slorvly by the heavier gas

surrounding the bottom thermistor, than by the helium-rich

gas around the top one. The bottom thermistor must therefore

have been heated initially to a greater extent than the top

one, thereby causing aî initial decrease in the difference

in resistance.

The magnitude of the initial transient was typically

of the order of O.5% of the bridge signal observed prior to

the commencement of the diffusion process. This effect was

apparently pressure-dependent, âs one might anticipate, if

it were caused by the heat of mixing effect (c.f. Eq. (2.L2)).

Table 5.1 indicates qualitatively this faet for the case of

pure helium diffusing into pure nitrogen in the brass Losch-

midt cell àt 300K.

TABLE 5.1

Effect of pressure
equimolar mixture of

on transient signal
helium and nitrogen

in àn
at 300K

p(atm. ) Transient (%)

3

5

0

0

6

8
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5.5 THE PRESSURE DEPENDENCE OF DTFFUSTON IN SIX BINARY

SY STEMS

Mutual diffusion coefficients at 300I( were measured

over the pressure range of 1-g atmospheres in mixtures of

helium with four other noble gases, namely neon 
'al.gon,

krypton and. xenon, and with the polyatomics, nitrogen and

carbon dioxide. All experiments were performed by allowing

pure helium from the top compartment to diffuse into a mixture

containing 80/o helium, resulting in a finat mixture containing

go% helium. All gases used had a purity of 99.99% except

carbon dioxide, for which the purity was 99,9%.

In most cases, dupli-cate experiments were carried out

simuLtaneousLy in both channels of the brass Loschmidt cell.

The a.DeTq.ge results from the two channels àr"e listed in

Table 5.2 and a plot of the product p4, as a function of

the pressure, p, is given in Fig. 5.3. The data were

adequately represented in linear form by

úr, = (n4z)o(1+op¡, (5.1)

from which v/ere obtained

and e, appearing in Table

their standard deviations

n=

least-squares parameters (n8,

3, along with the estimates of

the

5

) 0

For each system, a set of quantities, tQ.r, was

calculated from the corresponding quantities, pQZ, where

the number density, n, was related to the pressure, p, by

The second pressure virial coefficient, B' , of

was evaluated at x(He) = 0.9 using Eq. (2.7L)

p/ trrq r + ein )l . (5.2)

the mixture

and the
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TABLE 5.2

Results for six binary systems of helium at 300K

p(atm. )a toanQ 2(arm.
2-l

m. s. )

He-Ne He-Ar He-Kr He-Xe He-N, He-CO,

1

2

3

4

5

7

I

1. 101s

1. loos

1. 1016

1. 1005

7.7022

1.1020

7.7O2s

O.74Os

O .74Oa

O.7392

0. 7393

O.7397

0. 7396

O.739a

O .6477

o.6407

0.640s

O.6407

0. 640a

0 .6400

0.6398

o .547 7

0. 546 s

o.5462

0. 5456

o .545 2

o.5446

0. 5435

O.7772

o.71-07

0. 710a

o. 7106

o. 7106

O. 7106

0. 7108

O .607 2

0.6057

0.6058

0.6051

0.6046

0.6038

0.6030

aActual pressures 1ie within 0.05% of these values

TABLE 5. 3"'b

Least-squares parameters from Eq. (5.1)

He-Ne He-Ar He-Kr He-Xe IIe-N, He-CO,

ro4 ( n$r, )o

108

to4 o

104

1.1oos

4.8

7.77

0. 86

o.7406

3.0

-0. 98

o .79

0.641s

2.O

3. 16

0.60

o .547 7

2.2

-8.49

o.76

0. 7108

2.O

-o.32

o.54

o .607 2

2.6

-7.90

o.82

S.D

S.D

"units: (p$t2)o, atm.t?.11 ;
-10, atm

bS.¡. is standard deviation of parameter.
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(2-s)
experimental virial coefficient data

Table 5.4.

listed in

TABLE 5.4A'b

Second pressure virial coefficients

10
L'B:.

l-l
-1( atm. ') to4e i, { atml 1 

) to4n'1 atmll )

He

Ne

Ar

Kr

Xe

N2

Coz

4.67

4.59

-6 .34

-2A.5

-52.O

-L.70

-49- .6

(2)

(2)

(2)

(2)

(2)

(2)

(2)

5.04 (3)

7.38 (3)

8.2L (4)

11.65 (4)

8.63 (3)

8.53 (5)

o.4L

8.22

L6.L2

35.32

7.L4

31. 00

asubscri-pt i j-s equal to l for He; 2 for all other gases.

bR.f"""rr." appeârs in brackets.

The quantity E' is the eæeess second pressure virial coeffic-

ient def ined by Eq. (2.13).

An equation of the form

nÐr, = ("Ð12)o(1 + bn) (5.3)

'was fitted to the nQr-versus-n data by the method of least

squares. The parameters ("42)O and B¡ together with their

standard deviations àre listed for the six binary systems

in Table 5.5.
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TABLE 5.54

Least-squares parameters from Eq. (5.3)

,i

i

He-Ne He-Ar He-Kr He-Xe He-N He-CO
22

to-21çnårr)o z.6g2s 1.8106 1 .5690 1.339 7 1.7392 1.484s

10-18 S.D

BÐ

S. D.

L.4

-7. 02

0.41

0.8

-2.68

0. 33

o.4

-3.26

o.22

0.6

-5 .76

0. 34

0.8

-2.48

o .37

0.5

-5. 08

o.27

10

10

29

29

tunits: (r$rz)0, *11"11 ; BÐ, m-3

5,6 COTLPARISON OE RESULTS WITH THEORY

The experimentally determined values of B" in Table 5.5

could be compared directly with the corresponding quantity

"rt'"' 
calculated from Eq. (2.33), by rearranging Eqs. (2.32)

and (5.3) to

(nÐrr)i(nQr)o = (1 + 
"Ð''"'tt) G.aa)

and ("q 2)/(nÐ12)o = (1 + BÐ.n), (5.4b)

and comparing the ratios as a function of number density, n.

tå'"' rffas evaluated by using the Lennarcl-Jones (L2,6)
, L ï_parameters o;i"' as appro>rimations to the hard sphere

diameters, oii. These parameters, and their sources are

listed i-n Table 5.6.

TABLE 5.64

Lennard-Jones (L2,6 ) distance parameters

lt,

f

$

FIe Ne Ar Kr Xe N CO
2 2

"ii (nm)

Ref.

o.260

(6)

o.273

(6)

0. 336

(6)

o. 357

(6)

o.392

(6)

0. 385

(7)

0.408

(7)

asubscript i is equal to 1 for He and 2 for the other
gases.
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hBy using Lennard-Jones parameters exclusively in the

evaluation of B!'s' in Eq. (2.33), the results in Table 5.7

below were obtained. It was found that these values showed

negligible variation from one system to another, compared

with the experimental slopes, B¿, from Table 5.5.

TABLE 5,7

Transport virial coefficients from LJ distance parameters

He-Ne He-Ar He-Kr He-Xe He-N He-CO

¡

I
d,'ri
{

,l

ïI
I

I

I
I

2 2

ro2eef,'s'1,n-3¡ -2.36 -2.59 -2.64 -2.69 -2.69 -2.70

In general, the agreement loetween the experimental and

predicted first density corrections B, and 
"Ðt'"' 

was very

poor, undoubtedly the result of arbitrarily inserting

Lennard-Jones distance parameters into the rigid-spheres

expression (2.33). The rigid-spheres model is so unrealistic

that it fails to predict even the correct sign of the excess

second virial coefficient appropriate to a" given mixture.

It is shown in Appendix B that this last quantity, E'(r.s.),

is aLuays negatíue, whereas the experimental value, E', is

usually found to be positiue, âs shown in Table 5.8.

TABLE 5

Second pressure virial coef f icj-ents:
a comparison of experimental values, E',

with rigid sphere vafues, E' ( r. s . ) .

ga

He-Ne He-Ar He-Kr He-Xe He-N He-CO
2 2

104E'

to4p'(r.s.)

o.41

-0. 02

8.22

-0. 66

t6 .12

-1.11

35.32

-2.t8

7.12

-7.94

31.00

-2 .87

"Units of Er e;re atmlr
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since real gases do not conform to the rigid spheres

model, the notion of a;rL effeetiue rigid spheres diametev' is

introduced in order to make practical- use of a. formula such

as Eq. (2.33) for correlative orpredictive purposes. EnskogT

suggested that the rigid spheres equation of state, Eq . (2.27) ,

could be extended to real gases by identifying the pressure,

p, with the thermal pressure, T(ap/af)v, since the internal

pressure, (ðU/ UV)f due to intermolecular forces is necess-

arily equal to zero for rigid spheres, that is

(v/R)(ðp/ar)V = r + frnno3v. (5.5)

If p is expanded in virial form (c.f. Eq. (2.10)), it

follows thatT

i
.t'¡

àþ.

'i
rt

f
,l

ïI
t,

I

I

I

B' + T( dB' /dT) 2t¡o3 / 3kT. (5.6) t'
ûrj
åì

il,
I

Hence, a temperature-dependent effective rigid sphere

' eff for à real gâs, i, can be calcurated fromctaameter, oii

the compressibility data for the gas. The values of "::t
in Table 5.9 were cal-culated from Eq. (5.6) using the 

r-1

smoothed experimental virial coefficient data listed in

Dymond and Smith,2 with the exception of carbon dioxide, for

which the data of Dadson et al.8 was chosen.

TABLE 5.94

Effective rigid spheres diameters

He Ne Ar Kr Xe N co
2 2

eff
l_l

(nm) 0.193 O.245 O.344 O.397 O.454 0.353 O.49O

asubscript i is equal to 1 for He and' 2 for the other

o

gases.



The effective values, o;lt, when substituted

Eq. (2.33) showed no improvement whatsoever in the

agreement betv¿een the experimental slopes and the

"ått 
values, displayed in Table 5.10.

TABLE 5.10

Transport virial coefficients from effective
rigid spheres diameters
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into
general

result ant

I

I

I
I
¡

,F.

I

I

'f
{

He-Ne He-Ar He-Kr He-Xe He-N He-CO
2 2

ro?9ejrt(.n-') -1.06 -1.0e -0.e8 -o.74 -1.08 -o.46

The first term of Eq. (2.33) is derived from the

rigid spheres form of the activity factor (ð1na1/ð1nxr)r,p

This term nay be rervritten as -4xlxzE'(r.s)kT (see

Appendix B). As we have already noted, excess virial

coefficients, E'(r.s), calculated from the rigid spheres

model, faíl. to gi-ve even quaLitatiue agreement with

experimental values. One might expect an improved

prediction for the value of BO by replacing the rigid

spheres quantity, E'(r.s), in the first term, bY the

corresponding experimentat value. The results of such à"

calculation, using the experimental data in Table 5.8,

àre shown in Table 5.11.

TABLE 5.11

Transport virial coefficients with
experimental activity contriloutions.

He-Ne He-Ar He-Kr He-Xe He-N He-CO
2

tott";' a' 1r- 3 
¡ -1.15 -2.64 -4.05 -7.78 -2.54 -6.77

2
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A comparison with Table 5.5 shows that this modified

coefficient, 
";'"', 

was generally in better agreement

overall with the experimental values than in the previous

two calculations. The experimental trend is now mirrored

in these values.

AfurthermodificationofEq.(2.33)wastested

following the comparative SuccesS of the previous calcula-

tion. The second part of the equation was replaced by an

empiricaL expression of the same form:-

12nd term No [x1Bi1E + xzBh.z(5/a - E)l (5.7)

where N¡ is Avogadro's number, and

i

c"îf t' + +o||t'> tr+df r' * - eff
4o z2 ) (5.8)

I

This scheme simply involved the replacement of the

expressions for rigid sphere virial coefficients,

2ro?i/skr, by the experimentaL values, Bii. The factor E

wâs evaluated in terms of the effective rigid spheres

diameters from Table 5.9. The results of this calculation

are shown in Table 5.72.

TABLE 5.T2

Transport virial coefficients with empifical formula.

He-Ne He-Ar He-Kr He-Xe IIe-N, He-CO,

10
29

"å*n 
(r- 3 ) -1. 33 -2 .3t -3.23 -'5. 50 -2.26 -4.98

These values, surprisingly enough, agreed excellently

with the experimental values in Table 5.5. The deviations,

AemP, âs shown in Table 5.13 ïvere comparable with the
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standard deviations of the experimental slopes, BÐ, for

aLL systems.

TABLE 5.134'b

Deviations, A, of the various calculated values
of the density correction compared with the

standard deviation, SD, of the experimental s1ope, BÐ

l_\
S

l.\
eff. Ae'a'

^enP
SD

r

He-Ne

He-Ar

He-Kr

He-Xe

He-N,

He-CO

-L.34

0. 09

o.62

3. 07

-o.2L
2 .38

-0.04

1. 59

2.28

5.02

L.40

4.62

-0. 13

0. 04

-o .79

-L.42

-0.06

-1.69

-0. 31

o.37

0.03

o.26

o.22

0. 10

o.47

0. 33

o.22

0. 34

o .37

o.27
2

"U.rits are m-3 x10 A calc. exp.-29 b

5.7 DISCUSSION

When attempting to predict the ratio tÐrz/(nÐrz)o as

â. function of n, using the Thorne-Enskog theory, the

activity contribution to the density dependence must be

evaluated from experimental compressibility data. As

pointed out by Tham and Gubbin=,10 the diffusion coefficient,

Dr2, of Thorne in the relation,

nDtz/@Dtùo = Y-1, (5'7)

incorporates an activity factor which tends to unity as

the mole-fraction of one component of the mixture tends

to zeto, or as the density of the gas leads to zero. It

is appropriate that if experimental diffusion coefficients
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Ðr, are measured, they should be corrected to the

corresponding Thorne diffusion coefficients, Dr2, using

experimental activity factors, (1 - 4x1x2E'p), prior to a

comparison with the factor Yrz. I{hat we have done in the

third set of calculations was equivalent to thj.s, and we

immediately obtained a set of calculated slopes which in

terms of a trend lryere qualitatively similar to the

experimental sloPes.

The proposed empirical modification of Y12 â.s given

in Eq. (5.7) is attractive due to its simplicity and due

to the ready availability of virial coefficients data for

many pure g"""". 2 The retention of the E factors makes

the extension compatible with Thorne's expression, while

the use of effectiue rigid spheres diameters to obtain

these values is a Togica] application of Enskog's empirical

extension of the rigid' sphere theory to real gases. 7

Bennett and Curtiss9 have generalised Eq. (2.3g) to

a functional of soft potential functions; however, their

theory does not adequately treat bound states. Their

numerical tabulations unfortunately do not include any

values for mixtures, therefore it is not readily possible

to obtain any predictions from their formula.

The effect of bound states on the density dependence

of diffusion in binary mixtures is very difficult to

estimate because of the several different types of species

occurring in the monomer-dimer equilibrium. The problem

is simplified somewhat if one of the components is present

only as a trace.ll However, the pressures attained in
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this project were negligible compared with those for

which such effects would be considered significant.
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APPENDI)( A

THE PRESSURE OF MIXING IN A B-TYPE CELL

The Loschmidt or B-type celI has been described in

Chapter 4. \4Ie shal1 consider the pressure change which

takes place in a" sammetrieaL ceLL when reaL gases mix.

In a typical experiment, the top compartment of the

ce1l may contain a pure species, 1,rvhi1e the bottom com-

partment contains a mixture of species 1 and 2, where 2

is the heavier component. we shal1 label with super-

scripts T ancl B, quantities belonging to the top and bottom

compartments respectively. Assuming no gas is lost by

leaks when the compartments a"re aligned we may write a

conservation of matter equation for this particular

experiment

+Bvl+v
T
I

B
2 v1 + v2 (A. 1)

rryhere v. is the number of moles of species i ' The
l_

partial pressure pr is related to the number of moles
-l-

v. by the equation of state:
l_

(A.2 )RT| .2.aaV
l-

p

where z. is the compl'essibility of the gas i '
l_

conservation equation in terms of the pressures

* pBvB ¡uB

The

l_s

pTrvT /rTt

total volume of the

Since the cell is

Therefore the final

pVlz, (4.3)

ceII and p is the

symmetri cal ,

pressure is given bY

where

final

V is the

pressure

VA=VB

Tr+P

+v.

p (z/2) (pÏ /, u /ru) (A.4)
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The compressibility z, expressed in terms of the virial

pressure expansion, is

z(xz,p) = 1+ B'(xz)p + (4.5)

where B'(xz) is the second pressure virial coefficient of

a mixture of composition x2. since the final pressure p

is also contained in the leading term on the RHS of (4.4)

it may be extracted by i-teration, using the avera€ie

pressure in the separate compartments as à first

approximation.

similar expressions to Eq. (4.4) may be written for

the cases (i) when the bottom compartment contains the

pure species 2 and the top compartment contains a mixture

of 1 and 2:
T (A.6 )p = (zl2) (p z

and (ii) when eacln compartment contains a pure species:

p= (A.7)

The following table Iists the percentage pressure

increase for a number of systems aS a function of the

initial average pressure. The final mole fraction of

helium in each system is approximately 0.9.

/
B, B.þz/zz)+T

B, B.Pz/zz)+(z/2) (pr, /rrt
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TABLE 4.1

Pressure of mixing (%) as a" function of pressure

p
( atm. )

Itre-Ne He-Ar He-Kr IXe-Xe He-N2 He-CO2

-\1 8.2x10 r

-L3 2.4x1O

-lt5 4.0x10
-tt7 5.6x10
-lL9 7.2xLO

1.6x10

4. 9x10

8.2x10

1. 1x10

1. 5x10

3.2x10

9.7xLO

1.6x10

2.3x10

2.9x10

-?7.1x10 "
_,

2.LxLO
-t3. 5x10
_t

4 .9xLO
_t

6 .4x10

1.4x10

4.3x10

7.1x10

9.9x10

1.3x10

-16.2xLO J

-t1.9x10
_,

3.1x10
_,

4 .4xLO

-t5.6x10

-3

-3

-3

-2

-2

-3

-3

-2

-2

-2

'3

-3

-3

-3

-2
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APPENDIX B

DERIVATIOI\T OF THE NON.IDEAL ITY TERM IN (2.30)

From Ref. 24 in Chapter 2, the absolute activity a1

of species 1 in a slightly imperfect binary gas mixture

is gì-ven by

1na1 = fna! + Inx1 + ln(p/po¡ + (Bír + zxfÛ'¡p, (8.1)

where "! is the absolute activity of the pure species t

at temperature T and standard pt.t"rrt. po. On differen-

tiating rvith respect to (lnxr) at constant temperature

and pressure,

(alna1/â1nxt)r,Þ = 1 - 4x1x2E'p. (8.2)

E' is the eûeess second pressure virial coefficient

defined in Eq. (2.13).

The rigid.-spheres expression for the second pressure

virial coefficient, 
"ij(r.s.), 

is

B:.(r.s.) = 2ro1,/3kr (8.3)- ij' r-J'

rvhere ú. is the distance between the centres of colliding
r_J

species i and i on impact. It follows that

E'(r.s) = (2r/3kT)(oiz å(ol r

but since we have for rigid sPheres:

oLz = å(orr + o22),

we find that

+ o3zz)), (8.4)

(8.5)

E'(r.s.) = -(r/akT)(ozz - olr)2(ozz + orr), (8.6)
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and on substituting into (8.2) we obtain

(alnar/a1nxt)t,p = I + rnXlxz(ozz orr)2(ozz+ o11),

(8.7)

since n = p/kT.
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APPENDTX C EVALUATTON OF FOURIER COEFFICTENTS IN

EQ. (3.10)

The initial concentration distribution function in

the diffusion cells used in this work is approximated by a

step function given in Eqs. (3.11) and (3.72) and this

function is also represented by the Fourier series in

Equation (3.10). The coefficients in Eq' (3'10) are

obtained by making use of the orthogonality property of

cosine functions: -

ÍL(2/L) J """ 
(krz/L)cos (Lrz/L)dz = ôrZ (C'1)

0

where ôtZ = 1 (if k=L), or 0 (kfL)'

Thus for klO:-

rL
Bk = Q/Ð J [c(0,0) + u(z-a)c(L,0)] cos(kt¡z/L)dz

0

a.

(2 /L) | c(0,0)cos (krz/L)dz

L

+ c(L,0 ) cos (l<trz/L)dzl
u

0

(2 /kr )sin (kn a/L) tc( 0,0 ) - c(L,0 )l

= -(2 lkr)sin (kr a/L) Ac(0), (c.2)

and for k=0: -

L
Bo = ( 1/L) lc(0, O) + u( z-d)c(L,0)l Az

0

Ía.lLl c(O,o) + [(L-d)lLlc(L,0)

c (the mean concentration).




