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SUMMARY

Two different diffusiqn cells are described,

each incorporatlng thermistors as ,the concentration

detectors.

The first ce1l, the two bul-b apparatus, was

originally employed by Ney and Armistead. For the

purposes of comparison, the shearing cell-, based upon

a design of Loschmidt, is also employed. The con-

struction and assoclated theory behind each of these

dif fusion cel-l.s is explained at some length.

Experimental evidenee is presented justifying

the assumption of a direct proportionality between the

difference in resistance between the two thermlstors

1n a particular diffusion cell and the corresponding

concentration difference .

Equations derived by Mason et al. are used to

develop an equation describing the behaviour of a

diffusing gas in a capillary at low pressures. This

equation is used to descri-be the results obtained with

the two bul-b apparatus. It al-so of f ers an explana-

tion of the anomalous behavi-our observed by Van Hey-

ningen et al-. in blnary systems containing hel1um.

I^lith each cel-1, diffusion coefficients are

obtai-ned for the He/+r and He,/O, systems at 300K.

The two bulb apparatus results require an extrapolation
to yield the high pressure limiting diffusion coefficient.

Results obtained from both cel-ls are then
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compared with the predlctions of the Chapman-Enskog

theory. A further comparison is made with three

recently formulated correl-ation functions.

FinalÌy, the two bul-b apparatus is utilized

in an attempt to find the effect of a magnetlc field

upon diffusion 1n the Ãr/Oc system.
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I N'T RODU CT ION

1-BIn recent years a number of PaPers have been

published dealing with binary dlffusion coefficients as

measured by the method involving thermistors as concen-

tration detectors. The results of van Heijnlngen et
1)aI.-" are noteworthy 1n that they present diffusion

data as a function of concentration over a wide range of

temperatures.

It woul-d appearrhowever, that because of thei-r

experimental- reproduciblllty of l- 2% some finer details

of the Chapman-Enskog theory9 have been overlooked.

In the first chapter of this thesis a brief

description will be given of the Chapman-Enskog theory

of diffusion. However, these results are restri-cted

to the dil-ute gas region where gas-waIl interacti-ons are

negligible.

EmpJ-oying equations d.erived by Mason et tl-.10 to

describe fl-ow in porous media, câpillary diffusion being

a particular example of this flow type, expressions wifl

be derived describing the behaviour of a diffusing gas

1n a capillary.

In the second chapter, two different types of

cel1 are described. The first is a two bulb apparatus,

based upon a design of Ney and Armi-steadr11 which is con-

structed to operate at low pressures. The second cell

type j-s a shearing cel-l- based. upon the design of Loschmidt.12

Both cell-s incorporate two thermistors for the measurement
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of the concentration changes. The basic construction

and underlying theory of both cel-ls is explained.

In the subsequent chapter, the problem of the

proportionality between the difference in reslstance

between the two thermistors and the corresponding concen-

Lration difference is considered. An expression is

d.erived showing a direct proportionality, under normal

experimental- conditi-ons, in one of the circuits anafysed.

Resul-ts are also given tnat confÍrm the method of

measuring concentration differences in this work as being

legitimate.
In Chapter IV the experimental results are pre-

sented showing the concentration dependence of two

systems , He/Ãr and, He/OZ, using the two different

diffusion cel-ls described.

The resul-ts for the two bulb apparatus require

a further interpretation since gas-wall- collisions con-

tribute to the diffusion coefficient. Equations derived

in Chapter I are used to explain these results.

Further analysis of these equations provides an

explanation for the anomal-ous resul-ts obtained by van

Heijningen et al_.2 for concentration dependence studies

of systems containing helium.

Finally, Tesul-ts obtained using the two diffusion

cel-l-s are compared. The theoretical concentratj-on

dependenee of the two binary systems is calcul-ated using

the results of the Chapman-Enskog theory. A comparison

is made between the èxperimental resul-ts and the predic-

tions of this theory.

The last chapter is a study of the magnetic field

hi
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effect, the so ca11ed. ttSenftleben-Beenakkerrr effect,

upon diffusion. Magnetic fle]ds change the transport

processes of most polyatomlc molecul-es. However, in the

case of diffusionr13'14 no such effect has been observed.

The two bul-b apparatus has been used 1n this

work to study the postulated effect. The procedure and

riesults obtained from tne Ar/OZ system will- be detalled

in the concludlng chapter.
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CHAPTER I

BINARY DIFEUSION COEFFICIENTS

T. L Chapman-Enskog Theory

Modern kinetic theory has developed from

Maxwellts statistieal description of gas behaviour.

Following Maxwellts work, Boltzmann formulated an integro-
differential equation describing the velocity dlstribu-
tion function for molecules in space and time. The

sol-ution of Boltzmannfs equation yields a full descrip-

tion of transport processes in dilute gases.

A solution of Bol-tzmannts equation9 *r" independ-

ently and simultaneously formalised by Chapman and

Enskog, âs implied in the name. The solution contains

the following assumptions :

( 1 ) onLy binaz,y eoLLisions o ceur .

This assumption is inherent 1n the deriva-
tion of Boltzmannrs equation and, therefore,
restricts the application of the solution

to dilute gases.

(ii) MoLeeuLes possess smq,LL mean free paths.

At moderate pressures, collisions with

confining wa1Is are insignificant. Thi_s

treatment does not account for gas-walI

collisions, which become important at

l-ower pressures. This poi_nt wil-l be

considered in greater detail in section
(1.3).
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( i-ii ) SmaLL perturbations .

AII transport processes arise out of

deviations from an equilibrium situation.

ft must be assumed that these perturbations

are small so that the mol-ecular fluxes have

li-near gradients.

(iv¡ ELastie CoLLisíons.

Molecules are considered to be monatomic.

However, âs diffusion is not greatly

dependent upon the presence of internal

degrees of freedom, the theory may be

considered appllcable to s1mp1e polyatomic

molecules,

The Chapman-Enskog sol-ution of Bol-tzmannrs

equation describes the diffusion coefficient as a si-ngle

unknown Ín an infinite set of equati_ons which cannot be

sol-ved exactJ-y. The solution invol-ves a method of
successlve approximations. Two such proeedures commonly

used are the method of Chapman and Cowling and that of
Kihara.

Kiharars method is somewhat simpler and conver-

gence occurs more rapidly than in the treatment of Chapman

and Cowling. However, it has the disadvantage of being

difficult to generalise beyond the second approximation.

FortunatefV, the convergence of both of these procedures

is very rapid. (See section (1.2)).

1,2 Diffusion Coeffieient Equations

--l

The first approximation to the diffusion
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coefficient is identicat for both schemes and can be

written thus:

(Ørr), en
a >2 t*313ì

-l

2v l,rj ( 1,1¡,t
t2

(1.1)
2

PO CI72

where ltz = (mrmr)/(n, *,2) is the reduced mass, T the

temperature, k Bol-tzmannf s constant, P the pressure, Õ.-2

the distance between the mol-ecul_es when the interaction
energy is zero and n:t't'n the reduced diffusion cot-t-ision

i-ntegral being a function of the reduced temperature
tfT (T = kT/e where e is the depth of the potential

energy wel-l- ) .

Collision integrals represent an effective cross

section for the scattering process and, as such, depend

upon the choi-ce of the intermolecular potential function.
The higher approximations of both methods may be

written as:

(fl.) 
M = (Ørr) , rf t' (r .2)

where tÍt' accounts for higher approximations.

The Chapman-Cowling seeond approximation may be

written as:

I2 7 !2 (1.3)

whereas the rel-evant Kihara expression takes the form:

(Ð (fr

(Øt2) 
2

(ø ) (t/ (t-L ))

) I (r+A ) (r.+)! 7222 72

The coefflcient, defined as:

2( 6c -'s )1.2
I2 10

*1 t2

L1.2' is

2_ 2_*ior +xrP 2+*r*zP 12

"|a rn"f,a 2+x r* ze tz

(r.s¡

where

A

and are the mole fractions of the light and
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heavy gas respectively, ci 2 is a ratio of col-l-ision

integrals and the Pts and Qts are complicated expressions

involving various col-l-ision integrals as well as mofecufar

weights. These expressions differ slightly for the two

methods of approximation. (Appendix I)

Most of the composition dependence of the diffusion

coefficient is contained in eqn. (1.5). Expressions

for the higher approxi-mations to the Chapman-Cowling

method are extremely complicated and appropriate equations

may be found in refs. (15) ano (16).

At this stage it is worthwhife to compare the two

schemes for varying orders of approxi-mation.

rn Tabr-e ( r . r ) betow, the ratio (frrr) 
4/ (frt) r is

given for the Chapman-Cowling method and these resul-ts

are compared wj-th the ratio (þrr) 2/ (J.-2) t for Klharars

method. The Ue/Ar system at 300K is used in this

example. Like and unlike parameters were obtai-ned

from ref. (2) and collj-sion integrals for the Lennard-

Jones (12,6) potential function from refs. (17) and

(rB).
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Comp az,i s on
of the

TabLe ( 1.1 )

of Appz,oæímatíon Sehemes
Chapman- Ensko g The oz'y

*2 Chapman- Cowling
(Ø12) 4/ (Ø 

t2) t
Kihana

(ñr.r) 2/ 
(Ð12) t

0 1.0002

1.0079

7 .0737

1.0184

7 .0222

1.0253

t .027 I

1.0302

1.o32!

1.0338

1.0353

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

00

079

144

19s

236

268

293

313

328

340

350

0.1

o.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1_.0

Such calculations indicate that convergence of

both procedures is complete after four steps and that the

Kihara second approximation is sufficient to describe the

enti-re concentratlon dependence of the diffusion coeffic-
ient.

In Chapter IV experimental- resul-ts wil-l- be com-

pared with Kiharats second approximation to the Chapman-

Enskog theory



I

1.3 Knudsen Diffusion

A basj-c assumption in the Chapman-Enskog solution

to Boltzmannrs equation is that the molecul-es have smal-l-

mean free paths. If gas-wa1l collisions do become

important, their effect is not predicted by the Chapman-

Enskog sol-ution.

In one of the diffusion cel-ls employed 1n this

work, gas-wall collisions are important and their effect

must be taken into considerati-on.

In the following sections two treatments of the

problem wil-l be considered. The first, a momentum transfer
argument gì-ven by Pol-Iard and Presentl9 and then a com-

plete Chapman-Enskog type treatment of the problem.

ELementaz,g tv,eatment s,

Diffusion through a capiJ-lary is considered for

a1l- foll.owing discussions. The mean free path, .0, may

be def i-ned as :

t - ({z r n o2)-t (1.6)

n being the number densì-ty and o the distance of closest

approach.

At very 1ow pressures, the mean free path becomes

large in comparison to the capillary diameter, and con-

sequently, the diffusion coefficlent, DiK, is defined by

the capillary dimensions, namely:

iK 2/3v.n
l_

D l_ (t,z) (t .7 )

where r is the capil'Iary radius and ;, the mean Maxwel-l-
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ian velocity deflned thus:

,2

l_ !r2 (1.8)

The subscript, K, refers to the low pressure, or Knudsen

diffusion coefficient and the M. are the mol-ecular weights

of the gases.

At these pressures, the gases wil-l diffuse

independently. At higher pressures, where inter-

mol-ecular col-lisions predomlnate, the normal Chapman-

Enskog dif fusion coef ficlent , %t def i-ned in eqn. ( 1. 2 )

prevails.

In the region between rrnormalrr and Knudsen

diffusion, the so cal-1ed tftransition regioûtt, the be-

haviour l-ies somewhere between these limits.

In the treatise of Pol-Iard and Pres"r,tr19 equa-

tions relating the effective sel-f diffusion coefficient

to the capillary radius and mean free path were derived.

These equations are:

a

8RTì

-l
lTM-I

L)

(l (r

(r

)

)t

D

D

(t.zza+ + 3/4t-n(#rri
9">r

!,<r

..)
(1.ea)

(1.eb)

+t eff 1K

(l 3 .t.
- -)8 r'eff 7t

D
71,

where y is Bul-er's constant, (Dr)err the effeetive self

diffusion coefficient and Dtt is the mean free path

expression for the self diffusi-on coefficient.

Equation (1.94) reduces to the Knudsen diffusion

coeffj-cient at very low pressures and at relativeJ-y small

mean free paths a linear dependence of the sel-f diffusion

'1 _

å "rr



It
coefficient upon (Pr)-t j-" predicted by eqn' (1'9b)'

(Tne mean free path is inversely proportional to pressure ' )

This treatment is Successful in deriving equations

that predict the diffusion behaviour at the two extremes

of pressure, but it does not provide any description of

diffusion in the transltion region.

The fotl-owing expression, in the same form as

eqn. (1.9b), was rationalised by Van Heijningen et ul.I'2

for binary diffusion:

(PD t (PÐt2) 7 :/l
r1 )

( 1.10 )

where Ct is a constant and Dtz is the effective binary

diffusion coefficient taking into account gas-waIl

collisions.
Substituting eqn. (f .6 ) i-nto this expression

gives:

)
2

n
2(PÐ )(r P"

( 1 . 11)
72

Cz being a redefined constant.

This equati-on predicts that the diffusion co-

efficient will be a l-i-near function of lrr)-1. However,

the concentration dependence of the mean free path must

be considered. This takes the fo"t,20

+ (1.1.2)

irj rr2 +

(PD12)

a(/2ttn.o1 .a l-l-
o

l_

)

7+"r"?- ['
l

where the subscripts

action.

ii and ij refer to the type of inter-

A concentration averaged mean free path may be
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written as

L (1.13)
AV

This average has been employed in other applications. 2r,22

For binary gas mixtures, [.r, should replace .Q, in

eqn. (1.10). As in eqn. (1.9b), this expression pre-

diets a l-inear dependence of the diffusion coefficj-ent
4

upon (p")-'. Once again there is no indication of how

the d,iffusion coefficient behaves in the transition region

and at what val-ues of (Pr)-1 do such effects become

inportant.

In the following section a Chapman-Enskog type

treatment of the problem will be given which provides a

fu11 description of a diffusing gas in a capi-llary.

L.4 Chapman-Enskog TApe Treatment:

Equation (f.ff) was deduced from elementary

arguments and, therefore, suffers from the l-imitations

inherent j-n any simple treatment.

rn a series of papers Mason23-26 et al. considered

the effects of composition, pressure and temperature

gradients upon the diffusion process i-n porous medi-a.

These resufts were subsequently improved upon in a further
10puDtr_catr_on.

The porous media is visuafised as a hypothetical-

array of gi-ant dust particles whieh are hel-d statlonary

i-n space. Flow through such a medium invol-ves diffusive,

viscous and geometrical considerations. By assigning

appropriate geometrical constants, equations derived from

such a treatment are applicable to diffusion in a

capillary.

ttL t + *2L 
2
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Zhdanov et 
^I. ,2T using an expansi-on of the

Maxwell distribution functj-on by Gradfs 13-moment method,

derived flux equatlons in terms of pressure, composition

and temperature gradients.

Using these equations as a starting point, Mason

10et al. -" derived expressions for the individual f l-uxes

of the gases by employing the proposed "dusty gas" modef.

A speci-fic example of the results is diffusion along a

capillary at constant temperature and no net fl-ow.

The derived equations are as follows:

Jt =-(D )(¿n1E x,ôa'l/dz) +

2-x (1-ô )(r /entr)P(¿P/dz)
1. 7

'{

7

1+

-!

7

1K

dP
dz

(1.1aa)

(1.i_4b)
x

7-,
(t4 

7/14 )"

*2 l.'rl
ú)ãñ-l

J ßrt, -(l / t<.
2K

+
D

-t -1.where ( I (Ð + (l) )1E 1.2 1K

( (l )/(fr ))TE 72

/n2K 1K

Jl_ being the flux of species 1, J the total fl_ux, (lra)

an effective binary diffusion coefficient and (dp / dz)

the pressure gradient establ-ished along the capillary.
For a closed system, the total flux, J, equals zero.

Expressions for the seeond component are found by inter-
change of subscrj-pts.

A sma 11 pres sure grac-Lient must e x j st, since the

individual ffuxes of,the gases differ. This pressure

gradient then counteracts the effect of the dissimifar
fl-uxes and estabfishes a quasi-steady state.

ô..

ßr = t - (l ) 1.



1 . 5 Pre s suTe Gz'adient :

An expression for the pressure gradient along a

capillary may be obtained as follows:

EliminatinS J, from eqn. (1.14) yields, after

some manipulati-on, the following differential equation:

16v n
1.

14

P:r

-t

( r 16 )

t t +
â 2t^ Izl

3(PÐ12),J
(dP/dx ) = -Pß (r -ß +t

2

(1.15)

If the first two terms of this equation are set

to zero, the resulting expression may be integrated to

yield:

8\Ø" ^AP=#u"
r

ßrx,(l')T

I ß (0)
7

x
7

where ñ is an averaged viscosity and xr(O) and xr(L)

refer to the mole fraction of gas at the lower and upper

ends of the capillary, respectively.

This expression was first derived by Kramers and

^OKistemakert' in L9\3 in relation to the pressure gradient

established during diffusion in very fine capillaries.

Littl-e j-nterest was shown in the subject until 17 years

later when McCarty and Mason29 rediscovered the effect,

which became the subject of considerabl-e theoreticaf and

experimental investigations . 30-33



15

Equation (r.r5) is applicable at a1l pressures.

0f the terms enclosed in the brackets, the first is

important at extremely low pressures where the predomin-

ant cofl-lsions are of the gas-wall type, the second term

at intermediate pressures and the third term at higher

pres sures .

Integration of eqn. (1.15) 1s difficult, but if
the differential- approximations of Ap=dp and Axr:dxa are

made, and the mean val-ues of xltx2tt)t and p taken, then

the resulting equation becomes the Kramers-Kistemaker

effect at al-1 pressures.

L.6 Diffusíon Coefficíent Equatíons at Lou pyessures

If a steady state is assumed and the diffusion
coefficient is considered to be independent of compositlon,

then eqn. (1.14a) may be used to derive an expression

rel-ating the experimental diffusion coeffici-ent to the

Chapman-Enskog diffusion coefficient.
Equation (1.14a) may be written in the form:

-nD (dx / dz)Jt (r .1.7 )t2 7

where D !2 (¡
7E 7 7

This equation is in the form of Fickfs first 1aw,

the Qtrantity, Drz, being ãn appavent diffusion coeffieient
containing contributions from both Knud.sen and vi_scous

ffows. rt is this quantity that is measured in this
type of cel_l.

Equations (f.f4¡) anO (f.fZ) may be lntegrated,
along the connecting tube, by making appropriate differ-
ential approximations, once again substituting the mean

xr(t ô )(r2¡8n)(¿Pl¿x )
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values for *1, x2, n and. P. combj-ning the two result-

ing equations and substituting for the pressure gradient,

AP, deri-ved in seetion (1.5), yields, after some manipula-

tions :

(pD tz)= (PÐr ) (t+¡(Pn)-1 ) (1+(,q+B) (Pr)-1*c (Pn)-' )-t

where

(1.18a)

(1.18b)

(1.18c)

(1.18d)

A (16/3)v nb
2

B (PÐt2)b/(2/3v,)

C 8nb(PÐr 2)(!-gt)

b (1.18e)

This equation provides a full description of a

diffusing gas in a capillary of radius, r ' and at a

total pressure, P. Appropriate geometrical constants

given by Mason et a1.10 have been substituted into the

equation above.

One of these constants does require some discussion.

This is the so called slip factor which is introduced as

a constant in eqn. (1.7). This faetor takes the vafue

of 0.59 according to Maxwel-Its theory of slip, 0.81

according to Knudsents experiments and the calculations

of Mason et al-. reveaf a val-ue of 0.9 . The limiting

value of this coefficient is one. It will be seen in

Chapter IV that the experimental- results of this work are

best reproduced by eqn. (1.18) if a vafue of one is

employed.

A typicat plot of this function is presented j-n

-4( 1-xrßr )
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fig. (f.f) for the system He/O2 at 300K. At low values

-1of (Pr)-' the graph is linear wlth devi-ations occurring

at higher vafues of the abscissa.

For l-ow val-ues of (pr)-l eqn. (r.rg) may be

approximated to:

-7 ( 1.1s )(pr ) )

the limiting slope bei-ng given by ç-n{eÐrr)). Calcula-

tions show that deviatlons of eqn. (f.fg) from this

limiting function amounts to 0.2% at 1er)-1 equal to

3500 (atm.cm)-1 increaslng to approximately I/" at ler)-1

equal to 68oo (atm.cm)-1. For the apparatus used. in

this work, (Chapter II) eqn. (f.f9¡ suffices.

Equation (f.f9) may be rewritten in the form:

!2 , tÐr ,) (t-B ( Pn )

(PD ) ( r+e'( Pt -t(PÐ!2) )(pr)t2 t2

+2(B' (PD1 ) Ir)-t)2*. . . . ) (1.20)

where B, = b/(z/svr)
providing a direct method of calculating the Chapman-

Enskog diffusion coefficient for low values of 1fr)-1.
Equation (f.fB) should be used as a fitting

function, the only unknown being (PÐ12). By mlnimizing

the reslduals between experimental- and predicted data,

the curve of best fit may be obtained.

Comparison with experimental results wil-l- be

given in Chapter IV.
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CHAPTER TT

DIFFASTON CELLS

2. L fntyoduction

Two types of diffusion cell wil_l be considered in
this chapter. The first, a two bul_b apparatus, was

developed by Ney and Armisteadll to study the sel-f

diffusion of UF6. For comparison, a shearing cetl_

based upon the design of Loschmidtl2 is ut1li zed.. Relevant

approximations made in the theory of both cells wil-l be

treated. Effects due to the non-ideality of the gases

used will al_so be consldered.

2. 2 Tuo BuLb Apparatus

The

Armistead:

(i)

foll-owing assumptions were made by Ney and

The vol-ume of the connecting tube is negligible
when compared to the volume of each bulb.

A quasi-stationary state exists implying thaí
the fl-ux of a component is constant atong

the connecting tube and, therefore, a

linear variation in composition exists.
The composition gradient l_ies entirely

along the length of the connecting tube,

plus a certain distance beyond each end.

In other words, it is assumed that an

appropriate end correction made to the

tube length adequately defines the extent

(1aJ

( r_aa ,)
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of the concentration gradient. The end

correction is analagous to the theory

appertaini-ng to .orrnd. 34

Intelligent desi-gn of the apparatus may minimize

errors resulting from the above assumptions. The sig-

nifi-cance of these assumptions will be discussed l-ater.

2.3 Construetion of the Díffusion CeLL

Reference may be made to the accompanying

diagram. (fig.2.7)

The bulbs were constructed from type 3l-6 stain-

less steeJ, while the connectlng tubes were precision-

bore brass rods which were fitted to the bulbs using

swagelok f ittings. All taps shown r^rere Nupro bel-l-ows

vafves . ( Crawford Fitting Co . , Cleveland, Ohio )

As experiments were performed at pressures of

several torr, it was necessary to take extra precautions

against leakage. To this end, al-l- taps and fittings were

argon welded. The l-eak rate of the cel-l- was better than
_6,

4x10 " torr/min.

Stainless steel fl-exibl-e tubing was employed to

connect the cel-l to the gas cylinders and vacuum system.

An Edwards diffuslon pump, incorporating a
r

rotary pump, was used to obtain pressures of 2x1O-u torc
after several hours of operation.

Pressure measurements were made using a manometer

containing "degassedil silicone oi1. (Oow Corning 704)

Speclal attention was needed to ensure complete ttdegassingt' 
.

This was achieved with the aid of a smal-l_ magnetically

operated stirring device.

The cell was mounted in a large waterbath and
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vertically aligned wlth a splrit l-eve1. Temperature was

maintained at 300K and control-led to within t 0.001K by

means of an on-off type mercury-toluene regulato r,35

Concentration changes were monitored with two

Fenwaf type G II2 P thermistors, one in each bul-b .

Seals between the cel-1 and thermistors were made vacuum

tight using O-rings. El-ectrical- connections to the

hlheatstone bridge were made with shiel-ded two-core cabl-e.

Ful-l detaifs of the thermistors and of the bridge circuit
used wil-l- be glven in Chapter III.

2.4 End Coyz,eetion AnaLysie

It was found necessary in construction to ad.vance

the connecting tube into the cel1, resulting in a well_

defined frange, namely the annulus at the end of the tube.

As mentioned earlier, the concentration gradient
does not terminate at the end of the tube but contlnues

into the bul-bs. For an infinite flangur34 the end

correction is found to be 0.82r (r being the tube radius),
whereas when no fJange34 r 36 exlsts, the correction is
0.58r.

In practice, the flanges at the ends of the

connecting tube l-ie between these two extremes and., there-
fore, the end correction must fall between the limits
aforementioned.

Paul wirz37 i-nvestigated the problem of end correc-
tion variation with flange width and constructed a series
of tubes of different diameters and lengths. He assumed

that the correction behaved exponentiarly and fitted the
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data to the equation:

g = 0.60 + 0.22 exp(-knlw) (2.r)

(o being the end correction, k a constant and w the

flange width)

\,rlirz found that the value of the constant, k, was

limited by 0.L29< k <0.136. Applying the method of least-
?Bsquares'" to the ð.ala in this paper and weighting each

point aecording to the quoted error gives:

cx = 0.596 + 0.21-9 exp(-0.125r/w)

The value of k and the limits of

used by Wirz are in excellent agreement

from the rtleast-square f1trt.

0.6 and

with the

(2 .2)

0. 82

parameters

ü

r

2. 5 CeLL Dimensions

Set out below are the dimensions of the two

connectlng tubes used. The error in the dlameter of

each tube was less than t 0.00015 cm and the lengths, L,

were measured within an accuracy of t 0.002 cm.

Table ( 2. 1. )

Dímensions of the Conneeting Tubes

4

L ( cm ) ennor (%) r-adius
(cm) errîon (9")

t

2

18.052 r 0.01 0.2763 r 0.05

68.186 + 0.00 3 0.5353 r 0.03

i
t'

I
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To determlne the correction, one must know the

external diameter of the connecting tube. In the table

following, the rel-evant dimensions and the corresponding

end corrections calculated from eqn. (2.2) are given.

Note that Zar is added, to the measured length providing

correction for each end of the tube.

Thus Leff L+2ar (2 .3)

TabLe (2.2)

End Correetions to the
Conneeting Tubes

nlw

t 2 .22 0.332 0.81 18.500

2 2 .22 0.934 0.79 69.032

The volumes of the bulbs were determined by the

additi-on of known masses of water until the bulbs were

f1lIed. Appropriate buoyancy correctlons were made and

the measurements performed in duplicate.

Results are summarized in the following tabl_e:

ext . diam.
(crn)

end
corllle ct i on

Le ff
(cm)

ü
l,i

J

'I

ì

i

(

,t

I

'ì

i.

{-
1
.t

I

4
?
i
t'
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TabLe ( 2. 3)

BuLb VoLumes

Upper Bul-b Lower Bulb

Vol-ume
(.*") Average

5879.4

Vo lu
(cmB Avenage

ã

)

s880.0

5878.9

5824.3

5824.1
5824 .2

tVol-umes were reproducible to within I.5 cm

amounting to an uncertainty of !0.03f,.

3

2. 6 Pressure Measurements

of gas

density

An oil- manometer was used to measure the pressure

in the cell-. An accurate determination of the

was made uslng the method of pycnor"t"y.39

Firstly, the vol-ume of the pycnometer was obtained.

given bel-ow:This is

TabLe (2.4)

Pyenometer VoLume

3Vol-ume ( cm ) Avenage

33 .27 62

33 .27 64

fl

I

,¡

'i

i
i

i

¡

t
1
ri

t¡

!,

t'
f
t
,t

(

.tl
lr

!

33 .27 63
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Due allowance was again made for buoyancy'

One of the problems in determining the density of silicone

oil- is the short time requlred to completely saturate the

oil with air. The d.ensity was measured without degasslng

and this was found to be 1.0601 g/cm3. After severaf

hours of evacuating, vigorous stirrlng and filling the

pycnometer as rapidly as possibl'e, the density was

2
1.o6oo E/cm).

There appeared, therefore, to be no signiflcant

difference between the two determinations, although the

amount of air absorbed in the second case remalned i-n-

determinate.
4oThe tocal gravi-tational acceleration WAS

¡)
979 .72\ cmt /s. The standard val-ue bei-ng 980 .665 cm'y's ,

all pressure measurements r^Iere reduced accordingly.

Use was made of a cathetometer to measure the

head of silicone oil in the manometer. Care was taken

at all- times to ensure that the cathetometer was vertically

mounted using a spirit level- in two perpendicular planes.

Thus aligned, the telescope was adjusted to give the same

reading in each arm of the manometer when both sides were

equalÌy evacuated.

2. 7 EæperimentaL Proceduy,e

Experiments were performed in the following

manner.

The first gas was admitted to the cell- and allowed

to establish temperature equilibrium. Pressure measure-

ments were recorded. A second gas was all-owed to fill

the manifold of the apparatus at a greater pressure than

within the cell- and achieve temperature equilibrium. The
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second gas was then admitted to the appropriate bulb,

depending upon relatlve densities of the gasesr so that
gravitational- effects could be ignored. The oil-

manometer was isolated from the upper bu1b, thus precisely
def ining the bulb vol-Ume.

At the completlon of the experi_ment, this tap

was reopened and the final pressure recorded. Any

errors incurred, due to slight pressure dlfferences
between the cel-l and manometeq ,hrere negligible. Mole

fractions vÍere calcul-ated from partial pressures.

2.8 Theorg of Tuo BuLb Apparatus

Dlffusional flow 1n a tube may be descrlbed by

Fickrs f irst l-aw:

J -Ø", ðC
ú (2 .4)

where J is the flux, Ðr, the diffusion coefflcient
and ðC/A z tlne concentration gradient.

The rate of change Ín concentrations in the top

and bottom bulbs are given by:

dC
L -r(t)FuL

.i (t )h

(2.sa)

(2.sb)

d

dC

t

dt
0

where J(t) is the diffusional- flow as a function of time,
A is the area of the,bore in the connecting tube, v" and

vo are the volumes of the upper and lower bulbs respect-
ively.



Combining eqns . (2.5a) and Q,5b) :

It
lut#,.

.l(t)
tr-tol
r*',l

+
T

hl
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(z.o)

(2.7)

(z.e)

(2.ea)

( 2 . sb )

\/,,-to ) -,t(t)A

Equation (2.4) is written as:

0

[.:-.3J ""n 
(-t/r)

þ",

substituting eqn. (2.7 ) into (2.6) gives:

-dl,n( cr-co )

dt
fu.zA 7

+
L

+

Veff L

which becomes after integration:

C (t)-c (t)
0

fii A

L

T
72

vr,L eff

nô
where C; and C; are the initial concentrations i-n the

bul-bs and T 1s the so called trrel-axation timerr.

Equation (2.9a) is that derived by Ney and

11Armistead.-- The derivation involves the assumption

of a quasi-stationary state, which implies a constant

flux in the connecting tube and, therefore, a linear

concentration gradient . ( eqn. (2 .T ) )

That is, for a given point in time:

dC (z.to)-Ð7 = constant2dz

A true quasi-stationary state actual-Iy exists

only in the l-imit of a narrow connectlng tube joining

two infinitely large bul-bs. In practlce the concentra-

J



tion gradient does change along the connecting tube and

it must be considered in the calculatlons.

Consider the flux aL two positions, z and z + dz

in the connecting tube:

,Er,*u,)
2

29

(2 . tta)

(2 . t2a)

(2.72b)

Ic

,aac
ãE- Ðr,

2

d cJz J
z+ d.z

)Ðt ú

2

whence (2.ttb)
ðz

Equation (2.1lb) constitutes Fickrs second law.

Colin Ba"n"r41 solved this flow equatlon, âssum-

ing the diffuslon coefficlent to be independent of con-

centration. His work was connected with mutual tracer

diffusion in liquids using a diaphragm ce11. The

diaphragm is essentially many fine capillaries grouped

together and results obtained are generally applicable

to single capillary diffusion.
tr'urther justification of this statement is given

by Mason et at.1o

In a publication by M11ls and l,rlool- f ,42 the results

of the solution of Fickrs second law for the diaphragm

ce11 and for different initial conditions are summarizedz

Consider the following boundary conditions:

ða,,

ãt

âto
ãt

fit A
2

V
0

where C

tube.
T is the concentration of gas in the connecting

These two equations express the rate of change of



gas concentration in the bulbs.

Other boundary conditions are that

30

(z,tze)CT(o,t) U (t)
.0

cT(L,t) (t) (2.r2d)
L

The sol-ution was restricted to the conditions of

equal bul-b volumes and the ratio VT/VL (Vt being the

volume of the connecting tube) made so small that second

and third order terms in Yr/Y" 'hrere negligible.
Here reference is made to Ney and Armi-steadtsll

first assumption. hlhereas the connecting tube volume

was ignored in their derivati-on, Ba"rru"41 incorporated

the volume in the term Vî/VL. His solution takes the

same form as eqn. (2.9a) with the relaxation time given

by:

7 (z . te)

Equation (2.t3) Otffers from eqn. (2.9a) ¡y the

factor (f - VT/6VL), which j_s in fact a correction for
the non-attai-nment of a quasi-stationary state.

Slnce the publication of Barnes4l *o*k, other

workers have studied the problem of non-attainment of a

quasi-stationary state without reference to his work.
IaPaul'J gave a similar expression to eqn. (Z.f¡)

but obtained a factor of (f/\ ) instead of (I/6).
Annis et a:-.44 t""atud the problem rigorously

assuming that the mean flux in the connecting tube was

proportional- to the effective mean fl-ux at the ends of
the tube. An expression for the deviation from a quasi-

T
vrl
-'.J
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stationary state was developed and given by:

(2 .74)

ß

In the special case of equal bulb volumes, this

reduces to the same expresslon derived by Barnes:

(2.75)

-7

lt-ers'l
ITB-JK _ t _ å+

vLlv 
o

K

T =[
Ðrro t

vr,
t
V

+ (2.16)
KL eff 0

To correct for non equal bul-b volumes in Barnes I

sol-ution of Fi-ckrs 1aw, it has been shown that for sma1l

volume differences, (VTIVL) may be replaced by

(2 vrl$L+vo)).
For the cel1 considered in this work, the correc-

tion needed was smalI.

2. 9 ReLaæation Times

As mentioned previously, it was necessary to

advance the connecting tube into the bulbs. Thls has

the effect of reduclng the bulb volumes. Each tube

protruded 5.40 cm into each butb. The diameter of the

tube was 2.22 cm. Data from Tables (Z.t) to (2.3) are

summarlzed and the relaxation times calculated from

eqn. (2.t3) are given Ín the following table:
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TabLe (2.5)

ReLaæation Times for the
Tuo BuLb Apparatus

vr,
(cm ) (cm

L etf
(cn)

'rx10
(s)

rV 6
0

3 ,) (cm)

1 5858.6

2 5858.6

s803.4 0.2763 18.500 0.99987 4.4462

5803.4 0.0535 69.032 0.99822 4.4651

2.70 Errors

(2.3) are

A summary

Dlmensi-on measurement s

the main sources of

of these values is given below:

TabLe p, 6 )

Et,v,oz,s in Dì,mension Measurements

given ln Tables (2.1) and

error in the relaxation time.

erroll e nr orl e rroll
length (e") nadius (eo) volume (%)

t otal
error (eo )

T r 0.01 r 0.10 r 0.06

I 0.06

! 0.17

2 r 0.003 j 0.06 ! 0.12



33

Errors arise from the correction factor for the

non-attainment of a quasi-stationary state, but, âs can

be seen from Table (2.5), these are small. Some error

is introduced by uslng the hlirz formula for the end

conrection. For the connecting tubes i-n this apparatus,

the correctlon is close to that for the infinite flange,

namely 0.82r and a maximum error of 0.05% would be

íntroduced if this limlting value was used rather than

the actual- end correction.

Cathetometer readings of the meniscus of the

silicone oil were reproducible to 1 0.002 cil, which would

mean a maximum error in pressure measurements of 0.I/'.

Errors in density measurements were negliglble. Each

separate experi-ment was also subject to errors from the

least square analysis and in general this did not exceed

0 .r%.

Indivldual experiments would have a reproducib-

if ity of !0 .2f". The uncertai-nty of the diffusion co-

efficients is limited by the cel-l- dimensions and i-n the

correct choi-ce of the end correction. ff the correct

end correctlon is used, data from different connecting

tubes shoul-d overlap. Evldence of this wi1l be given

in Chapter IV.

From the data in Table (2.6), and the discussion,

that followed, the diffusi-on daba shoul-d have an overall-

uncertainty of better than 0.2/".

2 . 11- Shearing CeLL

The Shearing Cell- is now discussed along

diagram of this cell- is given 1n fig.
similar
(2.2) .l-ines. A



34

r
v6

I,

V

222

ï
tt6

Fíg. 2.2 The Shearing Cell-.



35

It was constructed of two identical- lengths of stainless

steel tubing having internal- d.iameters of 4.5 cm. These

tubes Were mounted on opposlte sides of two stainless

steel plates which rotate with respect to one another

about a central- pivot. Adjacent surfaces of the plates

were lapped and Apiezon T-grease was used as a lubricant.

These plates were compressed together by a spring which

was tightened by a nut on the central pivot.

All- seal-s were made with fead O-rings prepared

in si-tu by moulding l-ead wire into V-shaped grooves.

The design of these grooves was such that no dead space

existed after compression. Matched thermi-stors were

mounted. at positions (L/6) from either end of the cel-l-.

As in the two bul-b apparatus, the cel-I was suspended

vertically in a water bath controlled to 1 0.001 K.

The top hal-f of the cell was fixed and the bottom

hal-f was free to rotate through a restricted arc with a

differentiat spur gear and plnion. The two halves of

the cell could be rotated and brought into exact coinci-

dence and al-so separated so that each half could be

filled with a gas, or gas mixture, through ports, V.

rt^ ^\rd.Þ pfe SSures were measured with a Bourdon Gauge

(Texas Instrument, Houston) cal-ibrated using a dead

weight tester to an accuracy of 0.If".

Both sides of the cel-l l¡Iere fil-]ed to the same

pressure so that no bul-k flow of gas occurred when the

two halves were brought into coincidence. Compositions

were cal-cul-ated using partial pressures. Experiments

coul-d be performed over the entire composition range

using a successive dil-ution technique.



The fl-ow equation for a shearing cel-l is Fickrs

second l-aw, thus:

2 , 12 T\teory

AC
ã:t

(z.tt)

36

(2 .78)

Ð è2c
t 2 2èz

C(z,t)

with boundary conditions of no flow through the end

plates.

ac(o,t)
àz

âc(L,t)
àz

4S

=Q

The solution of eqn. (2 .IT ) is :

c(z,t) Brrco" r{:l exp ( -n' r'þrr, / L2 ) (2.7e)

The Fourler coefficients, B.r, are written in terms

of half range cosine expansions:

(z . zoa)

0

æ

I
n

.(L
+ J.F(z)dz

0
7

0

2

î

Bo

1.

Ln
B

L

E (z) cos ( nnz/L) dz
0

where F(z) are the initial conditions.

cel-l- they may be represented as:

F (z) L/ 2<zcL

E(z) o 0<z<L / 2

(2 .20b)

In this type of

initial- concentrations in the top

respectively.

where Cl and CZ are the

and bottom compartments



Evaluatlng eqns , (2.20) glves:

02(c C

B
t

to c (-)

o/

(2.27a)

(2.27b)
)

0

2 sin (nr / 2)n N,IT

Substituting into eqn. (2.t9):

2(c 0

C(z,t) c(-) +
t

1T

0

2
C ) co

T
-4-t-

t
- sl_n
n

(ntr / 2)
n

x (2.22)

Positioning the thermistors at positions (f/6) anO

(sr/e) along the cell and taking differences in concentra-

tion gives:

0

cos (ff1 exp ( -n2 n'Ðrrt / 12 )

Ac (c c!).*p (-t/r) (z.zga)
1T t

(2.23b)
ÐI2

Higher terms that should appear in eqn. (2.23a)
become negligible after an initial period of time.

2.13 Coneentration
Co effieient

dependence of the Diffusion

rn the solution of Flckts second Iaw for both the
two bulb apparatus and the shearing cel-l, the diffusion
coefficient was assumed independent of concentratlon.
rn fact diffusion coefficients of gases may vary as much

as 5'/, over the entire concentration range, but over the
range of measurement, this variation is approximately

,ß

L
2

2

ÏT

c
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linear. Therefore Fickts second law shoul-d be written
AS:

ðC
ãT

(Ð OU

t2ú (2 ,24)

and the diffusion coefflcient given by:

l) t, Do + CD t (2,2s)

4S has solved eqn. (2.24)

â

öz

Lj unggren

linear change 1n

the resul-t:

diffuslon coefficient and

assuming a

arrived at

t- 12 /n'roo+c(-)D, ) (2.26)

12 trnl,

Equatlon (2.26) implies

diffusion coefficlent is simply

concentration C(-).

that the measured

the one at the final

2.L4 Compaz,ison betueen the tuo CeLLs

The shearing cell has the advantage of having

one dependent dimension, the length of the cell, which

may be measured very accurately. In the two bulb

apparatus, uncertainties, whlch have been summarized in
secti-on (Z.fO), are lntroduced. Assumptions made in the

solution of Fick I s second law for the shearing cell are:
(i) Uniform cross sectional- area.

(if) Symmetry about the central plates.
/...\(j-ii) The diffusion coefficient is concentration

independent.

Errors from (i) and (ii) are minimized by careful
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d.esign and eonstruction and (fi-i) nas been discussed in

section (2.13).

The main disadvantages of the shearing ce1l are

effects Ehat occur because the gases are not ideal:

( i) Dufour effect.
( f i ) Heat of mixì-ng .

The Dufour efÍect is a small temperature transient
u5

that occurs when two gases interdiffuse. Liunggren'

has developed an expression for these two effects by solv-

ing a d.ifferentiar equatlon derived by Waldmann.46-48

The solution glven by Ljunggren can be approxim-

ated to:

0 ó(v)(-0. eoo exp( -t/r))qu1 g
1T

+ $ or0 (v ) (f,""p (-zt / r ) -f,u*p( -rot /"r) )

Q(v)(+0. 866 exp( -t/t))0

1T

g
,IT

(-1)m
( 2m+1 )

(2.27a)

(z , zea)

(2 .2Bb)

(2 .28c)

2 0

+

(2.27b)

where ul and v, are the temperature transients at the top

$ or0(v ) (f,.*p (-zt/ r ) -f,"*p( -rot /"c ) )

and bottom thermistors respectively, and

6T
CX

2r 2 2 0{}r
)

tt

2
0 ( ) (c

L 7crt

,?,, Ðn
T_ (c ôT

0 0 2
0B )

7 2 B

0(v)
æ
Î
L

m=0

6T
ot

)o'(R/C
p

T

3 "o"t$ry)

(2.2sd)
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- b (R/c )r/v (2 .28e)
P

o I is the thermal- diffusion factor, À the thermal conduct-

ivity of the gas mixture, aO the heat capacity, i tn"

mol-ar vol-ume of the gâsr b* a functlon of the virial

coefficients and ô(V) is a function dependent upon the

position along the i.*ut"" of the cel-l-. The vaf ue of

this factor is a maximum along the central- axis of the

cel-I (V = 0) and is of the order of one.

The first term in eqns. (2.27) gives rise to the

Dufour ef fect and the second term to the rrheat of mi-xingrt.

Consldering only the ltheat of mixingrt term:

Av (v

6T-
-ts

uz )t

+ (c
Tto

o(v) (?)'Ðr, ôr,0 20

2
I )t

x (2.2s)

where subscripts 1 and 2 refer to the top and bottom halves

of the ceIl respectively.

rt will be shown in Chapter Iïr that t+- - il
|.nt n,)

decays as exp(-t/'r ) and, therefore, the contrj-buti-on from

the heat of mixing should decay as exp( -3t/"r ) and, there-

fore becomes negligible after a period of time.

Now consider the eontributi-on due to the Dufour

effect :

(v t

1l
-r)

7r-',7
exp (-2t/r)

'z)
_ 6.s3 (c

1T

+ t^r]

ô(v) r?r'n0 0

2
C )

"u"[L

Av

T

exp(-t/r)

1.2

( 2 . 30 )
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Itisi-nterestingtonotethattheDufoureffect
j_s negative al the top thermistor and posi-tive aL the

bottom thermlstor, whereas the heat of mixing is posltive

at both positions.

rn eqn. (2.30) trre term ll -
lnt

constant during an experiment ( Chapter

rl
\)

]I

is essentiallY

I) and, therefore,

Dufour contributions decay at the same rate as diffusion'

Diffusion data,49 using diffusion cell-s of different

lengths and crosS-Sectional areas, show no detectable

difference in the measured diffusion coeffici-ent.

Both of these effects exist in the two bul-b

apparatus but should. not interfere with the diffusion

measurements. Dif fusi-on i-s restricted to the connect-

ing tube and, therefore, any translent heat generated will

be dissipated before reaching the thermistors.

From a first glance it would appear that the

shearing cel-1 resul-ts woul-d be the more aecura'te because

the rel-axation tlme depends upon the single length measure-

ment. Upon closer examination, the shearing cel-l reveal-s

prob1ems that may be difficult to determlne and to correct.

It is important then to analyse each experlment critj-cal1y

and try to determine which, if ânvr of these effects are

causing problems. The discussion will be resumed in

Chapter IV.
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CHAPTER TIT

DIFFUSTON BRTDGE ANALYSIS

3. L Introductí,on

Determlnation of diffusion coefficients, using

the type of cel-l-s consldered in Chapter II, depends upon

being abte to accurately measure changes in gas concen-

trations as a function of time. Analysis of such data

reduces to a determination of the relaxation time defined

in the previous chapter.

Two electrical- clrcuits, incorporating the two

thermistors, will be discussed and it wil-l be shown how

the dj-fference in resistance, AR, measured as a function

of time for one of these ci-rcuits, conveniently gives

access to the diffusion coefficient. The reason for

this is, as wil-l be shown, a fairly exact proportlon-

ality between AR and the difference in concentration AC.

The thermistors used were Fenwal- G112P (Fenwal-

El-ectronics, Framingham, Massachusetts) being metall-ic

oxj-de beads encased i-n a glass envelope. These partic-

ul-ar thermistors are sold in pairs by the manufacturer

and matched to within certaln standards. At 25oC the

thermlstors shouLd be BOOOSI and matched to within 0.7/,

of eaeh other when in an environment of hel-i-um. The

mlsmatching gives ri-se to the residual- AR(-) term in the

expression for AR as a functi-on of time. (See eqn.

(3.5))
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The temperature depenrlence of a thermistor

may be given by:

Rr Rf exp B
t
I (3.1)

w

T being the thermistor temperature ' T* the temperature

of the water bath, Rw the thermistor resistance at the

temperature, Tw, and B a eharacteri-stic constant, the

magnitude dependi-ng upon the particul-ar thermistor

material. For Fenwal- G112P thermistors the value is

approximately 4OOOf.

For smal-l- temperature changes , eqn. ( 3. 1)

sirnplifies to:

BR
R

I^I (r T (3.2)
T

2

implying a l1near dependence upon the temperatgre

gradient between the thermistor and surrounding gas.

3.2 Circuit AnaLysis

Civ,cuit A

In this clrcuit (ittustrated fig. (3.1)) Rt and

RZ are the two thermistors, O3 and R4 are matched 5000f¿

micacard resistors, O5 is a precision variabl-e resistance

box (Dekabox D862, Blectro Scientj-fic Industries, Port-

land, Oregon) anO V is a constant potential difference

applicable at all ti-mes across the circuit.
During the course of the experiment, *5 is con-

tinualÌy adjusted so tlnaL Yr, is nul-led, implying that:

I^I
R

I^IT
w

ü
T

i
i

I

i

I

t

'lt

ä'
I
.t

I

*s
1.

{
I
{

,j
t-

^R(t)
(n *, ) (3.3)
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Fig . 3. L The Wheat stone Bridge Cir"cuit .
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R-t is then a convenient measure

experiment.

Ci.neui.t B

This clrcuit is as

In this case the

of AR at any time durlng

above except for the omission

difference in resistance AR

between the two arms of

the

of D
"5'

produces a measurabl-e voltage VZu

the bridge.

Circuit analysis (Appendix II) shows that:

V 24AR(t) (3.4)

This result is subject to the conditions of

matched resi-stor" R3 and RU and a constant controlled

voltage, V.

At regular time lnterval-s accurate determination

of vo1ta8es Vr, and VrU are required. During an experi-

ment both output voltages are connected to sepärate

channel-s of an analogue scanner, which 1n turn is inter-
faced to a digital vol-tmeter. (Solartron, Schlumberger)

A crystal timer, designed to produce a pulse at preset

time i-ntervals, initiates a scan and the output voltages

are simultaneously recorded on either paper tape (Facit)

or a mechani-caI printer (Hewl-ett-Packard).

In practice the voltage Vr4 changes slow1y with

time and, therefore, negligible error is incurred by

recording its measurement imnediately after voltage V 24.
A direct proportionality i-s assumed between the difference

in resistance and the difference in concentration at the

two thermistor positions: so results for both circuits are

VRg

uru ( ur+-Vz+ )

I

I

$

l

I

l
i

I

,t

t
n

¡.

1t'
s,
I
,t

(

4
l.
i
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to the functionfitted, by the method of least-squares,

AR(t) An("") + Aexp (-t/^r) (3.s)

where AR(-) is the residual resistance due to mi-xmatching

of the thermistors, A is a constant and 'r is the same

rel-axation time found in eqns. (2.9a) and (2.23a).

3. 3 Pouer Considenations

At any time during a diffusion experiment the

temperature of each thermlstor is a function of the heat

energy contained therein. Energy is supplied by the

passage of el-ectric eurrent and dissipated by the surround-

ing gas and secondary losses, such as conduction along the

thermistor supports.

The rate of heat energy transfer depends upon the

thermal conductivity of the surrounding gas and the

temperature gradient operatlng about the thermÍstor.

Convective effects are assumed to be negligible. Ambient

temperature is held constant (to within I 0.001K) by the

surrounding water bath.

Thus the power dissipated may be expressed as:

(s.o¡

1 712

Ài being the thermal conductivity of the gas about the
.thi--- thermistor and a, and ^Z are constants.

The first term represents energy losses to the

gas mixture, whil-e the second term accounts for losses

such as conduction along the wire supports.

Combining eqn. (3.2) with eqns. (¡.4) yietds an

P ar(Ti-Tr)+a,À.(T.-T )J-]-11^It

I
'l

i
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expression for the

conductivity of the

R

thermistor in terms

and the power

of the thermal

input.gas

ãP 1 (3.7)2t+R IT .+õ-f
l_

l_
I I^I

where E

In principle the constant, f, coul-d be calculated,

but because of the uncertainty in estimating ^r,5t it is

used as a scaling faetor to correlate experimental and

cal-culated 
^R( 

t ) values .

A theoretical- expresslon for 
^R(t) 

rnay be derived

from eqns. ( 3.7) :

AR(t)
K

(3.8)

where *i = ( Ài+ô ) could be termed an effeetiue thev'maL

conductiuíty.

3.4 AnaLysts

This analysis will show that for Circuit B at al-l-

times during the course of the diffusion experiment

AR is approximately proportional- to the concentration

difference, AC.

Both the power input and thermal conductivity of

the gas mixture depend upon the concentration and, there-

fore they may be wri-tten in the form:

K
(c)

(-sn /a.12¡'t^I 1 W

(ar/ar)ô

(R1-R2)
,z

2 )

K f

fP
P

(c)
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Expanding these quantities as a Taylor series

yields:

f^(c)
f

K.
l-

P.t

f (e ) + f _e)
K K

+

2

K P

ftt

r # (ci-e )2 +....î
.I

ff P (c -c) 2

Iôlz.

f-(c.-õ)r1
+

(3.s)

fK(õ) and fp(c) are the thermal conductivity and power,

respectively corresponding to the mean concentration, e,

and f¿, f:, f; and ri are the derivatives with respect

to concentration.

Substituting into eqn. (¡.9) gives, after

several mani-pulations :

AR(t) ( 3. 10 )

+ (highen ondeir tenms )

n (cr+c r)/z

H(C1-rr)(1-M(cr-C )')

Ir-re )rl( c )-{ ri(õ) )2] / 4r?(c)

H E/f (r õ)r*{õ)-rrcõlrirõl I()õ

M=

In other words, the difference in resistance is

approximately proporti-onal- to the concentration difference,

since the next highest term depends upon (AC)3 which is

negligible for experi-ments in this work.

Tt is important to note t]nat eqns. ( 3.9 ) are

only applicable to Circuit B. The presence of R, in

Circuit A introduces an assymetry into fp(C) and the

simplification of eqn. (3.10) does not apply. This

results in a non-proportionality of AR and AC, thus
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inval-idatlng the use of this circuit in the determination

of diffusi-on coef ficlents.

In the following section another analysis method

is considered. Diffuslon experiment will be si-mulated

uslng eqn. ( 3 . B ) for both circuj-ts . It wil-l- be shown

that resul-ts are i-n agreement with the analysis of this

section.

3.5 Further Method of AnaLysis

Using eqn. (3.8) it is possible to obtain AR

as a function of time by mathematical- cal-culati-on, know-

ing how the gases should behave ideaIly. Apart from

the constant, f, the only unknown in this equation is ô,

which may be determined in the fol-l-owing manner:

Corresponding vafues of R. and P. for a singLe

thermistor in different concentrations of surrounding

gas are obtained. R. was obtained with a resistance

box in the opposite arm of the bridge (fie. 3.1) and the

power by knowing the voltage applied across the circuit.
From eqn. (3.7 ) a pl-ot of R. versus Pi gives a

llnear relationship, the slope of which is the quantity
(6i(Ài+ô) ). The slope of such a plot changes with con-

centration as Àl varies.

Literature val-ues for the concentration dependence

of the thermal conductivity are necessary and from this
data, choosing a particular concentration as a reference,

the ratios (ÀllÀo"r) may be formed.

A value of ô ,can be found such that (À.+ô)/(f""r+O)

equals the ratio of slopes formed from the above experi-

ments, this time using the slope at the concentration
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chosen above as reference.

A typical pl-ot for the system He/Ar, using the

data of Van Dael of Cauwenb.rghr52 i-s presented in

fig. (3.2). Cal-culations indicate that the choice of

6 is not critical-.
For given inltial conditions and an experimental-

rel-axation time, the concentration at each thermistor

position may be calculated from eqn. (2.22), at any

ti-me, t.
At a particular time, the thermal conductivity

i-s derived from the reference data relating Ài to concen-

tration. Since the constants f and 6 are known, only

the power through the thermistor needs to be cal-cul-ated

in order to obtain the thermistor resistances at any

ti-me during the experiment. However, the power depends

upon the thermistor resistance and, therefore, an

iterative procedure is employed.

tr'or a given bridge voltage and an estimated val-ue

of the thermistor resistances at the end of the experi-

ment, (assumed perfectly matched) tne power through each

thermistor may be cal-culated. In turn this may be

substituted into eqn. (3.7 ) to obtain a second approxima-

tion to the resistance which is used to re-evaluate the

power. This procedure is repeated until- convergence.

Thus al any time, t, values of R, may be found.

The difference AR may be found by subtraction and tab-

ul-ated as a functi-on of time.

Fitting this,data to the eqn. (3.5) by the method

of l-east squares, should resul-t in a rel-axatlon time, z,

indistinguishable from the experlmental- value.
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In the case of Circuit B, this is the si-tuation,

but in Circuit A the presence of the resistance box, R5,

changes the power input 1n the lower thermistor and this

refl-ects in a spuri-ous val-ue for the relaxation time.

Results for both circuits will be discussed in

Chapter IV.
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CHAPTF:R IV

RESULTS AND DISCUSSTON

4.7 Dif fusion Círeuit Analysis

The analysis methods employed in Chapter III

indicated that Circuit B shoul-d be used when measuring

binary diffusion coefficients. in the following

discussion, the concentrati-on dependence of the lle/Ar

system, measured with the shearing cell, ât one atmos-

phere pressure and 300K w111 be consj-dered.

The results8 for Clrcuit A are presented in

Tabl-e (4.1) and those of Clrcuit B in Table (4.7). A

difference in the diffusion coefflcient between the two

methods of measurement is indicated. To theoretically
predict such a difference, the analysis method given in

section (3.5) :-s employed.

ResuLts for Cineuit A

A diffusion experiment was simul-ated according

to the method described in section (3.5). This data

was then fitted to eqn. (3.5) ¡y the method of l-east-
?Bsquares. -

Cal-culated least-square parameters were found

to dlsagree with the experi-mental- quantities which were

defined when the simul-ated experiment v¡as created. In

the case of the relaxation time, deviations of up to 0.7/"

were observed.
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TabLe (4. L )

ResuLts for the system He/Ar at 300K
using Cireuít A

Correetions for pouez. effeets

(PÐtz)

(atm. 
"r?s-1

GÐt2 ).ooo

) (atm. 
"r?s-1 )

t2

0.075

0.083

0.130

0.143

0.255

0.500

0.500

0.750

0.746

0 .871

0.9 34

0.7373

0.7373

0.7379

0.7408

0.7419

0.7505

0.749 8

0.7558

0.7545

0.7556

0.7564

0.7400

o.7402

0.7413

0.7428

0.7459

o ,7 528

0.7524

0.7576

0.7576

0.7s95

0.7607
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By progresslvely omitting the initial data polnts

from the simulated experlment, each occaslon fitting to

eqn. (3.5), an increase in the rel-axation time was

observed. A plot of the calculated relaxation time

versus the number of ohms out of balance was found to

be linear, the intercept being the experimentaf quantity.

The parameter, AR(*), showed the same linear
dependence upon the number of ohms out of balance.

Trends predicted in this model are observed in

actual experiments. In the case of the parameter,

^R(-), 
predicted deviatlons 'hrere of the order of 0.02CI,

which was considered the experlmental uncertainty in
this quantity.

A method of correcting the experimental results
obtained from this circuit is as fol_lows: For each

experiment the maximum number of ohms out of bal_ance is
determined. Deviations from the true relaxation time

may be found from a plot of the predicted relaxation time

as a function of the out of bal_ance.

In this manner corrections to the data have been

made and the results are glven in Table (4.1).

ResuLts for Ci,r,cuit B

Employing the same analysis procedure as for
Circuit A reveal-s no significant deviations between the

experimental- and cal-culated least-square parameters of
eqn. (3.5).

Actual experiments, obtained using this cireuit,
show none of the variations observed 1n Circuit A resul_ts.
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Summary

The findings of this analysis are summarized in

fig. (4.1). Given are the two experimental data sets

and the corrected results for Circuit A. There is

excellent agreement between the Circuit B data and the

results of Circuit A after appropriate corrections have

been made.

This comparlson between experimental resul-ts and

predictions based upon the analysis of section (3.5)

vindicates the conclusions of Chapter III, namely the

direct proportionality between the difference in resis-

tance between the two thermi-stors and the concentrati-on

difference at the thermistor posltions for Circuit B and

al-so the dlsturbing effect the resistance box has upon

the system in Circuit A.

4.2 Tuo Bulb Appaz,atus ResuLts

In Tables (4.2) and (4.3) diffusion coeffici-ents

for the systems He/Ar and He,/O Z at 300K and as a function
1

of (Pr)-' are presented. Results for each system are

given at three dif f erent mol-e fraetions. Smal-l- correc-

tions to the data (less than 0.1f") were sometimes necess-

ary to adjust the result to the chosen mol-e fraction.

Graphical representation of the results 1s given

1n figs. (4.2) and (4.3).

Equation (f.fg) ¿escribes the behavlour of a

diffusing gas mixture at a pressure, P, and in a capillary

of radius, r. Howeüer, for the two bulb apparatus con-

sidered here¡ eetr. (f.fg) is sufflcient to describe the

re sul-t s .



58

TabLe ( 4.2 )

Díffusion Coefficients thefor
n@ a.system He/AY at 300K

funetion of (Pr)-1

3 -tP(x10 (pn)

(atm) ( atm. cm )

(PD p)
. 2-t
( atm. cm. s

)

-t )

8 .071

6. s57

6.33-5

5.906

10.444

7.810

7 . 0 39

6.485
ù

3.172

5.60s

5.048

3. 861

3.780

9.591

8.2 30

6.666

s.111

4.018

x 0.1
2

23t

285

295

316

347

463

514

558

5 89

646

7t7

I37

957

x 0.58
2

377

440

543

70I

901

0.7365

0.7361

0.7352

0.7353

0.7350

0.7334

0 .7 323

0.7309

0.7310

0.7302

0.7282

0.7256

0,7248

0.7517

0.7510

0 . 749I

0.7489

0.7463
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IabLe (4.2) (Continued)

2 -tP(x10 (Pn)

( atn. cm )

(ro n
(atm."*?"

) )

-t -t(atn) )

*2 = 0.9

6.

10.

4.

4.

7.

6.

5.

4.

4.

â

3.

089

184

390

903

384

7 11,

034

875

3s1

329

t8t

683

J.

264

302

348

381

+26

469

600

616

I32

836

957

983

0.7594

0.7593

0.7589

0.7595

0.7591

0.7583

0.7568

0.7578

0.7576

0.7s65

0.7547

0.7558

The expeniments r¡rere penformed hrith the
connecting tube with n = 0.5353 cm.
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TabLe (4.3)

Díffusion Coeffí,cients for
system He/0 Z at 300K 

-as
funetíon of (Pr)-r

the
a

3 -tP(x10

(atn)

(Pn)

( atn. cm )

(PD12)

. 2-t(atm.cm.s

)

-!
)

7.146

5.918

s.810

1o.280

4.916

4.867

7.706

7.604

5.814

2.972

-l-

*2.973

4.507

4.485

4.732

3.607

3.361

7.696

6.563

5.664

5.657

*2=

267

316

322

352

380

385

470

476

623

629

629

802

807

876

1003

IO77

0.1

x 0 .25

243

285

330

0.7493

0.7476

0.7486

0.7484

0.7469

0.7+75

0.7457

0.7451

0.7434

0.7435

0.7443

o.7426

0.7409

0.7409

0.7404

0.7391

0.7544

0.7546

o.7542

0.7544

2

330
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TabLe (4,3) (Continued)

P(x1o

(atm)

-.1(Pn)

(atm.cm)-1

(PD t2)
. 2-7( atm. cm. s

e
)

)

4.g54tt

9.271
.L

4.477

7.099

6.969

5.496

5.280

5.029

4.466

4.050

x 0.25
2

377

390

418

510

519

659

685

720

810

894

0.7530

0 .7 527

0.7s34

0.7513

0.7510

0.7491

0.7505

0.7486

0.7490

0.7465

*2 = 0.9

7.trs
5.906

s.829

10.350

4.438

5.921

4.956

3.730

3.374

263

316

321

350

421

6tt

730

970

t07 3

0.767t

0 .7 671

0.7662

0.7666

0.7663

0.7649

0.7638

o .7 6t7

0 . 7614

The expeniments viene penfonmed with the
eonnecting tube with r = 0.5353 cm.
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Using (PþtZ) as the only variable, the lines
shown i_n figs. (4.2) and (4.3) are obtalned by minimiza-

tion of the residuals between experimental- and predicted

resul-ts. Optimum values of the intercept and the l-imit-

ing slope -B(PþIZ) are given in Tabl-e (4.4) bel-ow:

IabLe 4.4

Comparison of Paz.ametey,s obtained
fz,om eqn. ( L. L9 ) and those of

a Least-Squares AnaLysis
of the data

Eqn. ( 1.1s )

*2 (PÐt) (-nrÐrr)x105

Least-square Panameters
Eq.n. (t.tt)

(PÐt) (-rrrÐrr)xro5

¡

r

0.1

0.58

0.9

0.7407

0.7552

0.7620

1.698

0.952

0.723

He/An

He/o
2

0.1 0.7535 1.616

0.25 0.7583 7.329

0.9 0.7693 0.753

0.7404t0.0006

0.7554!0.0016

0.7611r0.0010

0.7518r0.0009

0.757810.0010

0.769110.0005

1.61710.096

0.984t0.255

0.55910.163

1.222!0 .146

t.2I5t0.182

0.73110.087

Also presented in Tabfe (4.4) are the parameters

obtained from fitting' the data in Tabt-es (4.2) and (4.3)
to eqn. (1.11) ¡y the method of least-sqru".".38 Errors
quoted are the 95f" confidence l_imits.
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In all cases, excepting He/O, aL x, = 0.f, the

intercept val-ues agree, wi-thin the experimental error.

If the data points at ler)-l equal to 1003 and LOTT

1(atm.cm.)-' are omitterl from the analysis of this set of

results, the two intercept values are in agreement.

hlriting eqn. ( 1.19 ) in the f orm of eqn. ( l-. 20 )

gives access to the extrapolated diffusion coefficients

at any mole f racti-on.

Data for the two systems as a function of mole

fraction are presented in Tab1es (4.5) and (4.6). The

va]ues of (P")-1 are given and the resul-ts have been

extrapolated to yield the intercept fp{Z) .

Resul-ts for the experi-ments performed with the

two connecting tubes, eharacterised in Chapter II, s'how

excellent agreement. This is well il-lustrated by the

overlap of the respective data. (refer figs. (4.2) and

(4.3))

fn the case of the concentration dependence, the

results obtained from the two connecting tubes are

indistinguishable. (figs. (4.4) and ( 4.5))

These indicate that the correct end correction

to the connecting tube has been assigned and al-so the

corrections made for the non-attainment of a quasi-

stationary state appear to be of the right order of

magnitude.

Equation (1.19), derived from the results of the

dusty gas mode1, describes the behaviour of a diffusing
gas in a capiJ-lary at low values of (p")-1 extremely we1l.

The composition and pressure dependence of the diffusion
coefficient are predicted to within the uncertainty of

,1

i
¡

I

¡

,t

I

t-
{
I
¡t

'l

4
i
t
t'
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Table (4.5)

Tuo BuLb Appaz,atus ResuLts fot' the
Coneentration Dependenee of the
Diffusion Coeffieient fot' the

system He/Az,at 300K

x P

(atm)

_4(pr)
( atm. cm )

(PD,^) (PÐ,^)
r/, ^ LA 

", z -l_. , z -l_.( atm. cm. s ) ( atm. cm. s )
2 -7

0 .071

0.07s

0 .725

0 .275

0 .21-8

0.288

0.355

0 .423

5.436

4.087

4.046

4.366

4.526

4.973

5.490

6.131_

5.72I

4.788

5.610

4.348

4.966

666

886

462

829

413

376

340

305

633

756

333

832

376

0.7262

0.7244

0.7346

0 .7 337

0.7409

0.7420

0.7456

o .7 482

0.7501

0.7527

o .7 552

0.7526

0.75s5

0.7380

0.7401

o.742!

0.7455

0.7468

0.7469

o.7497

0.7516

0.7561

0.7592

0 . 7 5 B0

0.7593

0.7585

ü
r

0.593

0.70 B

0 .717

0.780

0.810i

¡

+
I

&

jt

T

rt

(

The expelîiments
with ? = 0.5353

were
cm.

{

,ri
tr
I
{
l'

pe::formed with the connecting tube
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TabLe ( 4,6 )

Iuo BuLb Appanatus ResuLts for the
Coneentv,ation Dependenee of the
Diffueion Coaffdeient f.or the

system He/0 2 qt 300K

*2
P

(atm¡

-4(pn)

(atm..r)-1

(PD12 ) (Pnt2)
. 2 -1. 2-t(atm.cm.s J (atm.cm.s )

0.064

0.124

0 .171

0.183

0 ,222

0.240

0.281

0.346

0.373

0.466

0.543

0.570

0.632

0.649

0.709

0.784

0.788

0.915

4.306

3.478

4.860

8.434

3.867

4.011

5.604

4.659

6.426

5 . 70 5

6.302

7 . 0 59

6.367

5.273

5.678

4.365

5.107

3.740

434

10 41

384

429

9 36

902

333

777

291

634

574

265

293

6 86

329

829

366

968

0.7455

0.7393

,0.7516

0.7491

0 . 7443

0.74s1

0.7555

o.7stt

0.7580

0.7551

0.7590

0.7619

0.7631

0.7600

0.7636

0.7616

0 ,76 39

0.7616

o .7 529

0.7556

o.7572

0.7553

0 .7 571

0.7572

0.7598

0.7604

0.7614

0.7618

0.7647

0.76+5

0.7658

0.7662

0.7664

0.76 84

0.7669

0.7688

I

r1

i

l
t
!
r
tl

t:

r
{ri

.L

The experiments r¡¡ere penfonmed with the connecting tube

with r = Q.5353 cm.

"ri

I
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the experimental- results.

Equation (1.18) predicts deviations from linearity

aL higher vafues of ler)-1 (see fig. (f.r¡;, but results

obtained in this work do not lie in this region.

Van Heijnlngen et ai- .2 studied the ten nobl-e gas

binary mixtures as a function of composition and tempera-

ture, using a two bulb apparatus.

This cel-l- was constructed so that fine precision

bore capillaries could be incorporated and, henee, large

va]ues of ler)-1 \^rere encountered. Two important points

appear to have been overl-ooked in this work:

(i) The mean free path of the gas molecules

depends upon the mixture composition.20

This may account for the concentration

dependence of some gas systems that they

studied being much greater than the pre-

dictions of the Chapman-Enskog theory.

(fi) The results they obtained were fitted to

eqn. (1.11) ny the method of l-east-

squares. For systems containing helium,

deviations of such a plot from l-inearity

appear to be important. Experimental-

data in the region of curvature are in-

cluded in their analysi-s.

The results of Van Heijningen et ai_.2 offer a

further test of the exactness of eqn. (f.fA). More

detail-ed knowledge of their experimental results is

necessary to perform, any quantitative calcu1ations.
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TabLe ( 4.7 )

Shearing CeLL ResuLts for the Coneentration
Dependenee of the Díffusíon Coefficíent

fov, the eystem He/Ar at 300K

(PÐt2)
*2

(atm. ¡ 2-r( atm. cn. S

P

)

0.063

0.125

0.250

0.500

0.500

0.750

0.875

0.938

0.7450

0.7450

0.7450

o ,7 447

0.7447

0.7451

0 .7 +52

0.7453

0.7383

o .7 421

0.7459

0 .7 512

o .7 517

0.7565

0.7s70

0.7579
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TabLe (4. B)

Shearing CeLL ResuLts for the Coneentration
Dependenee of the Díffusion Coeffíeient

foy the system He/0, at S00K

x
P

(atm. ¡

(PÐtz)
t . 2 -1-.( atm. cm. s )

2

0.030

0.063

0.063

0.125

0.t25

0.250

0.250

0.500

0.500

0.500

0.500

0.750

0.7s0

0.875

0.938

0.7449

0.7448

0 .7 452

o.7447

0.7452

o .7 447

0.7451

0.7448

o .7 447

0.7447

0.7451

0.7450

0.74s1

0.7451

0,74s2

0,7478

0.7490

0.7498

0.7517

0.7519

0.7551

0.7553

0.7597

0.7604

0.7604

0. 760I

0.7637

0 . 76 39

0.7656

0.7665





effect s

icantly

/J

4,3 Shearing CeLL ResuLts

Unl-ike the two bul-b apparatus, which requlres an

extrapolation to determine P4Z, the shearing ce11 gives

a direct measurement of this quantity. The concentration

dependences aL 30OK for the systems He/Ar and" He/0r,

util-izing this ceIl are presented in Tables (\.7 ) and

(4.8).

At these pressures of measurement

di-scussed in sectn.(2 ,14 ) ¿i¿ not

infl-uence the dif fusion rate.

the non-ideality

appear to signif-

4.4 Chapman-Enskog Theory

Conc entz,ation D ep endene e

The concentratlon dependences of the two systems,

using the two cell-s described, are presented graphically

in figs. (4.4¡ and (4.5).

rt has been shown 53'54 ,n., the Kihara second

approxi-mation to the Chapman-Enskog theory (eqn. (1.5))

reduces to the simplified equation:

a

a x
(vÐ72) (Pfrn

=Q I*arx, (4.1)

convenient method

data. Para-

analysis, are

21
) 1+x

where t1 and a, are constants.

This functional form provides a

of summarizing concentration dependence

meters, obtained from a rrleast-squarestt

presented in Table (4.9) followlng.
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TabLe 4.9

Least-squaz'e para.meters of eqn. (4 ' 1)

fot' the systems He/At' and He/0,

He/A:r He/o
2

,rfrt2) *r=o ^! ^2
(Pl)t2) 

x =Q u1 u2
2

T.B.A. 0.73s6 0.0756 1.060 0.7506 0.0506 0.947

Shear.ing 0.7355 O.0762 1.434 0.7469 0.0564 t'127

Kíharars second approxi-mation to the Chapman-

Enskog theory is given by eqn. (1.5). Using quantum

col-lision integral"17 for the Lennard-Jones potential,

the concentrati-on depend.ence for the two systems is

predicted. Potential parameters for tine He/Ar system

are those derived by Van Heijni-ngen et aI.Z The

parameters for the Ue/OZ system are fess rel-iabIe being

obtained from the combination rul-er.55

Atternpting to derive parameters from the actuaf

concentration dependenceB yields resul-ts wj-th large

errors and, consequently, this method was not employed.

Predicted results for both systems are given

in Table ( 4. fO ) following:
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IabLe ( 4, 10 )

Predicted Diffusion Coefficients fot, the
systems He/Ar and He/02 at 300K usíng

Kiharat s seeond approæimation

x

He/A::
(rÐrr) pr"d .

t¡"/oz

'PÐtz)pned.
2

t

2

4

5

6

7

I

0

0

0

0

0

0

0

0

0

o .7 326

0.7384

0.7431

0.7469

0.7499

0.7522

0.7540

0.7555

0.7566

0.7575

0 .7 582

0.7576

0.7629

0.7674

0.771.2

0.7744

o.7770

0.779r

0.7807

0 .7 820

0.7830

0.7838

0.9

1.0

The results of Tabte (4.10) for the He/Ar system

are shown as a dashed line in fig. (4.4). As can be

seen, the agreement wj_th the experimental results is
exceptional considering the parameters are from an

independent source.

The parameters for the lle/OZ system do not

reproduce the data. This non-reproducibility is probably



76

a combination of two effects:
(i) The inability of combination rul-es to

successfully predict mixed. paramet""r. 2

(ii¡ Failure of the Lennard-Jones potential to

fit resul-ts for a diatomic mol-ecule.

A convenient method of comparing results of the

concentration dependence is to determine the ratio

Itt"t 2) xr=r / ,"Ðt) 
*r=o) Results for

those predicted by theory are given in

both systems and

Tabl-e (4.11).

TabLe ( 4. 1,1)

Comparison of Eæpez,imentaL and Predícted
VaLues of (PÐl2, 

* r=, 
/ (Pfll2, 

* r:O

System T.B.A Sh ear: ing Pr ed i ct e d

He /Ar

He/o
2

1.037 10.005 1.031 r0.005

7.026 r0.004 !.027 !0 .002

1.03s

1.035

Error l-imits were obtained using the 95f, confidence

interval-.

Experimental ratios are derived from the coeffic-
ients in Table ( 4 .10 ),

The error in the rel-axation ti_me measurements of
the two bulb apparatus has been shown to be !0,2f".
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Taking this into account, and also as much as 0'2%

experimental error in both types of cel-l, it may be

cfuded that both sets of data are 1n agreement '

con-

Comparison uith other Worket's

comparison with individual workers is difficul-t

because most available data are accurate to onÌy 1 - 2r"

and generatly measured at different temperatures '

InrecentyearSseveralcorrelationsofdiffusion

data have been compiled and functions predicting diffusion

coefficients over wide ranges of temperatures postulated'

These correlation functi-ons54'56'5T offer a con-

venient means of comparison. Pred.icted diffusion co-

effj-cients at 30oK derived from these functions, âs wel-1

as the experJ-mental quantities, are presented i-n

Tabt_e (4.12).

TabLe ( 4. L2 )

Compar'íson of EæperimentaL ResuLts uith
thv'ee CoY'z'eLation Eunctions

HelAn

Exptl. Ca.Ic.

u"/oz
Exptl. CaIc.L% L9o

Ref (s+)

xr=o ' 5

Ref (s7)

*2=o

Ref (so¡

*2=o

0.754 0.756 0.3

0.736 0.7264 -1.3

0.736 0.7464 1.4

0.763 0.752 -1.5

a Data corlrected fon quantum effects



The experlmental vafues are those of the

apparatus.
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two bulb

These correlations predict the diffusion coeffic-

ients for the lle/Ar and He/O, system to within 2/", which

is within the error of most diffusion measurements.

From this it may be concfuded that these resul-ts

l-ie within the general scatter of the literature val-ues.

4.5 ConcLusion

Binary diffusion coefflcients, obtained with two

cel-l-s of completely different design, have been presented.

The concentration dependence of these systems has been

measured and the results obtained from the two cells

have been shown to agree.

Results have been given that show that the con-

centration differences are fol-l-owed exactly and hence the

correct diffusion coefficient is being measured.

An equation describing the behaviour of a binary

gas mixture in capillaries at 1ow pressures has been

presented. This equation adequately describes the

results in this work and also gives some insight i-nto

anomalies observed in the literature.
One may conclude that, given a carefully designed

diffusion cel-l incorporating thermistors as the concen-

tration measuri-ng device, it should be possible to

accurately measure binary diffusion coefficients of

gases.
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CHAPTER V

EFFECT OF A MAGNETTC FTELD

UPON DIFþ'USTON

5. 1- fntroduetion

Two previous investigationsl3'14 of the effect of
a magnetic field upon diffusion have reveal_ed no signifi-
cant change in this transport process. In view of the

success achieved in measuring binary diffusion coeffj-eients

with thermistors as the concentrati_on detectors, it was

thought worthwhil_e to attempt to find such an effect.
The two bulb apparatus described in Chapter II is utilized.,
the only al-teration being a redesign of the connecting

tube.

5, 2 Backgr.ound

5BSenftl-eben first observed a change in the

therma] conductivity of oxygen and nitrogen oxide under

the inffuence of a magnetic field in 1930. A qualita-
tlve explanation of the effect, employing mean free path

arguments, r^ras given by

Van Lier and Zernike.6I

Gorter5g ' 60 and later extended by

Little interest r^ras shown in the subject during

the subsequent 20 years until the early 1960rs when two

developments l-ed to renewed interest in the topic.
These r^iere:

6z( i ) Beenakker et al_ . measured a field effect

for nitrogen showing that the effect r^/as



not confined to paramagnetlc molecules ' 
B0

^"(ii) Kagan and Afanastev'J showed that a gradient

in a gas produced a non-equil-ibrium dis-

tribution function which was anisotroÞic,

not only with respect to the molecular

velocities, but also with respect to the

rotational angular momentum.

6ll , lL !r'
Kagan and Maksimov'- recognised that it was this

anisotropy that accounted for the field effects.

Bo]-tzmann'Sequati-oni-sstri-ctlyapplicableto

monatomic gases. since the gases that show fietd effects

are polyatomic, the application of this equation is

limited.
Problems associated with polyatomic mol-ecules

incl-ude the non-spherical- symmetry of the intermolecular

potential function and the internal degrees of freedom

with which energy is associated. Early workers modified

the theory for monatomlc mol-ecufes to contain these

phenomena.

In the 1940's De Boer, \nlang Chang and Uhl-enbeck

independently presented an improved equation for poly-

atomic molecufes. This app"oa"h65 although not rigorous,

did. provide direction for later, more complete, treatments

of the problem.

The rigorous theory was given by Sniderr66 and

later employed by Snider and McCo r"t97 '68 Continual

progress in the development of the theory to incl-ude

magnetie fiel-d effect$ is being made.
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5.3 SenftLeben-Beenakkez. Effects

The magnetic field effects, or rrSenftleben-

Beenakkerrr effects, are interpreted in the following

manner:

Paramagnetic molecules possess a net magnetic

moment so that an externally applied magnetic field will
cause a precession of the magnetic moment about the

direction of the fiel-d. This precession partlally

destroys the preferential alignments established by the

gradients and collisional coupling. The magnitude of

the transport coefficient witl_ thus be altered by the

presence of the field.
In the case of non-paramagnetic mol_ecules, a

smafl non-zero magnetic moment exists, caused by the

rotational- motion of the molecul_es and is given by:

ilnot = Eoot UN J ( 5.1 )

Brot being the rotationat Landé g-factor, UN the nuclear

magneton and J the rotational angular momentum.

Even though the magnetic moment of non-paramagnetic

molecules is considerably smal_ler than that for paramag-

netic molecules, the field effect will be of the same

magnitude since the magnetic moment acts only as a means

by which precessi_on may occur.

The val-ue of Urot has nothing to do with the

magnitude of the effect at saturation. In the case of
non-paramagnetic molecules, to achieve saturation
stronger magnetic fieLd strengths must be employed to

effeet the same destruction of the anisotropy.
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The frequency of precession 1s given by:

(¡ = ( 2nyu /h)H (s.2)
0

y being the gyromagnetic ratio, U0 the Bohr magneton,

h Pl-ank's constant and H the magnetic field strength.

The effect must depend upon the frequency of

precession, t,r.r, as well as the average time between

colli-sions, tcol-l-. If the product, otco1l Í<1

the precession is unimportanL, while if t¡tcoll_ >>1

the mol-ecufe will- precess many times between collisions

and it foll-ows that complete averaging of orientations

will resul-t. Since tcol' is inversel-y proportional- to

the pressure, then otcol_l_ is proportional to the ratio
of the magnetic field strength, H, to the pressure.

Most work reported on the Senftleben-Beenakker

effects show a dependence upon H/P witin saturation

occurlng at high values of H/P.

A precessing molecul-e is like1y to present a

l-arger cross-sectional- area than a molecule 1n the fiel-d

free situation. This would manifest itself as an in-
crease in the col-li-si-on integral and, therefore, a

decrease in the transport process woul-d be expected.

A review article by McOourt and Beenatxker'g

summarlzes the methods of measurement and the resul-ts

obtained for the magnetic field effect upon the thermal

conductivity and viscosity of polyatomi-c gases. In the

case of oxygen gas, each of these transport processes i-s

decreased in magnitud,e by the order of I/, at saturation.
tr'or oxygen systems, saturation occurs at H/P

val-ues as low as 50 gauss/torc.

Senftl-eben et u.t.70 studied the thermal- conduct-
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ivlty change in a ser|es of binary gas mixtures involving

oxygen. These resul-ts ind|cate t]¡at the ef f ect decreases

in the presence of another gas. In mi-xtures where

molecufar weight differences were 1arge, the fleld effect

was the f east, while mixtures of gases with similar

mol-ecular weights to oxygen exhibited a field effect

only slightly l-ess than that of the single gas oxygen.

Heemskerk et at.7I verified these findings.

They al-so studied the fiel-d effect upon the concentratlon

dependence for nitrogen-inert gas mixtures. These

results indicate the preferential use of gases of similar

molecular weights in attempting to find a field effect

in diffusing gases.

5.4 Preuious Inuestigations

Senftl-eburr13 studied the magnetic field effect in

the ternery system 02-N2-H2. The apparatus used con-

sisted of two targe reservoirs, each having a volume of
2

3000 cffiJ, and connected. by a system of three capillaries,

the central- one bei-ng so positioned that an external

magnetic field coufd be applied.

Hot wires, positi-oned in the capillaries on

either side of the central capillary monitored the con-

centration changes. These hot wires formed two arms

of a Wheatstone bridge, which also included a variable

resistance box for the purpose of nulling the voltage

across the bridge.

In one bulb, nitrogen at a partial pressure of

20 torr was admitted, while the same partial pressure of

hydrogen was introduced into the other bul-b. Experiments

commenced with the opening of the taps connecting the two

bulbs to the capillary system. The apparatus design was
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such that a large relaxation time existed and in a short

period of time concentration changes would, consequently,

be sma1l. A gal-vanometer positioned across the llheat-

stcne bridge recorded deftections due to changes in gas

concentrations.

Senftleben et al-. assumed that the concentration

varied linearly over the durati-on of measurements. A

shift in the recorder trace occurred when a field was

applied but the origi-nal trace was re-established on

removing the fiel-d.

A fine wire was positioned within the central-

capillary in such a way that it could be moved up and

down with the aid of a small electromagnet. fn this

manner, the cross-sectional- area of the central capillary

coul-d be altered, depending upon the length of wire

protruding into the capillary.
Senftleben et al. demonstrated that the rel-ati-ve

change in cross-sectional area of the central- capillary was

dj-rectly proportional to the change in diffusion coefficient

brought about by the applied magnetic field.
Tip et al.T 2 propo"ed that in the experimental

conditions used by Senf tl-eben et â1. , the paramagneti-c

component woufd be in the equilibrium distribution and,

therefore, no angular momentum anisotropy would be left to

be averaged by the magnetic fiel-d. It was assumed that

the effect was directly proportional to the paramagnetlc

component.

From the results of Senftleben et âf. , a change in
the diffusion coeffi-cient of 12x10-4 was predicted and

r ,l-rexperiments performed by Vugts et al-.-' attempted to

verify these predictions.
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The apparatus used in the investigation of Vugts

et al. consisted of two large bulbs, each having a vol-ume
¿of 2000 cfl', which were connected by a diffusion bridge.

The diffusion bridge consisted of two diffusion resistances

separated by a small reservoir having a volume of 2 cm3

and constructed in such a way that a transverse magnetic

f ield coul-d be applied.

Using this symmetrical deslgn, the concentration

of gas in the small reservoir remains constant at all
times. However, when an external magnetic field was

applied to one half of the diffusion bri-dge, a change in
the concentration of gas in the small reservoir should

result. From this concentration change, measured with
a mass spectrometer, the field effect upon the diffusion
coefflcient may be calculated. However, from these

resul-ts no effect was found.

5.5 Py,esent fnlestigation

The two bul-b apparatus, described in sectj_on (2.2),
may be utilized to measure the Itsenftleben-Beenakkerrf

effect in a diffusing gas.

A new connecting tube was used, designed so that
the majority of the diffusion took place in a restriction
at the centre of the tube. This enabl_ed a solenoid to
be positioned about the tube.

The sol-enoid consisted of coil_ed copper wire con-

tained in a polyurethane casing. External connections

to a second water bath, which was fitted with a water pump¡

provided temperature controlled, circufating water to the

coil-s. A refrigeration unit maintained the second water
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bath al a constant temperature.

El-ectric current to the sofenold was provided by

a d.c. power supply with a maximum operating output of

60 vol-ts. A uniform longitudinal- magnetic field of up

to 2000 gauss was able to be achieved. A Bell Model-

640 gaussmeter (Columbus, ohio) was used to determine

the field strength at a given input voltage.

Since the partial pressure of oxygen in the experi-
ments never exceeded 5 torc, the fiel-d strength obtained by

this solenoid should have been sufficient to effect
saturation.

5.6 Method of Measuy,ement

A relative method of measurement had to be employed

since the effect appears to be somewhat smal_Ier than
_]112x10 Individual experiments using the two bulb

apparatus were usually only reproducible to t 0,2/".

( section ( 2.10 ) )

Diffusion experiments were performed in the same

manner as described in section (2.7). That is, a smal_l_

quantity of gas was admitted to the cell which contained

the first gas. Output voltage measurements were

recorded as in a normal- diffusion experiment. (seetion
(¡.2))

The rel-ative method employed is as fol_lows:

(Reference to fig. (5.1) wit_t be helpful at this stage. )

The experiment is commenced and data points

recorded at regular lntervals for a time of approximate

duration, r/5, which is referred to as segment 1 in
fig. (f .f). (t is the rel-axation time) This time

interval- is denoted att. These initiar data points

$
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establ,ish the rate of change of concentratlon.

The magnetic fiel-d is applied for a peri-od of

time, Ltz., whlch is designated as segment 2 in the diagram.

During this interval a new diffusion rate is established,

assuming the magneti-c field does alter this transport
process.

Finally, the magnetic field is removed and data

poi-nts are recorded for the remainder of the experiment.

The original diffusion rate should be re-establ_ished.

This part of the experiment is referred to as segment 3

in the diagram.

The following equations descrlbe the diffusion
process 1n segments f , 2 and 3. The concentrati_on

difference at the beginning of segment 3 may be given

by:

Ac
.f

AC, exp (s.3)

rz)s2 is the diffusion
This equation may

P tz) sz\t z/,

acrexpItr,)rratr/t

t
Iwhere'r is

coef f ici-ent

be expanded

defined as

prevailing

to glve:

(r/Drr) and (l
i-n segment 2.

AC exp -(l A /'rT2 S2 2
t3

I

(s.4)

(Orr)Sf being the diffusion coefficlent in segment 1.

This impl-ies that the concentration difference
between the two bul-bs at the commencement of segment 3

depends upon the diffusion rates establ_ished during

segments 1 and 2,I
t

I

'{
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SEGMENT I SEGMENT 2 SEGMENT 3

Eig. 5.1 Concent::ation as a Function of Time showing Division into Segments.
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Equation (5.4) is equivalent to

AC AC rexp (-l (At +At) + ôt)/ta !2 sl- 7 2

)

(s.s)

Equation (5.5) assumes the original diffusion rate

prevails even when the magnetic field is on. The time,

ôt, is the interval requlred to account for an increase

or decrease of the diffusion rate during segment 2, since

a different diffusion rate will alter the concentration

dif f erence at a given point in time. This ti-me lnterval-

is sufficient to adjust the concentration difference to

Ac^.
J

Combining eqns. ( 5.4) and (5.5) yields:

((lrz)sz\tz

2

+ (D tz) ,.0-, ) (D (At +At
72 S1 7 2

+ôt)
(s.6)

Therefore:

(t ) (n )t2 S2 72 ò_L

(¡
7 S1

At
2

Thus the time increment 6t divided by LtZ becomes a

measure of the Senftleben-Beenakker effect in diffusion.
Unfortunately, the magnetlc field affects the

thermal conductivity of the gas about the two thermistor
positions making it impossi-b1e to use data collected in
segment 2. In the presence of non-paramagnetic gases

no such eff ect i-s detectable. Measurement of the hlheat-

stone bridge voltages for a stationary oxygen environment

show the effect upon the thermal conductivity to be quite

reproducible and that there j-s no drift in these voltages

tô

)
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ï¡ith time.

To determine the magnltude of the Senftleben-

Beenakker effect in diffusion, the time interval, 6t,
must be determined. Data col_lected in segments 1 and

I are combined and fitted to eqn. (3.5) by the method of

least-square".3B

At the juncture between the two segments, a time

interval- of duration LtZ is substituted. By omitting
suceessive data points, each time fitting to eqn. (3.5),

any changes during the experiment in the parameters

AR(-) and the relaxation time may be studied. In
principle these parameters should be the same in both

segments, but if the diffusion rate differs whil_e the

magnetic field is applied, then a discrepancy would be

expected. By choosing an appropri_ate time interval,
ôt, the parameters in each segment may be brought into
agreement.

This approach al_l_eviates the probl_em of exact

pressure measurement, which woul_d be the major source of
error if individual_ experiments are compared. The only

errors of consequence in the analysis method descrlbed

are the accuracy of the timing device and the standard

deviation of the ttleast-squares fittt.
The Crystal timers used produced pulses at

regular time intervals, which ürere reproducible to
0.0017,. Consequently, the error in the analysis is
that due to the l_east-squares procedure.

Analogous arguments are val_id for the situation
of f iel-d on in segment 1 and of f in segment Z.
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5.7 ResuLts

AnaÌysis of the experlmental results reduees to a

study of the least-squared data. Presented in Table

(5.1) are the results for the system lr/OZ. The para-

meters and associ-ated errors of the least-squares

analysis are given for varying numbers of data points

omitted from the beginning of the experlment. In thls

table, N refers to the number of data points omitted,

AR(-) is the quantity defined in eqn. (3.5), (PD'Z) the

diffusion coefficient, and the col-umns headed Iterrortt

are the 95f" confidence limits.
The number of data points rrl-east-squaredt' was

usually in the order of two hundred. As would be

expected, errors associated with the least-squares

analysis increases as the total- number of data points

processed, decreases.

Three different types of experimentsare presented.

The first type is a test experiment where data points

are not recorded in segment 2 and no magnetic fiel-d is
applied. This experiment witl give some indication on

how well- segments 1 and 3 should agree when no field
influence is present. The second series of experlments

is when the field is applied during segment 2. The

final series is the reversed situation where the fiel-d is
on during segments 1 and 3.

Consi-der experiments 1 to 4 which are of the first
type given above. All four experiments show a tendency

for the cal-culated AR(-) val-ue to increase and the

diffusion coefficient to decrease in segment 1. After
the time interval-, Lt2, (segment 2), the parameters appear
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ResuLts for the
FíeLd upon

fon the

TabLe ( 5.1 )

effeet
Binaz,y

Sy stem

of a Magnetic
D'î,I IusLon
Ar/0,

3 f 5
N AR(*) Enron ( x1 0 ) Enror ( x10 )

PD t2

4

I

4

2

6

6

7

I

0

3

6

9

35.329

35.331

35.332

35.333

35.334

35.337

3s.338

38.879

38.879

38.879

38.879

EXPT t

9.6

10.0

t0 .2

10.8

11.4

12 .0

0.16336

0.16334

0.16332

0.16332

0.16331

0.16327

0.16326

0.14996

0.1_4995

0.14996

9.0

t0 .2

t2 .6

2.6

2.6

2.6

2.8

3.2

3.8

4.0

4.4

t2

15

18

t2

15

18

2!

At

13.6

I mins.
2

2EXPT

0

8

I

I

2

4

3

â

3

4

0

3

6

9

38.867

38.870

38.873

38.87s

38.875

0.15007

0.15004

0.1s002

0.15000

0.15000

10 mins.

6

I

0

4

4

5

24

At
2

5.2 0.14996 4.6
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TabLe (5.L) (Continued)

AR(-) Er::or ( x10 3 f Ernon ( x10
(

N )
PD t2

0

6

2

Ã

4

4

0

5

10

15

20

25

30

!2

1s

18

27

2.8

2.8

2.8

3.2

44. 519

44.524

44.530

44.s36

44.541

44. s40

44. 542

33.315

33.319

33 .322

33.325

33 .327

33.332

33.334

33.336

33.337

EXPT 3

4.4

8 mins.

4.6

5.0

5.4

EXPT 4

4.8

4.8

4.8

4.8

5.0

10 mins.

5.6

5.6

5.8

0. L6440

0.1_6435

0.16430

0.16424

0.16419

0.16420

0.16418

o.1-7092

0.17088

0.17086

0.17082

0.]-7079

0.17074

0.77072

0.17069

0. L7069

4

4

4

6

0

3

3

3

3

4

0

3

6

I

^t

^t

2

2

3.8

4.2

4.6

5.2

I

0

4

5

24 6.0 5.6
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TabLe (5.1) (Continued)

t q

N

^R(-)
En::on (x10 ) Ernon ( x10

PD t2

trEXPT

6

4

6

I

0

ã

3

3

3

4

0

3

6

9

36.313

36.315

36.316

36.316

36.317

36.316

36.315

36.313

36.313

36.312

48.042

48.045

48.048

48.053

48.053

48.053

48.054

10 mins.

0.20098

0.20095

0.20094

0.20093

o .20092

0.20093

0.20095

0.2009 8

0.20099

o .20L07

0.19065

0.19061

0.19057

0.19049

0.19049

0.19048

0.19047

J.Z

3.2

3.4

3.8

4.4

5.8

6,2

6.6

7,2

2.6

2.8

I

2

4.8

I2

10

15

20

25

At

15

18

2t

24

27

2

4.6

4.8

5.0

5,2

5.4

EXPT 6

3.2

3.0

3,0

Àa, = !0 mins.

3.6

67

420

5

3

4

2

4

J

3

30 3.8 5.4
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TabLe (5.L) (Continued)

AR(-) Enno:: ( x10
J t Ennon(x10

tr

N ) PD
72

0

5

42.484

42.488

42 .491

42 .457

42 . +97

42.498

42.50í-

EXPT 7

5.2

5.2

5.4

10 mins.

6.4

6.8

7,2

7.6

EXPT 8

3.4

3.4

3.2

3.2

3.4

0 . 1,87 32

a . !87 2!7

0,t8723

0.18714

0.18714

0.18713

0.18708

0,20325

0.20322

0.20319

0.20317

0.20314

0 ,20312

0.20310

0.20307

0.20306

0.20306

4,2

4.4

5.2

7

I

I

2.6

2,6

2.8

3.2

10

15

20

25

30

1.2

15

18

2t

24

27

Àt
2

7 0

I

6

6

62

0

3

6

I

46.315

46 .317

46 . 319

46.321

46 .322

At ml_ns.10
2

0

2

4

o

6

4

4

4

4

5

I

I

0

0

2

3

3

4

4

4

46.325

46.326

46.328

46.328

46,329
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TabLe (5,1) (Conti'nued)

â t 5
N

^R("")
Enno:: ( x10 Err.or ( x10) )

PD I2

0

0

0

40

q

34.006

34.012

34 . 016

34.019

34.019

34.020

34 . 018

41.578

41. s81

41.584

41 .587

41.593

41.608

41.607

41.60I

EXPT 9

5.4

5.2

5.4

7.8

EXPT 10

7.O

7.0

7,2

7.4

7.6

10 mins.

7.4

7.6

7.8

0.1882

0.1881

0.1880

0.1880

0.1880

0.1880

0.1880

0.19617

0.19613

0.19610

0.19605

0 . 19 59 6

0.19 574

0 . 19 576

0.19 574

4,

6

8.0

8.0

10.0

10 .0

7.6

8.4

8.8

9.2

10.0

10

15

20

25

30

!2

15

18

2t

^t
ml_ns.10

2

4

I

2

6

6

7

2

4

0

6

6

7

0

3

6

I

At
2

t Not necessanily the diffusion coefficient fon this
system.
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to be more conslstent. It seems that the initial data

is subject to some drift, whlch introduces an uncertainty

of approximately 0.05% tn the diffusion coefficient in

this segment. Parameters calculated towards the end of

the segment are generally in better agreement with those

of segment I than at the initial stages. If a longer

time is waited before readings are recorded, so tl.:lat the

diffusing gas is given time to settle down, the rate of

change of concentration woul-d be smaller and, consequently,

any effect would be more difficult to detect. It appears

that these experiments are subject to some inltial drift
which must be considered in the analysi-s.

Experiments 5,61 7 and B are of the second type.

The behaviour of these four experiments is simll_ar to

that of the first four, namely an initial drift of
parameters in segment 1 and sel_f-consistency of the para-

meters in segment 3. Parameters in segment 1 generalÌy

agree with those of segment 3 within the given confi_dence

l-imits.

Experiments 9 and 10 are performed in the reverse

manner to the four experiments just discussed. It might

be expected that a different trend would be observed, Vet

the results show similar characteristics to those dis-
cussed above.

Al-1 the experiments are summarlzed in Table (5.2).

l,rlithin the errors of measurement the l_east-

squares parameters agree and, therefore, there can be

no basis to warrant a ti_me shift to bring the segments

into coincidence. The initial_ drift compllcates the

analysis, but taking this into consideration, there does
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TabLe ( 5.2 )

Summary of ResuLts pr.esented
in TabLe ( 5.1 )

XExpt
2 Fiel-d Sequence H/P

(gauss/tor"r )

t
2

I

4

5

6

7

U

9

10

9tt

0.9

0.9

0 .25

0.1

0.9

0.8

0.8

0.25

0.9

off- on - off

off - on -o ff

off - on- off

off-on-off

on-off-on

on-off-on

420

430

230

610

330

420
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not appear to be any change in the diffusi-on rate, upon

application of a magnetic field, within an uncertainty

of t 0.05T'.

5. B Diseussion

Results have been presented for the system Ar/Oz

showing that the magnetic fleld has no effect upon the

diffusion process wlthin an estlmated error of 0,05/".

Recently, Eggermont et al.T 3 prr¡lished their

findings on the effect of a magnetic field upon thermal

diffuslon in the Nr/Ar system. A I% magnitude change

in this quanti-ty was observed while using a transverse

magnetic fiel-d. This effect was of the same order of

magnitude as that encountered 1n thermal conducti-vity

measurements for this system and it al-so showed the

usuaf dependence upon H/P.

Two previous attempt slz'74 to find a fiel-d effect

in thermal- diffusion have reveal-ed no magnetic field

dependence.

It has been suggested by Eggermont et al.7 3 trrtt

these previous workers were trying to detect too smal-l a

change in thermal diffusion in their respective apparatus.

The apparatus of Eggermont et al-. by contrast, however,

measures a transverse thermal- diffusion, thereby offering
greater sensltivity.

Cooper et aI.7 5 hu,r" extended a theory of transport

processes involving polyatomic molecules beyond that de-

rived by Mat zen et at.76 tfri" extension includes

magnetic field effects. Expressions, based upon this

theory, were derived for the magnetic fleld effect upon

diffusion and thermal- diffusion, as a function of concen-
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Lraíion, for the system Nr/Kr.

In the case of thermal diffusion, this theory

pred.lcts an ef f ect of approximately 0 .7 /" change .

Although this is not the same system as studied by

Eggermont et al.T 3 tfru results may sti1l be compared and

such calculations do give the right order of magnitude

in predicting the effect upon thermal diffusion.

Theoretical- calcul-ations for the magnetic field

effect upon diffusion predict a maximum change in the

diffusion coefficient of 0.002/", Unlike the theory of
'7)Tip et â1. ,r' who proposed a maximum effect when the

field-affected component was in trace quantities, these

caleul-ations predict a maximum at *Z = 0 .3. The results

of Eggermont et al. are in agreement with the latter

calculations.

Although Senftl-eben et al-.13 reported an ef fect

of 0.02/" in diffusion, his resul-ts are contestable.

During an experi-ment a shift in the galvanometer occurred

upon application of a magnetic fiel-d and, subsequently,

returned to the same base l-i-ne once the fiel-d was removed.

(A linear change in concentration was assumed. ) If the

magnetic field did infl-uence the diffuslon rate, then the

concentration difference between the two reservoirs woul-d

alter and, therefore, a shift in the positì-on of the

baseline woul-d be expected once the field was applied

and then removed.

It is tikely that Senftl-eben et al-. observed in

fact a change in the. thermal- conductivity of the gas

about the concentration detectors.

Vugts et al-.14 o¡served no effect in the systems
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NO,/N2 and 'oor/16o-180 withln a maximum error of o.o2/,.

These observatlons are in agreement with ref . Q3).

The model proposed by Cooper et at,73 tpp"t"s to

be capable of predicting the right order of magnitude of

change in the quantity thermal diffusion. In view of

the experimental- evldence presently accrulng, it woul-d

seem that the effect upon diffuslon, if any, is certainly

smaller than 0.05f", and hence, will be a very dlfflcult

phenomenon to measure experlmentally.



702

APPENDICES

APPENDIX I

APPBNDIX II

Bxpressions to Evaluate Kiharars

Second Approximation

Pag e

103

104Deri-vation of Expression for AR(t)



LUJ

APPENDIX I

EXPRESSIONS TO EVALUATE KTHARA I S

SECOND APPRO)(IMAT ION

Bxpressions for the Prs and Qts defined in

section (t.Z) are given below. These expresslons enable

Klharafs second approximation to the Chapman-Enskog

theory (eqn. (1.4)) to be evaluated.

2 t4 n(2,2¡zr
"lI
n:t'""

orrl
%)

2
214 2t4^ Izl

trnt,,J
t

P

{tt ,+ltt r)2
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0M1+M 
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)M

{M r+vt r)2
Qt,
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(
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1
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8M1M zArz

+

2
%a (2,2)'x

t7
a t (

2
(t,t )'!
t2

2x (l,l +3M +! 2

2 A'ir)Mzå',

3 2M 
1M 

'O'ï'
8(M +Mt 2

)
+ + 1s (uaM, )

2,2)te
7

(1,1¡'t
72 CIl

(z,z)x
22
1,1¡:t
2

"4!

l'
2

CI o

o
t
!2

x
Íì

where the Qfs are collisiona1 integrals and Af, is a

ratio of col-lision integrals. Expressions for PZ and

qZ are found by interchange of subscripts.

Note that the expressions for the Q's change if the

Chapman-Cowling expresslon54 r" required.
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APPENDIX TT

Derí.uation of Eæpression for LR(t)

Conslder the Circuit B as described in Chapter

III wlth reference to fie. ( E. f ) .

The current through each arm of the bridge 1s

given by:

vt+
Rt

V
43t1

i,

R
2

V V
1.2 23

R4 R t

Comblning these two equations yields:

V V
(n 23 43

7 V VI2 14

The micacard resistors were chosen so that
Rearranging and making use of the following

*r)

Yt,

-rI

o3 R4

rel-ations:

+V
23 43

gives the resul-t presented as eqn. (3.4):

R

V= utu +V

3
R

VV 24
2

I

AR(t) (n I V 14
(v t4 -V 24)
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