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T O :

The man who once told me

"We come and go with sufferings,
and in between, experience a few
real happy moments. .

Nothing we have remains, but our
knowledge, ideas and thoughts.
"Them, can never be lost or taken
away from us,

and them, what better than

to leave behind".

M.H. ALIZADEH ESQ. - my father



ABSTRACT

In view of the scarcity of reliable thermophysical property data, in
particular,-of liquid-phase diffusion coefficients, this thesis describes
the design, construction and use of an apparatus which enables the measure-
ment of the binary diffusion coefficients of liquids with an accuracy of
+1%. A complete analysis of the theory of the instrument based upon the
phenomenon of Taylor dispersion is presented. An instrument has been
designed such that it operates very nearly in accordance with the simplest
mathematical description of the dispersion of a solute pulse in a fluid

in laminar flow within a long, straight circular cross-section tube. The
small departures of the instrument from its ideal model are evaluated as
corrections which include the effects of non-zero volumes of the injected
pulse and the concentration monitor, the coiling of the diffusion tube,
its non-uniformity and non—circularity of the cross-section and the varia-
tion of the fluid properties with composition. Owing to the instrument
design and under the selected expefimental condifions, the effect of such
corrections are found to be either negligible or less than one percenf.
Experimental results are persented which confirm that the instrument does

indeed operate in accordance with the theory of it.

Experimental data for the binary diffusion coefficients of three binary
liquid mixtures, n-hexane + n-heptane, n-hexane + n-octane and n-heptane +
n-octane, of various compositions in the temperature range 20°¢ to 70°C
and at a pressure of 1 bar are reportéd. The accuracy and precision of
these measurements are estimated to be 1% and +0.5% respectively. The
experimental data have been used to assess the validity of the theoretical
descriptions of diffusion in liquid mixtures, as well as testing several

estimation procedures, which are in current use.
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INTRODUCTION

The transport properties of fluids associated with the transfer of mass,
momentum and heat are the diffusion coefficient, viscosity and thermal
conductivity. An accurate knowledge of these quantities is required to
improve the existing statistical mechanical theories of fluids (Sections
1.2 and 1.3 El, 2]) whilst being highly significant for process plant
design [?—6]. In the absence of an exact theory the transport properties
of many fluids are estimated by methods which are based upon simple
models (Sections 1.2 and 1.3; [?—@]) and hence the generated data are
necessarily burdened with large uncertainties which could affect the
overall technical design of equipment and increase the capital cost of
items of plant. Investigators have shown [?, @] that such expenditure
would be considerably reduced by more reliable estimation procedures

based on accurate experimental data for transport properties.

The process of molecular diffusion in liquids, reviewed extensively by
several workers [10-13], is often the rate limiting factor in chemical
engineering operations involving mass transfer such as absorption, liquid-
liquid extraction [14] and heterogeneous chemical reactions [15-1i].

In addition, it is the combined effect of molecular diffusion and
advection that give rise to the longitudinal dispersion of material
flowing through a circular tube, a phenomenon known as the Taylor dis-
persion (Section 1.4.4). In general, longitudinal dispersion is.of
theoretical and considerable practical importance and arises frequently
in industrial processes. It is common practice to use a single pipe-
line to convey different materials over long distances by introducing

them consecutively. Since it is not generally economical to clean the
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line after each operation, it is desirable to know the extent of mixing
and how much contaminated material must be rejected. In tubular chemical
reactors the mixing of reactants and products, caused by diffusion and
advection, gsually has an adverse effect on the degree of conversion and
hence a larger reactor is required than would be the case if no dis-
persion took place. Furthermore kinetic studies interpreted on the
assumption of plug flow in the absence of diffusion may lead to erroneous

reaction mechanism.

The primary application of diffusicn coefficients in chemical engineering
calculations is in the Schmidt number, v/D, which is generally used to
correlate mass transfer properties. More directly, mass transfer equa-
tions (Fick's equations) may be integrated to solve such practical
problems as the rate of diffusion and the local concentration of water
diffusing into hydrocarbons in a storage tank. The equations are used

in reactioﬁ rate calculations for which the rate of diffusion to a
catalyst is important. Hence, accurate values of diffusion coefficients
are required not only for their primary direct application in the field
of mass transfer, but also for the molecular theories of liquid behaviour.
Unfortunately, accurate values of diffusion coefficients are scarce
[iS—Qi] and most of the available diffusivity data, particularly in the
liquid phase, carry uncertainties of high order (10-50%; [?2]). Con-
sequeﬁtly, the correlations that are developed from such data neces-
sarily reflect these uncertainties. It is therefore regrettable that
there have been few reliable, systematic studies of molecular diffusion
coefficients in the liquid phase. There are three main reasons, well
documented, for this lack of measurements [é, 11, 18, 2@]. Firstly, the
fact that the liquid phase diffusion is a slow process, thus requiring

experiments of several days' duration to obtain a single datum.
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Secondly, the experimental methods for diffusion coefficient measure-
ments either depart significantly from their principle ideal models, or,
thirdly, they are somewhat limited in the range of thermodynamic states

to which they may be applied.

In the last few years, new methods for the measurement of diffusion coef-
ficients in the liquid phase have been developed [}8, 21, 23—26].

Amongst them, the Taylor dispersion technique has recently received a

new stimulus owing to its relative simplicity and wide range of appli-
cation as well as the relatively short duration of the measurements [?l,

23, 27—2@]. The method has been unjustly neglected [bd], but the
deéelopment of sensitive detectors, such as the refractive index detector
for liquid chromatography, and of computer techniques has created the
conditions for fast and accurate measurements of the diffusion coefficients

for liquids by this technique.

The objective of the work undertaken for this thesis has been to develop
the apparatus and, where necessary, the theory of the Taylor dispersion
technique, so as to enable the accurate measurement of binary diffusion
coefficients for liquids at elevated temperatures and atmospheric pressure.
It is hoped that the measurements reported here, as well as those which
could be obtained for other liquid éystems from this apparatus, will be
used both to examine liquid phase diffusivity theories which have been
developed or will be developed in future and also for direct application

in predicting the diffusion coefficients for liquids.

The first chapter of this thesis begins with the basic concepts and
definitions in the isothermal molecular transport of mass which are
essential in defining the binary diffusion, and diffusion coefficients,

of fluids. This is followed by a description of the simple models for



diffusion in liquids, namely the hydrodynamic, kinetic and van der Waals
models, which establishes the need for the development of a satisfactory
theory of the liquid structure and hence a theory of the liquid phase
diffusion that can precisely describe this transport phenomenon. The
statistical mechanical and computer simulation studies which seem very
promising in the development of theories of the liquid-state are then
briefly discussed. The last section of the chapter is dedicated to a
review of the experimental methods fo measuring binary diffusion coef-
ficients for liquids, revealing the advantages of the "Taylor dispersion
technique" whose precision has been made comparable with that of the other

methods.

In the second chapter, a more complete treatment of the theory of "Taylor
dispersion technique'" for accurate liquid diffusivity measurements is
provided so as to obtain a set of working equations for an instrument
operating on this principle. It will be shown that by means of these
equations, the accuracy of the results of measurements with this method
can be assessed and made comparable with that of other techniques. In

the subsequent chapter, the apparatus design, the experimental procedure
and the performance of the equipment are described. Chapter Four contains
the results of the measurements for binary mixtures of n-hexane, n-heptane

and n-octane liquids in the temperature range 20°c - 70°c.

Finally, the discussion of the experimental results and the conclusions

drawn from this work are included in Chapter Five.



CHAPTER 1

ISOTHERMAL DIFFUSION AND DIFFUSION COEFFICIENTS

1.1 BASIC CONCEPTS AND DEFINITIONS

1.1.1 Isothermal Diffusion

Diffusion of mass under isothermal and iscbaric conditions is the dis-
sipation of a concentration (Section 1.1.2), or chemical potential
(Section 1.1.8), gradient by molecular transport without overall masé
flow. TFor example, consider an isothermal system of two fluid phases
o and B (solvents) in which a substance i, whose chemical potential

is ﬁi, is distributed. The transport of substance i from phase B

to phase o takes place by molecular diffusion according to the equation
[ = fipld;p < O (1.1)

derived by Denbeigh [}i], where dNiB is the number of moles of substance
i which pass from phase B into phase a. From equation (1.1) it follows
that the sign of [?ia - uiéj is opposite to thatodeiB. Consequently,
if dNiB is a positive transfer from B to a, then the chemical potential
of substance i must be less in the phase o than in B. At equilibrium,
there is no difference in the chemical potential of i in the two phases
so that ﬁia = ﬁiB' Differences of chemical potential may thus be
regarded as the origin of all processes of diffusion. Strictly speaking,
it is erroneous to regard diffusion as necessarily taking place in the
direction of decreasing concentration [?i]. However, in physical
situations where there is no discontinuity of the medium, the direction
of decreasing chemical potential usually coincides with that of decrea-
sing concentration. In this case, in a homogeneous material system
consisting of two or more components, a chemical substance is trans-

ported from regions where its concentration is higher towards those of



lower concentration or - in non-ideal mixtures - of lower activity.
The diffusion rate of the substance (known as the flux of the sub-
stance) is considered to be proportional to either its concentration
gradient, by the experimentalists, or, by the theoreticians, to its

gradient of chemical potential which is the driving force of diffusion.

The diffusion defined above occurs in a single-phase fluid mixture and
is usually referred to as Fickian, ordinary or isothermal diffusion.

It is thus distinguished from thermal diffusion which is due to a
temperature gradient, or pressure diffusion due to a pressure gradient,
or from forced diffusion caused by an external force such as that of an
electric field which leads to '"mass conductivity" by ionic migration
(17, 32]. 1Iscthermal diffusion is a macroscopic concept and an irre-
versible process. Thus it can either be described through irreversible
thermodynamics (i.e. in terms of dissipation of chemical potential
gradient) or by Fick's law (i.e. in terms of dissipation of concentra-
tion gradient). The significance of each description is established

in the following sections.

1.1.2 Diffusion Coefficient

The diffusion coefficient, or diffusivity, is the proportionality factor
between the diffusion rate and the concentration gradient causing dif-

fusion and is generally defined by Fick's first law [iSa, 17, 33, 34]

J; = ~DyVe; = -Dic.Ux (1.2)

>

Here we have written Ji-=1nolax*flux of the ith

component in the mixture,
i.e. moles of i diffusing across a unit cross-section perpendicular to
the direction of the current. D. = the ordinary diffusion coefficient
of the ith component whose concentration gradient, in the mixture of

concentration Crps is Vci and whose mole fraction is Xy



The negative sign in equation (1.2) indicates that the material is
transported in the direction of decreasing concentration. In practice,
it is important to consider the changes of concentration with respect

to time at a given point of the system due to diffusion. The description
of the rate of change of concentration, based on equation (1.2) and for

a constant diffusion coefficient, is given by Fick's second law [}3b, 17

9y 2 2

When the diffusion coefficient depends upon the concentration [iSb, 33,

35], equation (1.3) becomes

v . (Dchi) (1.4)

1.1.3 Unidirectional Diffusion

Although under real conditions, substances usually diffuse in all direc-
tions by virtue of their concentration gradients, the essential features
of the transport phenomenon can satisfactorily be revealed by considering
the mass transport taking place in one direction. In this case, the
diffusion process becomes unidirectional and hence simpler to analyse.
This is desirable for experimentalists who often aim at one-dimensional
changes of concentration in the design of equipment to measure diffusion
rates or diffusion coefficients. Thus the diffusion equations (1.2) -

(l.H).are written in unidirectional form as

> Bci Bxi

J; = -Dy w5 = ~Dicq =F (1.5)

oc. 3 cs 82xi

0 T3 7 M3 (1.8)
9z )4

Bci 3 Bci
E r@ —;3 @.m



The diffusion flow has also been described by the mass and molar fluxes
relative to the mass-average velocity v, or relative to the molar-

' —
average velocity v by Bird et al. [ij]

= (V) = pgvl
n; = pi(viv) = pgve mass flux (1.8)
Ny, = oy (Wi) = ey
5 = cg(vytv) = egve molar flux (1.9)
.'+ -, *
i;, = e (v.-v®) = p;Vv; mass flux (1.10)
-> _ R a %
i T ci(vi—v ) = c;v; molar flux (1.11)
where k K K
z Z P;Vs z CiVs
; - i= -; _ i=1 and ;‘* - i=1
Y ™ ’ T Tk n T Tk
z z Pi Loy
i= i=1 i=1

for a mixture of k species in which component i is diffusing with a
velocity v.. In equations (1.8)-(1.11), fluxes refer to "flow systems"
where the diffusion velocity of species i is given with respect to v

or v and not with respect to "stationary" (i.e. whole fluid at rest

macroscopically) coordinate axes in which case

j; = m; = p;v; omass flux (1.10b)
> > —
J; = N; = c¢;v; molar flux (1.11b)

Tt must be emphasized that the flux definition is not complete until
both units and reference frame [;3, 17, Bi], i.e. the location of that
unit cross-section at which the transport rate of material is referred

to as the flux, have been given.

1.1.4 Binary Systems

Limiting the isothermal diffusion process to two-component solutions (by
the word "solution" we mean a single-phase gaseous or liquid mixture),

linear diffusion should be described by two simultaneously valid



equations, regarding the flow of the two components in opposite

directions:
1o
7 = oD —2
3c
el _ _ _2 .
Jo = Dy 57 (1.13)

where the subscripts 1 and 2 in the flux, concentration and diffusion

coefficient refer to the first and second component respectively.

The discussion of diffusion is simplest, hence very important to the
experimentalist, when the reference plane is defined so as to make the
two diffusion coefficients identical with each other [13, 35-37].

This can be achieved by referring the diffusion flow to that plane where
the change in volume due to the two-directiocnal mass flow crossing the

-plane compensate each other, il.e. across this plane there is no 'transport

.

of volume'. If the partial molar volumes of the two components are \/'l

and VQ and jz and EZ are the fluxes measured with respect to the 'volume

frame of reference', we have:

e 3R

1Y vV, = 0 | (1.14)

Introducing the fluxes from equations (1.12) and (1.13) and denoting

the diffusion coefficients related to this reference frame by D) and

1
DZ, we obtain:
dc ac

ve 1 Vi 2 _

D,V 5z + DV, =5 = O (1.15)
1.1.5 Binary Diffusion Coefficient
According to the definition of the molar volume:

Ve, + Voo, = 1 (1.16)

I71 272

and chVl + 026V2 = 0 (1.17)



10

I+ therefore follows that:

V,8c, + V

18¢; 26c2 = 0 (1.18)

Taking this into account, it follows from equation (1.15), that the two

diffusion coefficients must be equal

D = D = D

1 5 12 (1.19)

and thus the subscripts and superscripts in (1.19) may be deleted since
a binary system may be described by a single "mutual-", "inter-" or

"binary-" diffusion coefficient D This is often practically equal

12°
to the diffusion coefficient determined experimentally by performing a
diffusion process in which two dilute solutions of different concentra-

tion diffuse towards each other through an initially sharp horizontal

boundary [Eﬁéj.

1.1.6 Binary-, Self-, and Tracer-Diffusion Coefficients

As indicated earlier, the diffusion coefficient D o is termed mutual or

1
binary diffusion coefficient and refers to the diffusion of one consti-
tuent in a binary system. A similar coefficient, Dlm’ would imply the
diffusivity of component 1 in a mixture [i7, 36-33]. Experiments
indicate that Fick's first law is not always sufficient to describe

the solute flows in multicomponent systems. 'Hence, more generalized
diffusion equations have been developed by Onsager [ilé], Kirkwood and
Duniop EE.E&Q [36-39]. Their analysés led to equations and correlations

involving various diffusivities, namely binary-, self- and tracer-dif-

fusion coefficients.

Tracer-diffusion coefficients (also referred to as intra-diffusion coef-
ficients) relate tg the diffusion of a labelled component within a homo-

geneous mixture. That is, the component present in traces in the solution
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has a concentration gradient, while the concentration gradient of all the
other components of high concentration in comparison with the former is
zero. In general, the tracer-diffusion coefficient of a pure liquid is
obtained by adding a smail number of radicactively-labelled molecules of
the same substance and allowing them to diffuse into a sample with a
lower concentration of the labelled species. If the molarity of the
labelled species at any point is ci, then it follows from equation (1.6)

that the tracer-diffusion coefficient D¥ is defined

&% 2 %
dcd % 3 cy
A N .
9t 1 822 (1.20)

similarly, the diffusion of labelled moleculesor of ions in a solution
of the same, unlabelled, species can be followed and a tracer-diffusion
coefficient, defined by equation (1.20), measured. The smaller the dif-
ference in properties between the labelled and unlabelled species the
closer the experimental tracer-diffusivity approximates to the true
self-diffusion coefficient [18]. Like binary-diffusion coefficient

(DlQ)’ tracer-diffusivity (D¥) can depend on the concentration [6, 13a,
32].

The tracer-diffusivity in a pure fluid represents the closest practical
approach to the measurement of the self—diffusivit& of the fluid. The
self-diffusion coefficient is the transport property characteristic of
the hypothetical process in which molecules of one species diffuse
thrbugh themselves (i.e. interdiffusion of identical molecules). Evi-
dently, this quantity can never be measured experimentally. Conse-
quently it has sometimes been assumed that the tracer-diffusion coef-
ficient is identical with the self-diffuion coefficient. Such an assum-
ption is not justified and gives rise to the so-called isotope effect

which describes the dependence of the tracer-diffusivity on the particular
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isotope used for its measurement (32, 40-42]. Tracer-, and self-
diffusion coefficients may also be defined for mixtures of fluids.

In a binary mixture, there are two tracer-, and two self-diffusion
coefficients, one each for the two species. The two tracer-diffusion
coefficients correspond to measurements of the diffusion of one

labelled species in the mixture.

The various diffusion coefficients described above are shown by
Fig. 1.1 which refers to the experimental results for n-octane (1)/

n-dodecane (2) at 60°C, due to Van Geet et al. (39].

Fig. 1.1 - Binary-, gelf-, and tracer-diffusion coefficients DlQ’

Dyo and D5 respectively

Dll
3 o
Diffusion
Co%ff%cient
(m*s™ d o)
X lO% 2 D12
D2o
l -

0 x5, mole fraction of n-dodecane 1.0

In this case, the binary diffusion coefficient, D14 decreases as the
2
. . . _ c
mixture becomes richer in n-dodecane (2). As Xy > 1.0, D12 = D21 > D12
the limiting diffusion coefficient (or intrinsic diffusivity Di) when

the mixture essentially consists of n-dodecane, i.e. n-octane (1)
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molecules diffusing through almost pure n-dodecane. Similarly, Dgl

is the diffusivity of n-dodecane in essentially pure n-octane. It is

useful to note that as Xy > 0, i1.e. X, > 1.0, the intra-diffusion coef-

1

ficient (D;) tends to the limiting inter-diffusion coefficient (Dgl)'

%

When x, > 1.0, D2 - D22, i.e. the tracer diffusion coefficient tends

2

to the self-diffusion coefficient of pure n-dodecane.

1.1.7 Chemical Potential Driving Force

The 'driving force' of diffusion is the chemical potential gradient Vﬁi.
However, the changes in chemical potential are determined by the changes

* in concentration in ideal mixtures

y m|X -— ’ ©. = ' =
(“i)T,P (“i)T,P ‘“i RT 2n x, (1.20a)

But, for real miktures, the changes in activity a; must be applied

- NMIX _ ot VO - ae - *
(“i)r,P (“i)T,P = B1; = RT g0 ay RT &0 v; % (1.21)

ofe

where Y; is the activity coefficient of the ith component at a given
point in the mixture. In real mixtures, the activity coefficient depends
on the nature and concentration of all of the components. In multi-
component systems, it can occur that the direction of the activity
gradient of a component does not coincide with that of its concentration
gradient and so the component will diffuse from regions of lower con-
centration towards those of higher ones. This often happens in the
course of diffusion through an interface of different phases in hetero-
geneous systems, since the requirement of equilibrium between different
phases containing a given substance is its identical activity (or
identical ). Thus, solutes often diffuse through interfaces towards

points of higher concentration and an example of this is the diffusion
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of iodine, at the interface of chloroformnand water, into the chloroform
solution of higher concentration. In this respect, there is apparently
an essential difference between diffusion and heat conduction although
they are rather similar in a phenomenological sense. Thermal energy

is always transported in the direction of decreasing temperature, and
this applies to its transport through interfaces too. In each case the
requirement for equilibrium is the identical temperature at every point
of the system. As for diffusion, the concentrations are usually dif-
ferent at the two sides of the interface even after reaching the equilib-

rium state.

In diffusion, the gradient of chemical potential and not that of concen-
tration is the analogue of temperature gradient in heat conduction.
However, since there is no instrument which directly measures the
chemical potential or the‘absolute value of activity, attention is

focussed upon concentration gradients for all practical purposes.

In binary systems where the chemical potential is related to activity
by equation (1.21), all modern theories of diffusion EG lead to an

activity-corrected diffusion coefficienthl2:

P = Dio

12
(3 2n a,)/(3 2n x,)
K 1 le,P

(1.22)

where 3&2 is often less sensitive to composition than D12 [6].

1.1.8 The Phenomenological Equation of Diffusion in Irreversible Thermo-~

dznamics

Because of the irreversibility of the transport phenomena, their

relationships cannot be deduced from classical thermodynamics which
only deals with equilibria and reversible processes. The thermodynamics
of irreversible processes has shown a marked development, initiated by
Onsager, De Groot and Prigogine [ilb, 13, 4@], in the last fifty years.

It is now well-known that the rate of entropy production of component i,
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dsi/dt, arising from irreversible processes within a system can be
>
written in the form of a sum of products of generalized fluxes Ji with

generalized forces X, giving rise to flows [26]

dSi N
¢ = T—-('ﬁ:—- = Zi Ji Xi (1.23)

Here ¢ represents the dissipation function [iSé].

According to the phenomenological laws of Fourier (for heat conduction),
Ohm (for electrical conduction) and Fick (for diffusion), the correlatioﬁ
between the fluxes (J;) of heat, electricity or mass and the forces (X;)
giving rise to them is linear. This is shown experimentally tobe true
when a system is close to equilibrium, otherwise the correlation is a
power series in Xi' The linear relationship is basically the so-called
Onsager linear law (verified by the Bearman-Kirkwood statistical mecha-
nical theory of transport process [94, 45]), given by the phenomeno-

logical equation

J. = Ly X, (1.24)

where it is assumed that Xs is the only force acting on the 10 component
%

to cause the flow 5;. In this equation, Ly is the phenomenological coef-

ficient of flow [i@]. In an isothermal non-electrolytic system, the

thermodynamic force Xs resulting in diffusion of the ith component is

the gradient of chemical potential filb, 43@].

Hence equation (1.24) becomes:

X; = - Vo (1.25)
(i =1, 2, 3...)
-> L] .

Equations (1.23) and (1.26) clearly indicate that the rate of entropy

production of species i depends on the dissipation of the chemical
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potential gradient of i. The comparison of equation (1.26) with (1.2)
shows that the diffusion flux J; can be related to either the dissipation

of a concentration, or chemical, potential gradient.

In general, if several other thermodynamic forces Ko ves Xn (e.g.
gradients of {emperature, electrical charge, etc.) simultaneously
influence the ith component of a thermodynamic system, then the transport
of 1 .due to its chemical potential gradient would be affected by such
forces, referred to as the 'tross-effects' [13], and its flux will be

given by

(1.27)

The phenomenological coefficients of the cross-effects are "symmetrical"

according to the Onasger reciprocity theory [ii]
Ly, = L. (1.28)

This theory can be easily understood by a simple example. Consider a

binary solution in which there is temperature and composition varia-

>

tions. The fluxes J;_of mass flow and Jh of heat flow are determined

by the chemical potential gradient X, and the temperature gradient Xe

simultaneously.
o= ox o+t (1.29)
m  Tmmm mh Xh , mass *
F o= L.x +IL X heat (1.30)

h hh “h hm “m

* %
where L o and Ly are the phenomenological coefficients corresponding
to the effect of chemical potential gradient on mass transport in dif-
fusion and that of temperature gradient on heat transport, respectively.

w
Of the cross-effects, Lmh is the phenomenological coefficient corres-

ponding to the effect of the temperature gradient on mass transport,



17

h

transfer. Now according to the Onsager reciprocity theory (equation

while L, refers to that of the chemical potential gradient on heat

(1.28), confirmed experimentally [}é])
L, = L_ (1.31)

It has been shown [ié] that for the isobaric and isothermal binary

mixture of a non-electrolyte consisting of species 1 and 2, we obtain

%

-L
> _ * . . - 1
o= Lll(v Hy ~ ¥ “2)T,P =z ‘W;’ Vo (1.32)
®
TS ARG R . 2 Y (1.33)
and o T TtV g MUt T T M2 1.

where W denotes the weight fraction of the diffusing species, and

J. + J. = 0 so that L¥ =1L

1 2 11 oo+ Equations (1.32) and (1.33) are the

phengmenological equations of diffusion of species 1 and 2. From
equation (1.32) and equation (1.12) for the unidirectional isothermal
diffusion, it can easily be deduced that the relation between the
ordinéry diffusion coefficient and the phenomenological one is given by

b3 2
RT L M. x. + M2x2)

D12 - Wll . 1 12 f?rtlde:l (1.34)
P1oWo%; N mixture
172
and " A
RT Lll (Mlxl + M2x2) 9 &n Yy f?r non-ideal
D12 = T 5 1 + PN mixtures (1.35)
P12"0%1 MM, 1

The phenomenological coefficients cannot be measured and their calcula-
tion relies entirely on the knowledge of the diffusivity data. Thus
analysis of the diffusion process by irreversible thermodynamics does
not provide any means of calculating the diffusion coefficients apd
hence it is still of little practical value. However, its fruitful
application in the study of the cross—effects in transport processes

cannot be ignored [i3, 26, 32].
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1.2 MODELS FOR DIFFUSION IN LIQUIDS

In principle, the theory of statistical mechanics of liquids [}i] should -
enable any process in liquids, including the transport processes, to

be described in terms of the motion and properties of the atoms and
molecules which make up the liquid. But in practice, this approach has
so far not been developed to the point where the diffusion coefficient
may be calculated for a real fluid without further approximations.
Frequently these approximations take the form of a model of the liquid
and the motion of its molecules. Recently it has become possible to
assess the validity of some of these models of liquids by means of
molecular dynamics simulations and they have often been found to be
unsatisfactory [}é]. Nevertheless, the approximate theories are often
all that is available for the calculation and correlation of diffusion
coefficients of liquids so that there is little doubt that they will be
in common use for some time to come. In some cases, the approximate
theories yield relationships between diffusion coefficients and the
properties of a system with considerable value for estimation purposes.
For these reasons we éonsider here first the approximate models of dif-
fusion in 1iquids~and postpone a discussion of the current state of

the rigorous statistical mechanical theory until later.

In general, the models for diffusion in liquids can be classified into

three groups:
(1) Hydrodynamic models - based on the Stokes-Einstein analysis.
(2) Kinetic models - due to Eyring and other investigators.

(3) The van der Waals model.
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1.2.1 The Hydrodynamic Model for Diffusion

The hydrodynamic model of diffusion [}a, 13a, 32, 45] considers the
liquid as a continuum in which the transport of a component is deter-
mined by the resultant of the driving force and the frictional resis-
tance force acting upon it. As mentioned in our earlier discussions, the
gradient of chemical potential is the driving force. (In old theories,
~due to Sutherland and Einstein [99, 5@], the gradient of osmotic pres-
sure was considered as the driving force). If species 1 dissolves in
liquid 2 and an ideal mixture is formed on dissolving, then from

equation (1.20a), we have

.réu_l = RT_a_.Q.,E.._(.:.:_L. = (B.I)ﬁ (l 36)
9z 3z c; 3z '

where Bul/az is the chemical potential gradient of the solute (the
measure of the driving force of diffusion) in the z direction. If fs
is the frictional force of resistance of the solute per molecule (i.e.

Nfs per mole), the average velccity of one-dimensional diffusion is

_ _ _/=®T 3 An N __/xT 3 &n ¢y (1.37)
V1 - NE_ 5z £ % y

According to hydrodynamic considerations and from equations (1.5) and

(1.11b), the binary diffusion coefficient D,, is therefore given by

12

L _ .
DJL2 = £ M KT (1.38)

where M. is the mobility of the solute particles (i.e. their velocity
gained as a result of unit force). This is the so-called "Nernst-
Einstein equation” [17]. The most difficult, and still not reliably
solved, problem which arises in the hydrodynamic theory is the calcula-
tion of the frictional resistance from other properties of solutions.

This is due to our inadequate knowledge of the liquid structure. Con-
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sequently, the diffusion coefficient calculated from other properties

of a solution is not accurate since the assumptions applied in evaluating
f, are only approximate and of limited validity. An early assumption,
which can still be applied in several cases and provides the framework
for several useful prediction methods for calculating D12, was suggested
by Stokes [i3a, lj] in 1850. He showed that the frictional resistance
acting on a spherical body which is moving in a continuum (not true for
liquids since they consist of discrete molecules) is given by

fg = 67T (1.39)

n et —
12 3n2

where n, is the solvent viscosity, ry is the spherical solute radius
and £ is the sliding frictional coefficient. It has been shown by
Sutherland [ﬁﬁ] that for the diffusion of large spherically symmetrical
molecules in a solvent with small molecules B = «» so that from equations

(1.38) and (1.39) we obtain the well-known Stokes-Einstein equation

- KT -
Do 7 & n, T1 for £, = 6mny 1y (1.40)

In the course of diffusion of small molecules in a solvent consisting

of similar (e.g. in self-diffudion) or largef molecules B = O, so that

" KT _
D12 -‘ - T for fs = um N, Ty (1.41)

A "Stokes'law radius" can be calculated for a solute molecule from its
measured binary diffusion coefficient, especially if the solution is
dilute in which case the error in viscosity value is minimized [51, SQJ.

It has been suggested [51] that for non-spherical (macro-) molecules,

it is necessary to introduce three frictional coefficients fl’ f2, and

f3 and that
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D = x(EF=+=+5) (1.42)
12 3 °f, £, £y

If the particles are rotational ellipsoids f, = f3. Experimental deter-
mination of the diffusion coefficient of non-solvated large molecules of
rotational ellipsoidal shape, leads to the empirical frictional coef-
ficient fe (related to the actual conditions) to be calculated from
equation (1.38):

_l_:%(_l_

1
+ =)
e 55

(1.43)

The frictional ratio fe/fs, where fS is the Stokes frictional resistance,

deviates from unity if the molecule is solvated or non-spherical [lSéJ.

Although various methods of calculating diffusion coefficients lead to
different numerical factors in the equation of frictional resistance,
it can be established that'the frictional resistance is approximately

proportional to viscosity. Thus

_ RT _ KT
D12 - NfS - a'n (lo“‘”’)

where f_ = a'n, a' being a parameter with a dimension of length and
approximately independent of concentration. This equation is consistent
with an early general observation that the product Dn changes much

less with composition than D itself. It has been shown that [9@] from
the hydrodynamic treatment of Bearman [53], several relationships for
the binary diffusion coefficients of a two-component liquid can be
deduced if suitable assumptions are applied for the frictional coef-

ficients.

The preceding analyses have been employed as the basis for the develop-
ment of many empirical relations between diffusion coefficient and vis-
cosity. OFf course, these relationships have little theoretical founda-

tion, but are sometimes useful for estimation purposes. For example,
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in the case of very dilute solutions (x, > 1.0) it can be supposed that

(o} _ KT
D12 = n2°<" (1.u45)

It is well known that, under comparable conditions, the higher the mole-
cular weight of the diffusing species, the lower its diffusion coef-
ficient. In solutions of varicus substances of molecular weight Ml’

the following equation has been proved to hold in several cases [54-56]

1 3
12 2Mi or 1/3 constant (1.46)

The correlation between the binary diffusion coefficient and the vis-
cosity of a non-ideal solution has been shown to take different forms

depending on the type and concentration of the solution [94, 57-6i]

n ,
DEQ - 2 Bl Dl2 dilute solutions of (1.u47)
M2 real electrolytes and

non-electrolytes

ofs

' 3 en vy, 3 20 vy
c  _ 1 _ 1
where Bl = E. + m:l = E_ + Cl( ﬂ (1.48)

=r,p
- -1 3 &n lel o solutions of
and D12 = "o\ T I x ( lnl o1 + x2n2 12 real electro-(1.49)
lytes and non-
electrolytes
where D;Q is the concentration dependent diffusion coefficient, with
Dgl and Diz representing the limiting diffusivity values at Xy and X,

approaching unity, respectively. Thus for ideal solutions of non-
electrolytes, in which case y” = (a/x) » 1.0, the above equations

simplify to the form

n
c 2
D = ——1D (1.50)
12 le 12

¢ l n°
.and Dy = (Xlnl o1 T XNy 12) (1.51)
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where Nys My and n in all the above equations denote the viscosities

12
of the pure solute, pure solvent and the solution respectively. A
number of similar correlations have been recorded in the literature
[é, 13a, 4@3. However, the experimental results of Van Geet et al.
([?i]; n-ocante/n-dodecane mixture) and King et al. ([ﬁi]; glycol /water

mixture) can provide a way of determining the validity of any such cor-

relations. According to their empirical findings

c o o
Dl2 = XlDQl + x2D12 Van Geet et al.(1l.52)
D.An
12 .
<—-—-,[-.~1'2> # £(T) King et al. (1.53)

= f(c)

Equation (1.52) has been varified émpirically by a number of investi-

gators ‘:58, 124].

1.2.2 Kinetic Models of Diffusion

Although certain relationships have been revealed by various treatments
of the hydrodynamic model of diffusion, none of the analyses provide a
deeper understanding of the molecular mechanism of the phenomenon. This
is because the& regard the liquid as a continuum and neglect its mole-
cular structure. The kinetic statistical models, such as that of Eyring
et al. [63-65] assume a molecular mechanism of diffusion. The particular
model of molecular motion embodied in the Eyring theory has recently
been shown to be incorrect [98, 66] . Nevertheless, its widespread use
makes it necessaryvto discuss it and many of its qualitative predictions
are in reasonably good agreement with experimental observations [@2].
The theory is based upon a relatively simple model of the liquid state
(i.e. spherically symmetric, monatomic, molecules such as those of
liquefied rare gases and alkalil metals) and leads to the derivation of

an expression for the diffusion coefficient by applying the theory of
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absolute reaction rates. It assumes that the diffusion can be described
in a similar fashion to the rate processes of mono—molecular.reactions,
involving a temporary configuration of the species which can be con-
sidered as an intermediate activated state. The mechanism of diffusion
is, in many respects, similar to that of viscous flow, except that
unlike molecules are involved in the former process. In solution,
diffusion requires the slipping of the solute and solvent molecules past
“one another. In the course of their movement, solute molecules should
cross the potential barrier (free enthalpy barrier) separating two
adjacent equilibrium positions in the liquid structure. If x* is the
distance between the two equilibrium positions, then the molecules
cover this distance in each jump in the direction of decreasing con-
centration. Because the standard free enthalpy of ideal solutions is
identical in all equilibrium positions occupied by the diffusing mole-
cules, then, assuming a symmetfical energy barrier, the free enthalpy
of activation of the process in the direction of decreasing concent-
ration must be identical to that in the opposite direction. In other
words, the forward (diffusiocnal) and backward (thermal) rates of mole-
cular transport are equal. Consequently, the specific rate constants of
the process in the two directions are equal to each other (kf =ky = k).
It can easily be shown [32] that the actual rate of one-dimensional

diffusion (i.e. the resultant velocity of the solute molecules) is given

by -
- _ = _= %2, de
V.oE ve- v S NA k<E; ’ (1.54)

-DN de according to

dz Fick's law

and hence by comparison

D = A °k (1.55)
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When the Eyring's theory of viscosity is applicable (e.g. in the case

ot
-~

%
of self-diffusion), then A 2k = KT/X n [lSa, 32,63] and we have

. KT
D e (1.56)
Thus, the expression for the ‘diffusion coefficient given by Eyring

does not differ from that of Stokes-Einstein (equation (1.40)), except
for the term l/A*, which replaces the frictional coefficient 6rr, .

It must be noted that the Eyring and Stokes relationships are not, in
fact, comparable. The latter is based on the assumption that the
solvent molecules are small in comparison with those of the solute (i.e.
diffusing molecules move in a continuum) and hence the laws of classical
hydrodynamics are applicable at least in approximation. On the other
hand, the Eyring theory is based on the supposition. that the solute

and solvent molecules are of the same order of magnitude in size and the

movement of both has been considered during the process of diffusion.

' The mechanism of diffusion given above can hardly be valid for the dif-
fusion of large species in a solvent consisting of small molecules.

" In this case, we cannot assume that the rate détermining step will be
the jump of the éolute molecule from one equilibrium position to the
adjacent one becauée this requires a large amount of energy. It is
more probable that the small solvent molecules jump (rate-determining
step) and cause the large solute molecules to be displaced in the oppo-
site direction in order to occupy the empty spaces left by the solvent
molecules. The results of a detailed investigation of this mechanism
of diffusion and the one described previously are given elsewhere [5i].
However, on the basis of the theory of absolute reaction rates [53, 6@],
several equations have been derived for the calculation of the diffusion
coefficient when at least two kinds of molecules (those of solute and
the solvent) participate in diffusion. Examples of such equations,

whose applications are limited include those for ideal and non-ideal
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binary solutions [32, 68]

[w}
]

k ideal ~
1/3 [ nRT] solution (1.57)

where v is the liquid-free volume [68] and m = m 1M /m 11m, is the

reduced mass of two types of molecules,

DI = )\”]EE}, 75] d_n )
solute r]‘solu‘cion 9 in x solute

or
Dn

S tn = X KT (1.58)
9 &n X

This equation is in good agreement with the experimental results for

the chloroform-ether mixture [82] as shown in Fig. 1.2.

Fig. 1.2 - Variation of Dn and Dn/(3 &n a/?3 &n x) with concentration

in chloroform-ether mixture

15

10

C‘\lmofom | 5070 ether
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Thus, according to equation (1.58), the product Dn has a maximum in
agreement with the experimental data. Similar results have been obtained
for other mixtures whose activities could be determined by measuring

the partial vapour pressures proportional to the activities.

In view of the fact that the Eyring theory has now been discredited
[98, 66], it is not surprising that marked deviations can be observed
between the calculated and measured values of some properties such as -
the diffusion coefficient [32, 48, 66]. This is because the theory in
its details is based on very simple assumptions, and more or less,
reliable conclusions could be drawn from it only for the main features
of diffusion., The theory has been extended and modified to eliminate
its deficiencies by several workers [e.g. 69]. In addition, several
other molecular theories such as the theory of transfer diffusion [70],
(based on the assumption that diffusion is due to a molecular exchange
of reactions as well as migration to lower concentration regions),
Panchenkov theory [?i], (based on van der Waals/Maxwell analees - a
molecule will diffuse (a) if it has gained sufficient kinetic energy

to break the van der Waals bonds with its neighbours (b) if adjacent
molecules are sufficiently far apart for the diffusing molecule to pass
between them), Frenkel et al. theory [?é], (the onset of diffusion is
considered to be the rotational and vibrational motion due to collisions
in a liquid containing dipole molecules) and the theory of Jensen et al.
[?3], (based on time-dependent correlation functions, the diffusion
coefficient and viscosity are correlated through such functions) have
been proposed. Unfortunately, all such attempts have failed to produce

a satisfactory theory of diffusion.
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1.2.3 The van der Waals' Model

Although the van der Waals model has proved to be of great value for
calculation of density dependence of self-diffusion coefficients, it
has not so far been of great value to the description of the temperature

and concentration dependence of binary diffusion coefficients.

Computer simulation studies by the'method of molecular dynamics (Section
1.3.4) have now discredited the Eyring activation energy model for dif-
fusion in liquids. The studies also reveal that the effect of the attrac-
tive part of the intermolecular potential energy function is far less
significant than is postulated in the Brownian motion approximation
(Sgction 1.3.2). Indeed, they prove that the van der Waald model is

a better approximation even under ordinary liquid conditions. The
findings of this model and molecular dynamics simulations are often
similar and very Valuable in the study of the transport properites and
hence attaching a significant importance upon the model and the results
described here, even though they are limited to pure fluids. In fact,
i1t will be seen later on that recent efforts, based on molecular
dynamics simulations, to extend the rough hard sphere theory for pure
fluids to binary systems depend on the transport property data for the

pure fluids.

The van der Waai§ model of a fluid considers the molecules to have an
intermolecular pétential made up of a hard core surrounded by a weak,
long-range attrdctive component [?4, 75]. For a system of such mole-
cules, the well;known van der Waals equation of state is rigorously
obeyed [?Q]. For real fluids the intermolecular potential does possess
a steep repulsive wall, although not infinitely steep, and the range

of the attractive forces is large relative to the intermolecular spacing

at densities higher than the critical density. Furthermore, the attrac-
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tive potential may be considered weak relative to the kinetic energy
whenever the temperature is greater than the well-depth (or =0.7 times
the critical temperature). As a result for relatively high temperatures
and densities, real fluids obey the van der Waals' equation of state
quite well Bﬂ, provided that the core size is allowed to decrease as
the temperature increasés to reflect the finite steepness of the

repulsive wall of the potential [?7].

From the point of view of the transport properties of dense fluids, the
van der Waals'model is consistent with the findings of molecular dynamics
simulations (see Section 1.3.4) in that the molecules move very nearly in
straight lines between hard core colliéions; because at high densities
the attractive potential forms a uniform surface [78]. The description
of the van der Waals'model ihdicates that it should be most accurate

at high densities and high temperatures, i.e. at the very dense gas
region. But it has also been successfully applied to liquids, and even
extended to lower densities where perturbation theory may be used to
account for the increasing influence of attractive forces [?é]. Under
conditions of high density and temperature, the van der Waals'model
allows the transport properties of monatomic fluids to be described by
the Enskog smooth rigid sphere theory which has been treated in detail
by Chapman et al. [80]. Basically, the assumption is made that the
fluid consists of hard spheres and behaves like a low-density hard
sphere (Boltzmann analysis) system except that all events occur at a
faster rate due to the higher rate of collision [Bl, 82]. The transport
coefficients for the dense fluid may thus be written in terms of their
dilute gas values. For example, the ratio of the self-diffusion coef-
ficient DE’ valid at high number density n*,to that at low density ﬁt,
denoted by D.s is given by [93]

n"‘DE
5~ g(cp) , (1.59)
o”o
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where g(op) is the radial distributjon function [ib,c,d] at contact for
spheres of diameter op and depends on the co~volume b. In order to
employ equation (1.59) for fhe calculation of the diffusion coefficients
it is necessary only to find g(cp) and a suitable value for the co-
volume b. In the original application of this method b was obtained

by fitting the PVT data for the noble gases to the van der Waals' equation
of state and g(cp) was taken from the results of computer simulations
[74]. It was found that the calculated high density transport coef-

ficients differed by less than 10% from the experimental values.

However, the Enskog theory neglects all correlations of molecular velo-
cities in the evaluation of the transport éoefficients (e.g. the

Enskog expression for dense fluid diffusion based on the molecular chaos
approximation). Because the computer simulations indicate their exis-
tence and the van der Waald model allows them, an improved calculation of
the transport properties is possible when they are included [7@].
Molecular dynamics simulations, of the type described in Section 1.3.4,
have been employed to deduce the corrections to the Enskog theory which
arises from velocity correlations for smooth hard spheres [79]. For
instance, the correction for self-diffusivity, in the form of ratios of

the exact hard sphere. result ta the Enskog result, may be written as

% D D
n-D _ E MD
&5 - DD (1.60)
o)) e} E :
*

DO is related to the number density n__ at temperature T by

R .
. 2
D = (—3-— 02) (5’11 (1.61)
o} 8nB i5) Tm

where m is the mass per molecule. It has been found that the correction
is largest for self-diffusivity and it amounts to an increase of about
35% at densities 1.5 to 2 times the critical density, but to a decrease

of about 40% as solidification is approached. On the other hand,
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thermal conductivity corrections show a weak dependency upon the

density, never exceeding 10%.

Dymond [83, 84) has considered a number of ways of applying the
corrected Enskog theory to the calculation and correlation of the
transport properties of dense gases and liquids. An equation for g(op)
is adopted which provides a good representation of the pair distribution
function for hard spheres from computer simulations which has been given

by Carnahan and Starling [ES]
go) = a-bHa-n? (1.62)

Here ¢ = b/MVZ V is the independent variable molar volume and
b :(2nn$3)0§ is the co-volume. The results for g(cp) may be combined
with the molecular dynamics results for DMD/DE by means of the defi-
nition

Dt = (;;—f-)—g-é——jcb%&—g) (1.63)

o D E

to yield an equation for the self-diffusion coefficient for the hard
sphere fluid. Dymond [§3a,§ﬂ has given two equations which represent

the volume dependence of D" obtained from the computer simulations of

hard spheres

pt = 1.27 [—%’- - 1.38L£l ; 1.5 g -Vy- g 2.5 (1.64)
(o] o]
pt = 2.379 [(—V\-f—)Q/3 - l.256] ; 1.6 ¢ ;,l’- < 6.6 (1.65)
[e] [¢] )

The low volume (high density) limit of these correlations is imposed
by the fact that a rigid sphere flulid becomes meta stable at higher
densities. Tor a real fluid the high density limit corresponds to
approximately 3 times the critical density (pc) and the low density

limit to 0.8 times P Equations (1.64) and (1.65) may be used to
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represent the density dependence of the self-diffusion coefficients
of real monatomic fluids under the conditions for which the van der
Waals' model is applicable, (i.e. T > 0.7 T,» high density) in both

gaseous and liquid phase. From equations (1.64) and (1.61) we find

1, .
. . . v

D = 0.47€3 —15;§%%%§7§ [% - 1.384 V.] for 1.5 SRV £ 2.5
en)~' v ° o

° (1.66)

Thus the self-diffusivity of a real dense fluid is predicted to be a
linear function of V over the specified density range along an isotherm.
Over the larger density range of equation (1.65) which is representative

of dense gaseous regions we can define

D "\2/3
X = ___.l._(_M_Q (-Y-) = F(V/V)) (1.87)
g(op) DARA o

p* may also be calculated from experimental data along an isotherm, since

1
b4 ~ 8D _%.1/3 /mm VP
X

It follows that it should be possible to superimpose a plot of Dexpt

X vs log (VVV;) merely by a shift along the

vs log V upon a plot of Dtheo

log v axis. It has been shown by Dymond et al. [9@] that the available
experimental data on transport properties for several fluids conform
extremely well to the above equations and those simiiarly obtained for
viscosity and thermal conductivity (v 5%). It is therefore possible to
use the equations not only as correlations but also for the calculation
of the transport of fiuids for conditions other than those for which

they were measured.

The van der Waals' model and the Enskog theory are strictly restricted
to a consideration of monatomic species, or at the least, those inter-
acting through spherically symmetric intermolecular potentials. Chandler

[éé] has extended the study to include dense fluids consisting of rough
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hard spheres, model for a system in which there is translational-internal
energy coupling through non-spherically symmetrical force fields. He has
shown that [?65] for a rough hard sphere fluid at densities greater than

twice the critical density
D = AD (1.69)

where A represents a translational—rotational coupling factor less than
unity which is assumed to be independent of temperature and density.
Thus for the non-spherically symmetric molecules equation (1.66) is

expected to reform to

.
‘2- [ L]
D = -.—g-}%zg—iﬁ——- % (V- 1.384 V) (1.70)
V- o'/ 3

so that A and VO may be determined from experimental data.

The rough hard sphere theory of Chandler L-79:| and Dymond [78, 83c] for
pure fluids have been extended to binary mixtures by Anderson et al.
r_87] and Bertucci et al. [88] . It has been assumed that the kinetic

diffusion coefficient Di;n of a real two-component fluid is given by [89]

. . m a
DKln - DKln A F(¢"E;’ 1

s Xq) (1.71)
12 E 2 9, 1

where Dgin is the kinetic binary diffusion coefficient derived by Enskog
for a mixture of hard spheres at the same temperature as the real fluid
and function F depends on the packing factor ¢, the appropriate mass

and molecular diameter ratios and the mole fraction of the solvent.
Calado and Castro [§§] have shown that it is possible to obtain the

values of the translational-rotational coupling factor A and the hard

core volumes from the viscosity and self-diffusion data.
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1.3 THE RIGOROUS THEORY OF THE TRANSPORT PROPERTIES OF DENSE FLUIDS

From the macroscopic point of view the transport properties of a fluid

are those coefficients which give a measure of its tendency to produce
entropy when perturbed from an equilibrium state [13, 32]. From the
microscopic point of view the entropy production, and hence the values of
the transport coefficients, are a manifestation of the motion of the
molecules which make up the fluid as well as the exchange of energ& and
momentum among them. For this reason the transport coefficients are

closely related to molecular motion, to the mechanism of molecular encoun-
ters and thereby to the intermolecular force field. The rigorous molecular
theory of fluids seeks to establish the formal connection between these
microscopic events and the observable transport coefficients. First,

such a connection enables a knowledge of the details of molecular encoun-
ters to be employed to evaluate the transport coefficients. Secondly,

a precise knowledge of the transport coefficients from experiment can be
applied to the verification of the molecular theory itself and of hypotheses
and statements ﬁade about the intermolecular potential. Finally, the
molecular theory may reveal relationships among different transport coef-
ficients or between transport coefficients and the parameters of the
thermodynamic state of the fluid Eﬂh 45, 53, 9@] which considerably

reduce the experimental effort required to determine all of the coefficients

over a wide range of states.

So far, one of the most successful theQries of this kind has been the
well-known kinetic theory of gases [§l—94] which has its origins in the
works of Bernoulli, Clausius, Maxwell and Boltzmann [éi]. The simplest
fluid and that for which the kinetic theory is most secure is a dilute

gas composed of identical, monatomic molecules interacting through a
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spherically-symmetric force field and obeying the laws of classical
mechanics. In view of the difficulties which surround the theory even

in this simple case, it is not surprising thdt as the system becomes
progressively more complicated, either by virtue of increasing complexity
of the molecules or increasing density, its theoretical description
becomes less secure. For dense gases and liquids, the formal theory is
not yet fully developed and their treatment has proved to be exceedingly
difficult. Thus, although a formal statistical mechanical theory for the
transport coefficients exists [92, 9@], its implementation for calculations
for real fluids has only been accomplished by means of approximations.
These approximations are based on still further models of molecular

motion whose physical basis is uncertain.

1.3.1 Statistical Mechanical Theory

The most complete statistical mechanical description of the behaviour
of a fluid is given by the Liouville equation [lb,c,d, gi]. This
equation describes the evolution of the N-particle distribution function

~

f%)in the 6N-dimensional phase space for a fluid ofN_. particles. The

p
changes in this distribution function occur because of free molecular
motion and interactions among alle particles. The Liouville equation
is based upon classical mechanics and is therefore reversible in time.
This means that if at some instant of time the velocities of all the
particles in the system were reversed, then the particles would retrace

their trajectories in phase space so that all earlier states of the

system in phase space would be recovered.

According to the usual statistical mechanical hypothesis the value of
any macroscopic quantity, &, for a fluid is given by the average of

the corresponding microscopic quantity a(TN,) over the relevant phase
g P

space
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alp, t) = Jfa(T)E (T t)dry (1.72)

P P D j%
where FNprepresents a point in 6N-dimensional phase space. With the aid
of the Liouville equation it is then possible to obtain the equations
of change for any quantity &(E} t), such as the mass, momentum and
energy, in terms of integrals over the N—particle distribution function
EHJ. These equations represent the statistical mechanical analogues of
the equations of motion for the fluid in terms of the N-particle distri-
bution function. Thus if %Npthe distribution function were known, the
equations of motion could be evaluated and the coefficients of the
gradients of the macroscopic variables identified with the transport

coefficients and expressed in terms of the microscopic properties of the

molecules of the fluid.

There are two difficulties encountered in carrying out this programme.
First, a kinetic theory must be established for the function %wahich
involves, in principle, the solution of a dynamic problem involving Np
particles (the so-called "many-body problem"). Secondly, because the
Liouville equation is reversible it is necessary to somehow introduce
irreversibility into the theory in order that it agrees with practical
experience. In the case of dilute gas the first difficulty is overcome
by simply the rarity of many-body events, whereas the irreversibility

is introduced by the molecular chaos assumption Eid, 95]. But for dense
fluids neither of these difficulties has been fully resolved so that it
has been necessary to 'develop approximate theéries [93, 96]. Generally
such theories employ a contracted describtion of the fluid in terms of
the single-particle and two-particle distribution functions. The intro-
duction of irreversibility into the theory is then accomplished by a
statistical assumption concerning the lack of correlation in molecular

motion on some macroscopic time scale. In the particular case of the
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dilute gas the appropriate time scale is the duration of a single

collision, t but in a dense fluid it may be significantly larger.

cel’

1.3.2 The Rice-Allnat Theory

The Rice-Allnat theory [91—94] is based upon a model of the fluid for
which it is possible to discern two microscopic time scales. In the
first instance, the theory is applied to spherically symmetric monatomic
species interacting through pairwise additive intermolecular pair
potentials. The model replaces the true intermolecular pair potential by
a rigid repulsive core of diameter GP surrounded by an arbitrary attrac-
tive potential. In the dense fluid state, the attractive potential is
assumed to contribute to a weak fluctuating background force acting on the
particles. The first time scale of the theory is then associated with
the large momentum and energy transfer which occurs when the hard cores
of two molecules interact. The second time scale corresponds to the
frequent, but small, energy and momentum transfers which accur during

the Brownian-type motion caused by the weak attractive force field. The
hard core collisions are supposed to occur in a time short enough that

no more than binafy encounters of this kind need be considered.

The first essential simplification that results from this model is that
the hard core collisions may be treated in the same way as for the.dilute
gas. That is, the Brownian motion between such collisions is supposed
to randomize the velocities of the particles following one hard sphere

collision so that they are uncorrelated before the next. Thus the

~

changes in the single particle distribution function, f.,, which occur

1

because of hard sphere collisions may be represented by the collision
term of the original Boltzmann equation [ie, 95]. The changes in the
single-particle distribution function caused by the Brownian motion

-~

are then treated in an additive fashion. Thus the changes in f, by
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_ virtue of collision are written as [91]

D), s (3, G,
—_ = (1.73)
9t Joo11 CE

where the first term is the Chapman-Enskog collision term of the dilute
gas and the second, Fokker-Planck term describes the effects of the
Brownian motion [ic, gi]. The separation of the two components in this
equation enables a solution to be obtained for %l (and also for %2) which
can be used in the statistical mechanical equations of motion to obtain
explicit equations for transport coefficients. The simplest example of

this is the self-diffusion coefficient [92]

D = }—K{_Tf" (1.74)
H B

where f = g e g(c )(anT)“ is an effective friction coefficient for
the hard sphere interactions and fB is a friction coefficient for the
Brownian motion. If the Brownian motion is neglected, equation (1.74)
reduces to the Enskog result for a dilute gas of hard spheres undergoing
uncorrelated collisions. In the more general case, the determination of
fg requires a calculation based on molecular statistical dynamics for
which a further model must be introduced. Of all the models suggested

for this purpose none is satisfactory [?l, 92é].

The model of molecular motion upon which the Rice-Allnat theory is based
has been challenged by the results of molecular dynamics simulations of
liquids (Section 1.3.U4; [56, 92, 97, 9@]). In these calculations, the
classical equations of motion for an assembly of %)particles are solved
numerically so that it is possible to follow the motion of individual
molecules and groups of molecules in the simulated liquid. These
computer simulations show that the soft and hard collisions occur in

roughly equal proportions [Eé] and hence there is not a large majority
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of soft collisions as implied by the Rice-Allnat model. Calculations of
transport coefficients of liquefied noble gases based on this model have
generally been in poor agreement with experimental results [él, 92]. It
has not yet been established whether this is due to incorrect modelling
of the molecular motion or poor radial distribution functions and inter-

molecular potentials for the liquid.

1.3.3 Method of Time Correlation Functioms

An alternative method of formulating the transport cocefficients of dense
fluids is provided by the fluctuation dispersion theorem [ib, 43a] .

This theorem relates a correlation function for spontaneous fluctuations
in a system in stationary state to the dissipation (or, in thermodynamics
terms, entropy production) of the system under the influence of time
dependent driving forces. If the time dependent driving forces are the
concentration (chemical potential in thermodynamics terms), flow velocity
or temperature, it is possible to express the corresponding transport
coefficients in terms of auto-correlation functions of microscopic

fluxes [ib, d]. Thus the self-diffusion coefficient of a fluid is written

in terms of the velocity auto-correlation function as [99, lOd]

D = = f <v.(0) . v.(1)>dr (1.75)
3 —1 —1
O .
where Xi(O) and zi(r) are the velocities of the molecule i at time zero
and some later time T, respectively. The angle brackets denote an

ensemble average of the quantity, using an N-particle distribution function

for the unperturbed system.

The expression of the transport coefficients in terms of time correlation
functions does not immediately represent an advance over other formula-

tions. This is because in order to evaluate such functions it is neces-
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sary to find the time dependence of the microscopic variables involved,
which in turn, requires a solution of the Liouville equation that does
not exist. Nevertheless, the correlation function formulation does have
two advantages which have proved of great value in the development of
the theories of dense fluids. First, it can provide a method for the
description of phenomena in liquids such as absorption and scattering
of electromagnetic radiation which yield information about the details
of molecular motion [9@]. Secondly, it enables the calculation of the
transport coefficients of a hypothetical dense fluid by means of a

molecular dynamics simulation on a computer.

1.3.4 The Technique of Molecular Dynamics Simulation

Molecular dynamics siﬁulation is a computational technique whereby the
positions and velocities obe'particles contained in a cell are followed
over a period of time by the numerical solution of Newton's laws of
motion. Thus it readily allows the study of time dependent phenomena
such as diffusion (a transport process tackled by non-equilibrium

thermodynamics [13]).

Evidently, for even a small number of particles (NP: 100) over even
quite a short time, the computational effort required to carry out such
a programme is enormous E}b, Q]. Consequently, it was not until the
advent of fast digital computers that such calculations became feasible
[iOO, lOlé]. Since their introduction, molecular dynamics simulations
have given considerable insight into the nature of molecular motion and
brought to light novel effects not previously considered. Although
such techniques have occasionally been misused, there seems no doubt
that they will have a large part to play in the development of theories

of the fluid state in the future.
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In the basic molecular dynamics method Eﬁ), c, 92b, é] a three-dimen-
sional cell is established in the computer which containst>molecules
with specified positions and velocities so that the total energy (i.e.
kinetic + potential) is defined. The form of the potential energy

of interaction between the molecules is specified by the investigator.
Usually it is chosen to be of a relatively simple form and assumed to

be pairwise additive, although neither condition is necessary. In

order to minimize surface effects and to simulate more closely the
properties of an infinite system, a periodic boundary condition is

almost invariably imposed. The way in which the boundary condition works

in a two-dimensional system is illustrated in Fig. 1.3.

Fig. 1.3 - Periodic boundary conditions used in MDS
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"The Assembly"
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The molecules of interest lie in the central cell of the "assembly",

and this basic unit is surrounded on all sides by periodically repeating
replicas of itself, each image cell containinng molecules in the same
relative position. When a molecule enters or leaves through one face

of the basic cell, the move is balanced by an image of that particle
leaving or entering a neighbouring cell through the opposite face. It
is often advantageous to chooseNp and the shape of the cells in such a way
that the periodic boundary generates a perfect lattice appropriate to
the physical system under study when the particles are arranged in a
suitably ordered manner. For example, in the case of liquid argon a
cubic lattice witth = 4n3 (n being an integer) is chosen since it
crystallizes in a face-centred cubic lattice. This explains the use of

samples containingb%)= 4, 32, 108, 500, ... etc. particles.

The positions and velocities of the molecules are then followed from
the initial state by numerical integration of the equations of motion
for all of the molecules. The integration timebstep, tint’ is chosen to
be small compared with the time between molecular collisions and the
entire process is followed for several thousands of such steps (e.g.

-14 3

liquid argon, t. = 10 s and 10

5
int 10” steps). For each step, the

force on any molecule is evaluated as the resultant of the forces due
to all other molecules (Kirkwood's hypothesis; [li]). In this calcu-
lation, the distance between any pair of molecules i and j in the cell
is compared with that between i and all images of j in the surrounding
cells. The force between the pair is then evaluated for the shortest
distance encountered. As mentioned earlier if, during the course of
integration of the equations of motion, one molecule moves through the
wall of the central cell, a molecule enters through the opposite face

of the cell to maintain the total number of the molecules in the cell
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constant. By means of these periodic boundary conditions, the central

cell simulates just part of a larger volume of gas [lOi].

The molecular dynamics method represents the behaviour of the molecules
of a fluid with the microscopic properties specified by the investigator.
It is therefore possible to determine the motion of the molecules in

the fluid essentially exactly and to calculate the transport properties
of the fluid from the time correlation function. For this reason a
molecular dynamics simulation is sometimes thought of as a "quasi-
experimental technique" for determination of the properties of a hypo-
thetical fluid. Of course, if the intermolecular potential selected
were exactly that of a real fluid, the method should yield the observable
properties of the real fluid. Thus, in principle, the simulation method
provides a means‘whereby intermolecular potentials proposed for a fluid
may be examined, élthough the computational effort necessary often

inhibits the systematic investigation required [92@].

There are a number of difficulties which arise in "computer experiments"
such as molecular dynamics simulations. The most obvious one being the

fact that by microscopic standards the size of sample which can be studied

economically is extremely small “&max: 103). There is no general solution

to the problem of choosing a small periodic system whose properties are
truly representative of the macroscopic system which the model is

designed to simulate. Only in a number of cases ther dependence of
properties of periodic systems is known exactly [ioé]. But in general,

it is true to say that the bulk properties are weakly dependent on sigze
for Né? 100 and such errors as exist are for themost part no larger than
the inevitable statistical errors. An exception must be made for critical

point phenomena because the large scale density fluctuations which charac-

terize the critical region are suppressed by the use of a periodic boun-
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dary condition. Another difficulty which is particularly severe for
small systems is the so-called quasi-ergodic problem [103]. By this is
meant that the system may become locked for an extended period of time
in a small region of phase space. Eventually, escape may be possible,
but it would require calculations of unreasonable length. Near the
melting temperature (i.e. near the transition from solid to liquid state
at the triple point), for example, an initial lattice type arrangement
of particles will generally persist for a very long time unless the den-
sity is some ten percent below the melting density of the model. 1In
situations such as this, it is clear that the system may remain in a
metastable state indefinitely and care is needed if fallacious results
are to. be avoided. Generally speaking, it is not possible to say what
time must elapse before a system evolving from some arbitrary chosen
initial conditions reaches the regién of phase space which is of interest.
This can be judged only in an empirical way and much can be learned

by carefully monitoring the calculated bulk properties of the system and

the way these fluctuate in the course of a calculation.

Among the early results from molecular dynamics studies of dense fluids
was the clear demonstration of the breakdown of the "molecular chaos"
assumption of the dilute gas EBQb, 100, lOl]g—_]. It was found that at
high densities there is a higher than random probability that a molecule
will have its direction of travel reversed by being scattered back by
the surrounding particles. This has the effect that the self-diffusion
coefficient of the fluid is smaller than the value predicted on the
basis of uncorrelated motions. At moderaté densities a positive type
of correlated motion was observed extending over as many as ten mean
free times, contributing to an enhanced diffusion coefficient. Some of

these observations raised fundamental issues concerning the relationship
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between statistical mechanics and continuum hydrodynamics which are
discussed elsewhere [?8, lOlﬁ]. Here we describe some of the applica-
tions of the results of molecular dynamics simulations which have led

to the establishment of reliable correlation procedures for the transport

properties of fluids.

One important application of molecular dynamics results has been the
assessment of the validity of statistical ﬁechanical theories and the
models which they employ. First, the details of the molecular motion
obtained from a molecular dynamics calculation enable simple models of
it to be examined. Secondly, the calculations provide "experimental
data" for the transport coefficient of a gas whose intermolecular
potential energy function is known. Thus, when statistical mechanical
theories are applied to the evaluation of the transport coefficients for
the same fluid, one source of discrepancy in the comparison is removed

leaving only the theory itself.

It is the first type of test which has cast doubt on the activation
energy theory of liguid transport (e.g. Eyring's model, Section 1.2)

as well as upon the Rice-Allnat theory (Section 1.3.2). In the acti-
vation energy theory (Section 1.2;[551) a molecule is envisaged to make

a large number of oscillations about an equilibrium position in a cell
formed by its immediate neighbours, with occasional, but large jumps to
a new equilibrium position. An examination of the mean free path distri-
bution in a molecular dynamics simulation indicates that, as it has already
been pointed out, this is not a significant contribution to molecular
motion in ligquids [io@]. Instead, the computer simulations indicate that
the motion of the molecules is close to that of van der Waals model of

a fluid in which the molecules travel essentially unperturbed between

a succession of hard-core collisions [34]. The same behaviour represents
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the opposite extreme from that of the Rice-Allnat hypothesis [91, 92,
1051. The reason is that the van der Waals' model allows correlated
hard-core collisions, whereas the Rice-Allnat theory contains completely
uncorrelated hard-core collision by virtue of the Brownian motion assump-
tion. Reality must lie somewhere between these two extremes and the
Quantitative consequences of the difference in the two models may not

be large. Nevertheless, the similarity of the molecular dynamics results
to those of the van der Waals' model has encouraged the development of the
successful method of, correlating the transport properties of liquids based

upon it (Section 1.2.3).

Thus it seems certain that such computer simulation techniques will be

increasingly used in the development of the liquid-state theories.

1.4 EXPERIMENTAL METHODS OF MEASURING BINARY DIFFUSION COEFFICIENTS
FOR LIQUIDS

Accurate measurement of the binary diffusion coefficients has proved a
formidable task facing the experimentalist [1353. Even small changes in
temperature, or a minute alteration of the flow patterns by the induced
pulsating and secondary flows, or a slight mechanical vibration trans-
mitted to the diffusion cell can ~all cause a much more rapid mixing of
the diffusing substance than the diffusion process itself. Consequently,
a large number of techniques of measuring the diffusivities have been
discarded. Moreover, methods based on principles that deviate seriously
from the reality, for instance, one which assumes a "diffusion constant"
completely independént of éoncentration or ignores the possible importance
of the frame of reference, have led to erroneous results and hence become

obsolete. With reference to the excellent reviews given by Tyrrell et al.
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|:13a, 24, 26:] and Dunlop et al. [37:[, here we describe the methods
which are most widely used for measurements of binary diffusion coef-
ficients for liquid mixtures of two non-reacting components. Such
methods may conveniently be grouped into five categories, depending on

the nature of the diffusion process occurring:
(1) Free Diffusion - Optical Interferometric Methods (Gouy/Rayleigh).

(2) Steady State or Stationary Diffusion - The Diaphragm Cell Technique

(Northrop and Anson).
(3) Restricted Diffusion - The Conductance Method (Harned).
(4) Dynamic Diffusion - The Taylor Dispersion Technique.

(5) Other Important Methods.

1.4.1. TFree Diffusion Methods

In experiments of this kind a diffusion boundary, which is initially
sharp, is formed between two solutions or a solution and the pure solvent
within a vertical diffusion cell. The boundary is horizontal and the
denser medium lies below it. Mutual diffusion takes place across the
boundary and the region over which the concentration changes occur
becomes more extensive with time. In the early stages, the concentra-
tions at each end of the diffusion cell will retain their initial values
and the observation period is confined to this phase during which the

diffusion process can be described as free diffusion.

Changes in concentration of a solution are reflected in refractive index
changes and the most sensitive methods of following these are based upon

optical interference phenomena and fall into two broad classes:

(a) Those methods, based on Gouy interferometry, which effectively
measure refractive index gradients as a function of time and of distance

from the initial diffusion boundary;
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(b) Those, based on Rayleigh's interferometric method, which effec-
tively measure refractive index, relative to some constant reference

medium, as a function of cell position and time.

Almost all the methods for studying transport as described in Sections
1.1.2 - 1.1.6 employ the optical technique (a) or (b) to yield time-
dependent patterns that can be photographed and then analyzed to yield

the binary diffusion coefficients.

(a) Gouy_Interference Method

When a beam of light is passed through the diffusion cell it is bent
through an angle proportional to the refractive index gradient in the
cell. The angular deflection will therefore be a function of the height
at which the light beam passes through the cell, and will vary with time.
Measurements of the deflection of the beam give the refractive index
gradient in the cell as a function of cell height and time. As well as
being deflected by different amounts at different levels in the cell,

the :exit beam is not uniform in phase. Thus for a symmetrical diffusiocn
boundary it is possible to produce time-dependent patterns of horizontal
interference fringes (known as Gouy fringes) from which the diffusion
coefficients can be deduced. Atlhough in 1880 Gouy [lOé] predicted that
the interference fringes might be useful for studying diffusion, 75 years
elapsed before Longworth [10?] published a photograph of a Gouy fringe
pattern and suggested that a quantitative treatment of the phenomenon

would probably lead to greater precision in the measurement of diffusion

coefficients.

In 1947 Longsworth [107] reported some preliminary tests of the wave
optical theory of the Gouy interference method provided by Kegeles and
Gosting [ioé] in a companion- paper. Two years later, Morris and Gosting

et al. [109, ll@] described the construction of a Gouy diffusiometer of
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high sensitivity and reported some experimental results (on sucrose
solutions and by using green light from an Hg lamp) with the apparatus,
and refined [:llO] the original wave optical treatment [108]. At a later
stage, Gosting and Onsager [ili] published a more general theoretical
treatment of the entire method. Since the appearance of these important
developments, the Gouy diffusiometer has been much improved to measure
the binary diffusion coefficients with a high precision (v 0.2%).
Although the optical system itself is quite elementary, the refined

wave optical theory of the Gouy interference method is quite complex.

Figure 1.4 is a schematic diagram of the single-lens Gouy diffusiometer
apparatus. A monochromatic light source is used to illuminate the hori-
zontal source slit S, which is focussed by means of the lens L onto the
photographic plate P. A mercury vapour lamp with a condenser lens and
an optical filter provides illumination of sufficient intensity to give
reasonably short exposure times. The diffusion cell C is placed between
the lens and the photographic plate and with the windows of the cell at
right angles to the optic axis of the system.

Fig. 1.4 - Optical system due to Gosting for the single-lens Gouy
diffusiometer [3 '7]
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In performing a diffusion experiment, a sharp boundary is formed between

two solutions of different concentrations and the solutions are then
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allowed to mix. Light passing through regions of the diffusion cell
where there is refractive index gradient is deflected downward and

then focussed by the lens at a position below the optic axis on the
photographic plate. Light passing through regions of constant compo-
sition, above and below the boundary regicn, remains in focus on the
optic axis to give an intense undeviated image of the source slit. The
light rays passing through the boundary are deflected downward a distance

Y according to the relation [?i]

Y D
Y = ab—a-; (1.76)

Here afis the cell thickness parallel to the optic axis and b is the
' L.
optical lever arm for the convergent light equal to I —= where L4 is

the distance along the optic axis in each medium i of refractive index
ﬁﬁ_relative to air as unity. Interference fringes occur at the photo-
graphic plate because two light rays, ry and r,, say, which originate

at the light source and then co-focus at the photographic plate, follow

different optical paths both in the diffusion cell and in the air before

reaching the plate.

———————————————————————————————————————————————— 12
The solute distribution in a free diffusion experiment in which D12 is
independent of concentration and a solution of concentration CB diffuses
upwards into another solution of concentration Cops is obtained by

solving Fick's second law, i.e. equation (1.6) which is the unidirectional

form of equation (1.3), subject to the initial conditions for t = O,
c = CT for z < O,
c = CB for z > 0,

and for the boundary conditions for t > 0,
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c CT as z +» -o,

C - CB as z - +tow,

According to Dunlop et al. [?j] the solution yiélds both the concentra-

tion gradient distribution

2
aC AC -

32 ° ———-—,_exPé-f—-—,D (1.77)

2v7wD 12

12
and the concentration distribution
c = T+h8, 2 IZ/2 b2t (-z2)d (1.78)
= > .'7? o expl—-z A .

where AC = Cp - Cq and C = @B + Qﬁ/2. In many systems the refractive
index np is a linear function of C over the concentration range used in

an experiment. From the results of Dunlop and Fugita [?7, llé]

np = nD(E) +(‘§‘a§é]—3' - (Cc - -6) (1.79)
T,P,C

Thus equations (1.77) and (1.78) may be combined with (1.79) to give

- z/2¥Dyot
np = np@ + 222 L exp(-2)dz (1.80)
0
and A 2
on n
-ﬁD = [ —L2— exp <— u; t) (1.81)
2/7D T 12

where Anp is the total difference in refractive index across the initial
boundary. At’'this point it is convenient to introduce an important

experimental quantity Q defined by
(Anp)>
Qf‘a = -—-—-—-—D.—.—é—
az
max

which is known as the reduced height-area ratio and used to calculate

(1.82)

binary diffusion coefficients from the experimental data obtalnable

with a particular optical system. Of course, for the binary systems
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considered here, i.e. when D o is constant and np is a linear function

:

of C, we have

Q. = DPp (1.83)

Systems in which D., depends on concentration and n, is not a linear

12
function of C are also discussed in the literature [37, 112].
Two other experimental quantities are also required in order to calculate

D They are the maximum displacement of 1light predicted by ray optics

12°
Ct defined by

¢, = (¥ = ab(%;% (1.84)
max

and the total number of interference fringes j in the Gouy patterns

= 2Lm (1.85)

where A is the wavelength of the monochromatic light. The quantities j
(seldom an integer) and Ct are determined by methods described in the

literature El3a, 37].
Equations (1.82)-(1.85) may now be used to obtain the value of Dl2

. 2
- (3 2b)
Do F iy C, (1.86)

The advanced Gouy interferometric technique has permitted the determina-

tion of D12 with a precision of 0.1-0.2% D2, 112-115:] .

(b) Rayleigh Interference Method g
Tt is also possible to devise interferometric methods which measure the
differences in refractive index in corresponding planes of two similar
cells, one of which contains a diffusion boundary and the other a homo-

geneous liquid (integral fringe methods). Thus several optical systems

have been used to produce interference fringes with a shape that is pro-



53

portional to the refractive index distribution in a diffusion cell.
Data obtained from photographs of these Rayleigh or integral fringes
may be analyzed to give binary diffusion coefficients with a precision

of about 0.1% [37].

Recently a group of optical methods based on the Rayleigh interference
phenomenon have become important. The exact arrangement of the optical

components vary to some extent, but Fig. 1.5 shows one suitable arrangement.

Fig. 1.5 - Plan view of optical system for Rayleigh fringes [ia{]
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Monochromatic light from theilluminated vertical source slit S is focussed
and rendered parallel by the lens L. This passes through a vertical
double slit M and then through the double diffusion cell C (consisting

of two identical .cells A and B). The second convex lens L, images S

in a horizontal plane at P while the cylindrical lens Lj is used to focus
the double cell at the photographic plate P. When cells A and B both
contain liquids with the same refractive index, the charcteristics of

the interference péttern at P are solely determined by the double slit.
This pattern is produced by the superposition of the diffraction envelopes
generated by the slits. In this way, equally-spaced interference fringes
are produced within the defraction envelope.. When one cell (say B)

contains a refractive index gradient and the other (A) the solvent
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or the reference solution, the interference fringes conjugate to B
move sideways within the stationary diffraction envelope and horizontal
fringe displacements (corresponding to each level in the diffusion
boundary) are observed. The displacement of a given fringe is propor-
tional to the refractive index difference between the liquids in A and
B. The distance between adjacent fringes of the pattern is directly
proportional to the wavelength of the light and inversely proportional
to the distance d between the centers of the two slits in mask M. Also
the width of the diffraction envelope W is directly proportional to the
wavelength of the light, but inversely proportional to the width of the
double slit. Hence the number of interference fringes in the pattern

is determined by d/w.

Here we outline a method reported by Creeth [11@] for obtaining dif-
ferential diffusion coefficients from photographs of Rayleigh integral
fringes for binary systems in which both D12 and differential refractive

increments are independent of concentration. In this case we can write

5z = Z]ijﬂ (1.87)

where knis the number of any fringe maximum, j is the total number of
fringes corresponding to the difference in refractive index across the
diffusion boundary, and $ is the probability integral which has been
tabulated [éj]f These tables may be used to evaluate Z* from the 5kz*)

values computed by equation (1.87). For ideal binary systems

P g — (1.88)
sz“lQ“'t

h

and thus, if this equation is written for the kf and (j—%}th fringes,

the diffusion coefficient may be obtained from the relation
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[(X. . - %.)/2z ]2
1 kn k

D = h (1089)
12 4M2t

where this the comparator reading forthe kEh fringe, Xj-khthat of the
(j—&)th fringe and M is the magnification factor. Like Gouy's inter-
ference method, the Rayleigh interference technique has been studied
extensively and its modifications have led to a less complicated opera-
tion and better performance [iSa, 26, 3i]. For instance, similar

fringes can be produced in the Mach-Zehnder interferometer (wifh wide-
spread applications in various fields of engineering research; [iSa, lli])
in which the integral fringe patterns coincident with the real image of
the diffusion cell are produced (unlike Rayleigh's interferometer).

This has many advnatges when it becomes necessary to investigate the
possible causes for abnormal fringe patterns encountered in a particular
experiment [26]. The Mach-Zehnder interferometer has been modified by
Babb et al. [ilij and employed to measure binary diffusion coefficients

of organic liquids (e.g. ethanol/benzene mixtures) to within *1% accuracy.
Gosting and his associates have developed (1973) a versatile diffusiometer
(Rayleigh/Gouy fringe method) with a precision of 0.03% [ll@]. Other
important optical techniques, such as the shearing interference method
(utilizing a monochromatic light beam polarized in the direction of
transport, a birefringent crystal and Savart plates), have been developed
and their details are well-documented in the literature [13a, 37, 119a].
It is important to record that the development of LASER light sources

has made an impact on the integral fringe methods of class (b), yielding
the diffusion coefficients with an uncertainty of about *1% [iQ@],

tﬁough their use improves the sﬁarpness of all fringe patterns. Moreover,
since phase-coherent light can be obtained from both ends of a laser

tube, the construction of Mach-Zehnder type interferometers can also be
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greatly simplified [121, 122]. Perhaps the greatest achievement pro-
vided by laser sources has been the development of a relatively simple
and cheap technique namely that of holographic interferometry which,
unlike the previous methods, can be applied to very dilute solutions

[?6, 124, 125]. In general, it must be realized that in order to enhance
the precision of the diffusivity.measurements the resolution of the
optical method used must be increased and the influence of the concentra-
tion dependence decreased. This is the fundamental difficulty of the

limitation of the optical resolution [il@].

1.4.2 Steady-State Diffusion - The Diaphragm-Cell Technique

The diaphragm-cell technique is one of the relatively simple and most
widely used methods for obtaining differential diffusion coefficients

for liquid systems of two and three cémponents [37; Ch. 4, refs. 179—215].
First devised in 1928 by Northrop and Anson [126] it was developed more
than twenty years later into a precision method, mainly by Stockes [i27,
lQé], and it has proved particularly useful for the measurement of intra-
diffusion coefficients [iQé]. A1l the experimental details of this
technique can easily be found in a number of publications [?, 13a, 127,
lSQ]. In one of the simpler and more popular designs, a porous diaphragm
(glass, stainless steel or nylon) is used in a glass cell to separate

two solutions of different concentrations. Both solutions are mechanically
stirred so that, if the less dense (top) solufion is separated from the
denser (bottom) solution by a horizontal diaphgram of essentially constant
thickness, then all concentration gradients are in the diaphragm. Hence
if it is assumed that the diaphragm is in a steady-state, then there

would be no accumulation of material in the diaphragm-during the time

that transport by diffusion is taking place. Thus at .a particular time

the flux J} of each component across any plane parallel to the horizontal



57

direction is independent of diaphragm thickness f. But due to the solute
conservation in the cell, each J; is time-dependent so that in the
following treatment for obtaining the differential diffusion coefficients,
based essentially on the works of Barnes ElS»l], Gordon [132] and Stokes

. . . . +
[127], it is convenient to write J; (t).

Let the positive direction of z coordinate be in upward direction and
consider the changes in solute concentration taking place in the bottom
and top cell compartments of volume VB and VT’ respectively. In the

bottom compartment

dc, 500y Ap
= - 9 A (1.90)
and in the top compartment
dc : )
= = Jo) P (1.91)
T

where Cy and CT are the solute concentrations in the bottom and top
compartments and'Abis the effective cross-section of the pores in the

diaphragm. Combining these two relations and denoting (CB-CT) by AC

a(ac) _ > 1, 1
=T = J(t)AP<VB+Vb (1.92)

It is convenient to define the average value of the differential diffusion

we obtain

coefficient D., over the concentration range Cg to Cq by the time-

12
dependent integral diffusion coefficient, D(t), using equation (1.13)
5(-[;) = ._.‘1'_ fCB D. . .d4C = - _.l.... - Q'J(t) (1.93)
T AC o 12 AC Dis .
T

Thus combining this equation with (1.92)

d SLn(AC) __é_\p< 3D(t) = _BC'D‘(t) (1.94)

where BC (typically 0.07 - 0.2; [133]) is the cell constant. Integrating
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this equation over the experimental duration t yields

Ac’ t _
n AoE T BC fo D(t)dt (1.95)
and o-
- Tle en —-AC%_ (1.96)
c AC

where D = Q/t)fg'ﬁ(t)dt is the time average of the diffusion coefficient
D(t) and AC° and ACY are the initial and final concentration differences

of the solute, each for the top and bottom compartments. For the special
case that the diffusion coefficient is independent of concentration,
equation (1.96) obviously gives the differential diffusion coefficient
directly, If Vp =V, and D # £(C), then D is the differential diffusion
coefficient at the average concentration of the two compartments. Equation
(1.96) may also be used to obtain intradiffusion coefficients, when com-
position of the system is essentially identical in both sides of the

diaphragm cell. If, however, D = £(C), Gordon [i3é] has shown that (to

approximately 0.02%)

T,
D = —if—C—B D, ,dC (1.97)
AC T
wHere
B S +cp co+en
CB = 5 CT = -—--é—---andAC = CB—CT (1.98)

In oraer to compute :differential diffusion coefficients at particular
concentrations from the integral values, an analytical expression with
arbitrary coefficients is usually assumed for D12[b12 = f(Ci], and these
coefficients determined from the measured values of D, Eé and E& by,

for example, a least-squares procedure.

Since the development of the diaphragm cell by Stokes, many changes have
been proposed in the materials used for the diaphragm [128, 134, 135] in

the cell geometry [59, 135-138] and stirring method [59, 1351, and in the
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methods of analysing concentration changes [139-14i]. Nevertheless, none
of the changes or modifications have so far made aisignificant improve-
ment either in the accuracy of the diaphragm-cell technique (N 1-2%
within its feasibility) or in sdlving the major pyoblems associated with
it, such as the cell calibration and the long experimental duration (many
hours or even several days) that is required for a single evaluation of

the diffusion coefficient with sufficient accuracy [?O, 39, 130, 133-145].

1.4.3 Restricted Diffusion - The Conductance Method

If a free diffusion experiment with a binary system is permitted to pro-
ceed until the solute concentration changes at both ends of the cell (i.e.
z =0 and z = ), then equation (1.78) is no longer a valid solution

for Fick's second law (equation (1.6)) which must now be solved subject

to the new boundary conditions
E) = Oatz = 0, 2 ' (1.99)
9z .

According to Criank EBS, l‘+6] and Carslaw g‘g__g;l;. El‘+6:| , the required
solution for the time variation of the solute concentration C at each

position z in the cell is given by the Fourier series

22
i > i n D12 nrz
C = A+ I Alexp |- ——=—=t) cos = (1.100)
© n=1 n 12 %

where Ag and A; are constants. This relation is best utilized as first

suggested by Onsager [ilﬁ] and for large values of t,
2

- 7D, At
F(C) = &n [;(%) - C(%?ﬁ] = const. --———%Z— (1.101)
' A

so that the differential diffusion coefficient D is obtained from this

12
relation by determining the variation with time of the difference function

F(C). This equation has been used by Harned et al. [14?], who have con-

structed suitable cells, to develop a method for measuring differential
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diffusion coefficients for dilute binary elecfrolyte solutions [13a, 37].
At large values of t the function F(C) was found to be directly propor-
tional to the same function of the reciprocal resistance of the electrolyte
solution. Thus determination of the absolute values of the electrolyte
concentrations were unnecessary. Using the literature data, it was
verified that for dilute KC2 solutions negligible error is introduced

by assuming the difference in concentration to be proportional to the
difference in reciprocal resistance, a relationship which subsequently
has been applied to many other systems. Hence in this method, the
reciprocal resistances at the two fixed positions in the cell are deter-
mined as a function of time (= F(C) as f(t)), and the diffusion coef-
ficient is obtained as previcusly described. An experiment may take over

a week to yield a single diffusion coefficient with a precisioh of about

l.4.4 Taylor Dispersion Technique

This is a flow method ideally based on the study of the dispersion of

a delta function pulse ofa solution, injected at time zero into a stream
of liquid flowing in a laminar regime through a long straight tube with
a uniform circular cross-section. The technique is also referred to as
the "chromatographic method" and has been described in detail elsewhere

(Chapter 2 and [18, 21, 23, 24]).

In 1953, Taylor [14@] first showed that the injected pulse is dispersed
(as observed initially by Griffiths in 1911; [2u]) by the combined

action of the laminar velocity profile and molecular diffusion (essen-
tially in radial direction). Hence after an initial trénsient period
(ta) the injected material is distributed normally about an origin moving

at the mean velcoity (Uo) of the stream. Physically, the reasoning can
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be followed in Fig. 1.6.

Fig. 1.6 - Illustration of the solute dispersion in laminar flow
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perses the pulse
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If we assume the absence of molecular difusion then the solute molecules
vemain in their streamline throughout their residence in the tube, and
would be carried out intact at the mean velocity UO (i.e. the solute
progress would be described by 3C/3t = UOVC). Consequently, the solute
cloud is dispersed as an ever-sharpening and thinning parabola as it moves
along the tube. Then the solute concentration distribution curve,

. obtained from a concentration detector placed at the end of the tube
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(Chapters 2 and 3), will be highly skewed as shown by Fig. 1.6(a).
However, this assumption of no molecular diffusivity is far from reality
in liquids and cannot be verified experimentélly. The experimentally
observed shape of the curve is almost Gaussian as shown by Fig. 1.6(b).
This is because the solute molecules at the tip of the parabola (i.e.

at the centre line) diffuse towards the tube wall into a streamline of
lower velocity, while those near the wall (parabola tail) diffuse towards
the centre line into a higher streamline velocity. This phenomenon
minimizes the stretching of the parabola through a recirculating motion
of the solute cloud, as if stirred by a molecular stirrer, with a speed

that depends on the molecular difusivity, flow rate and tube diameter.

If the cross-section averaged concentration of the injected material is
observed as a function of time at some distance (L) downstream from the
point of injection, the moelcular diffusion coefficient can be obtained
from the moments of the eluted solute distribution (see Chapter 2 and
[18, 21, 23, 2@] for binary-, self-, and intra-diffusion coefficient
measurements). It 1s important to note that the theoretical analysis of
the dispersion process given originally by Taylor [iué], and later more
exactly by Aris [i“é]a was not intended to form the foundation of a
technique for diffusivity measurements, but rather to predict solute
dispersion in pipelines. Consequently, the use of this theoretical
description of the dispersion process without modification for the par-
ticular application of diffusivity measurements has, in the past, been
justified on;the basis of empirical observations. Such procedures
inevitably degrade the accuracy of the experimental data obtained, and
for this reason: the method has been termed one of moderate accuracy
[?43. In Chapter 2 we provide a more complete treatment of the theory

of the Taylor dispersion technique for diffusivity measurements in order
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to obtain a set of working equaticns for an instrument operating on this
principle. In turn, these equations permit us to assess the accuracy of
the results of measurements with this method, and to show that it can
be made comparable with that of other techniques. Measurements of the
binary diffusicn coefficients reported in Chapter 4 support this con-

tention.

Most of the reliable diffusivity data for liquids have been cbtained
through the use of highly sophisticated but relatively expensive and
painfully slow experimental techniques, usually involving the use of free
or porous diaphragm diffusion cells. One of the difficulties encountered
in a free diffusion technique is in establishing an initially sharp
boundary between the pure solvent and the solution. Maintaining an
undisturbed medium (minimizing vibration) throughout the experiment has
also been a major problem. Although the porous diaphragm diffusion cell
method minimizes most of the problems that arise in a free diffusion
method, it has some drawbacks of its own. Since it requires a porous
membrane, with some resistance to the transport of the solute, the
technique does not yield diffusion coefficients directly and needs to

be calibrated with a known standard. Other problems related to the use
of the porous diaphragm such as adsorption of solute on the surface of
the porous membrane, bulk streaming and semi-permeability due to

improper selection of diaphragm porcsity can also occur. The method
cannot easily be employed as a continuous observation type and requires

a relatively long period of time (two or more days) to complete a single
diffusion measurement. All of these problems are reduced if diffusion

experiments are conducted by the Taylor dispersion technique.

In addition to being relatively fast (a few hours at the most to complete

the measurement), the Taylor dispersion technique requires only microgram



B4

sized samples instead of the gram amounts needed by the free or steady-
state diffusion methods. It is also versatile (gaseous/liquid mixtures;
[?3, 27, 2@]) and easily adaptable to extremes of temperature and pressure
(high pressure increases solubility which in turn makes the detection

of the dispersion peak easier), Nevertheless, it is true that measure-
ments with the highest precision are obtained by optical methods, but

they cannct be employed over a wide temperature range because it is only
near room temperature that sufficient temperature stability and uniformity
can be maintained. Thus the Taylor dispersion method represents a reason-
able compromise between the precision and the extent of the temperature

range which can be inVestigated for a system.

When the technique is fully refined (see Chapters 2 and 3) it enables the
measurement of diffusion coefficients with an accuracy of *1%. It is

an absolute method and hence does not involve the uncertainties associated
with calibration using systems of known diffusivity, which is inherent

in the porous disc (or frit E_Sl]) and diaphragm cell methods @7] .
Furthermore, when the technique is applied to gas/liquid mixtures it

does not require precise solubility data as is the case in absorption
methods [ﬁ, é] and accurate chemical analysis of the liquid phase is

unnecessary.

1.4.5 Other Important Methods

The methods described above are the only ones which have yielded a large
body of data over a wide range of conditions with high precision. There
are a number of methocds which have been employed with some success to par-~
ticular types of liquid systems such as polymers in liquids. However,

for mixtures of simple liquids used techniques have not yet been developed
to the point where accurate measurements can be made. Such techniques

include the n.m.r. Spin-Echo (observing the effect of diffusion on the
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decay of n.m.r. signals; precision ~2-5%) and the Light Scattering
methods ("light-beating spectroscopy'~, central to photon correlation
spectroscopy, or "line broadening" - precision ~1-4%) which have been

described in the literature [:24, 26, 152, 153].



66

CHAPTER 2

THE THEORY OF THE EXPERIMENTAL METHOD

2. " Introduction

The need for accurate measurements of the transport properties of fluids
and, in particular, the diffusion coefficient in mixtures was emphasized
in the introduction of this thesis. As has been indicated, and illust-
rated in Chapter 1, the lack of accurate experimental data for diffusion
coefficients in liquids. arises from a combination of the inherent slow-
ness of the diffusion process and the failure tokdevelop reliable theories
of some techniques for their measurement [?-9,11,18-20,3@]. The Taylor
dispersion technique EHL 1, Section 1.4.4J ehployed for the measurements desc
ribed in this thesis offers the opportunity for rapid diffusion coeffi-
cient measurements which may also be made accurately, provided a suitable
theory of the method is available. The present chapter is dedicated to
pro&iding this theory im the form of a set of working equations combined

with a full set of corrections.

2.1 The Principle of the Experimental Method

We consider first the simplest mathematical model of an instrument to
measure liquid phase diffusivities using Taylor dispersion. This mathe-
‘matical model refers to an idealized experiment, which cannot be
realized in practice. Nevertheless,}if will be-shown that a practical
instrument éan be designed such thét’its departures ffom the ideal are

small and so that they may be evaluated with the aid of a.proper analysis.

Figure 2.1 shows the ideal experimental arrangement and defines the
geometry of the apparatus. For generality, we consider a homogeneous

liquid mixture of species 1 and 2 flowing in laminar flow through an
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infinitely long, isothermal, straight tube of uniform, circular cross-

section, radius R_, with impermeable walls. We denote the molar concent-

o?
rations of the species in the flowing mixture by le and C2f respectively.
The mean velocity of the liquid mixture in the tube is denoted by Uo'

At time t = 0, a sample of liquid mixture of the same two components but

of a different composition is introduced into the tube by injection as

a "§ pulse" at z = O.

Fig. 2.1 - The ideal Taylor dispersion experiment & pulse dispersed by
the combined effects of the laminar velocity profile and

tat
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The molar concentrations of the two components in the sample are Cli

and CQi respectively and its mass density is supposed to be the same as
that of the flowing stream. The sample fills the cross-section of the
tube at z = O completely, it is of uniform composition over this cross-
section and is supposed to extend infinitesimally in the axial direction.
Therefore the only perturbation of the flowing stream arises from the

change in the concentration of component 1 at z = O which may be represen-

ted by a delta-function, 6(z), which is normalized so that
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1rRo f_wé(z)EJli - le]dz = Nl (2.1)

where 6(z) = 0 for z # O, and N, represents the number of moles of
compcnent 1 in excess of those present in the same volume of the flowing

stream.

The concentration gradient established by the introduction of this sample,
together with the action of the parabolic velocity profile of laminar
flow results in dispersion of the pulse. The process of molecular dif-
fusion involved is clearly that of mutual or interdiffusion and, in the
present analysis, the appropriate diffusion coefficient, D12, is sup-

posed to be independent of the composition of the liquid mixture.

If we denote the perturbation to the flowing stream composition caused

by the pulse by ACl(r, 8, z, t), then the differential equation for ACl,

describing the dispersion, is

a(Acl) 2U 21 3(AC,) .

1 2 o r 1
= —— = V(AC,) - =— |1 - 2 () | —— (2.2)

D12 ot | 1 Dl2 RO 0z

and the conditions for its solutions are, at t = O,
AC,(r, 8, O, 0) = 5(z)(cli - clf) R (2.3)
§(z) = 0O forz = O
B(ACl) :
and —=7— = Oatr = R, forallt (2.4)
£ o)

together with sufficient conditions on ACl for z = e,

In his original analysis, Taylor [@4@] introduced an approximation con-
cerning the relative magnitudes of axial and radial dispersion so as to
‘render the solution of equation (2.2) practicable. But in this work we
prefer to follow the analysis of Aris [iué], and to seek solutions for
various spatial moments of the concentration distribution, since these

turn out to be sufficient for the analysis of the experiment.
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We define the pth spatial moment of the concentration distribution at a
radial position r about an origin moving with the mean velocity of the

flow by the equation

<]

cp(r, 8, t) = R£+l ;o AC (z, v, 8, )d ¢ (2.5)

with z = (z - Uot)/Ro (2.6)

denoting a dimensionless axial coordinate with respect to the moving
origin. The moments of the distribution, averaged over a cross-section

of the tube, are then defined by the equation

5 R
1 T "0 ,
m, = —/ [ rc (r, 6, t)dr do (2.7)
P mR- 0 o P
o
and the normalized moments by
% m
- B
Hy ™, (2.8)

Following the work of Aris E}Hﬂ two sets of differential equations for

c. and m_ can then be derived from equation (2.1) which read

) 2
1 dc 13 dc 1 d ¢ ( ) UO (I‘)
—_— =R = =L (p L) = P p(p-llc__, + = p(}'— 2(5) e _
D12 & r 3r s o r2 862 p-2 Dl2 Ro p-1
(2.9)
1 dm PUO 2m Ro T 2
and —— —2 = p(p-1)m__, + —=— [ d8 [ r‘<l - 2(5-) )jc _dr (2.10)
D)y dt P2 nRiDlQ 0 0 Ry’ J P71

For the conditions of this analysis, sufficient conditions on the
beahviour of ACl at ¢ = f» are ensured by the fact that the sample

introduced occupies a finite volume of the tube.

The solutions of equations (2.9) and (2.10) for the present boundary
conditions have been given by Aris Eu@L For the zeroth moment averaged

over a cross-section, i.e. p = O in equation (2.10), we obtain

%

m, = constant or u; = 1 (2.11)
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which merely states that the total quantity of the injection sample is

constant. Furthermore,
(2.12)
which expresses the fact that the mean of the distribution, averaged over

a cross-section, travels in the tube with the mean velocity of the flow.

The solution of equation (2.9) for period 2r in 6 and with the boundary

conditions
cp(r, 6, 0) = cpo(r, 6) (2.13)
e
§1§ = Oatr = R (2.14)

gives the mean of the distribution, as a function of radial position in

the tube as
2 2 . r 2
_ 1 UoRo 1 r 2 1, T # 8UoRo =4 Jo(aon'FT) - Dlannt
1 T R ET TR AR (T Yen oty P T
12 o o] 12 n=1 0" on Ro
(2.15)

with e n representing the nth zero of dJo(z)/dz, where JO is the zeroth-
order Bessel function of the first kind. It is useful to record that the
original expressions for cq and my given by Aris were found to be incor-

rect in the sign as indicated by Tillman [iugf]

%

The cross-section averaaged second moment, Uy, may also be derived, and

is given by the expression

% RgUg RuUz -8 12 on
uy, = 2Dy, +pe—|t - 128\ Za 1 - exp (2.16)
12 12/n=1 on

It has been shown by Aris that the longitudinal distribution of concent-

ration approaches that of a normal distribution as t + @, The expression

for the skewness of the cross-section averaged distribution is

2
(uy)
Sk = (2.17)

*3
(u2)
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which is given asymptotically by the relation

49uPR8
o 0

Sk =
2 R2\3

207 Us %o
2 DlQQ‘ * —-2“>‘C

‘+8Dl2

(2.18)

indicating that the approach to normality occurs as t_l.

Equaticns (2.12) and (2.16) yield the fundamental working equations for

the analysis of the ideal experiment. It is clear that the exponential tran-
sient term in equation (2.16) can be made to decay arbitrarily rapidly

by the choice of suitable conditions. Thus for

D

22+ > o.6 (2.19)
2
R
o]

the transient term contributes less than 0.01% to the second term of

equation (2.16). Hence if condition (2.19) is satisfied, equation (2.16)

may be written as

. r%y? 128 R'U
w 50 Y - oo 1 1

W, = 2{D. . + 5 + + ... (2,20)

12~ 48D, DZ, (3.8317)%  (7.0156)°

Because the mean velocity of the flow can be chosen independently of the

D
: 12
u, > 700 <:§;j) (2.21)

then equation (2.20) reduces to the form

time t, we note that if

. R0 128KR '0°
o = (]t - —_—,—= (2.22)
2 250, 2
12

with an associated error of less than 0.01% which we regard as negligible.

In this equation, we have written

5

[oe]
K = 3 o8 = 2.1701 ... x 10 (2.23)
< n=2 on

for convenience. Condition (2.21) is easily satisfied for measurements

in liquids while maintaining the fluid flow in the laminar regime.
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Equyation (2.22) could evidently form the fundamental working equation
for the ideal experiment, since the binary diffusion coefficient D14
could be derived from experimental measurements of the second moment,

ug, with the aid of it. TFor later use, it is more convenient to employ
a limiting form of this equation. Since the duration, t, of the measure-
ment may be chosen arbitrarily, the time-independent term in equation

(2.22) may be made negligible (less than 0.01%) by choosing

D
L2 t > 700 (2.24)
2
R
o

This selection automatically ensures that the transient term in equation

(2.16) is even smaller than that corresponding to condition (2.19). In

this case, equation (2.22) reduces to the very simple form

b RiUi b .
U2 = EI NN t = UZS (2.25)

12
where the subcript s implies that conditions (2.21) and (2.24) are
satisfied in the experiment. Furthermore, by virtue of equation (2.12),
the fluid mean velocity Uo.may be determined from the first moment of
the distribution with respect to the fixed origin z = O.. Denoting the

first moment by z, it follows that

u = (2.26)

(o]

Hin|

so that the final working equation for the ideal diffusion experiment becomes
R’Z”
Pio & T

24“28t

(2.27)

Hence a diffusion coefficient determination may be performed by measuring
just the first and second spatial moments of the cross-section averaged
concentration distribution of the injected sample, after flowing for a

time t through a tube of known radius.
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If condition (2.24) is not satisfied, the second moment required in

%
equation (2.27) can still be derived from the measured moment, Moy Dy
% :
application of the correction 8u, in the form

% e %
Moo T U, + 6u2 (2.28)
where
s 28R
6u2 = —— (2.29)
D
12
Provided that
D
_%§> £t > 20 (2.30)
Ro

Yo

«»

the correction 6u2 amounts to no more than 0.3% (0.06% under selected
b

w
conditions for the measurements of this work) of Hos and so may be

calculated with sufficient accuracy using an estimate for D12.

Finally, in this section, we record for future use that if conditions
(2.21) and (2.22) are satisfied, then the absolute skewness of the spatial
distribution is less than 5 x 10_8, so that for all practical purposes

the distribution may be regarded as normal. Furthermore, it follows

that the Taylor dispersion process under the conditions specified may

be equally well-described by the one-dimensional differential equation

[1us, 149]. |
2
9°(AC, ) 3(AC, ) a(AC, )

E e qm U . im~ = . 1m (2.31)

822 (o} 9z ot

where E is an effective diffusivity given by
R%y?
0 o

'+8D12

E = (2.32)

and Aclm is the concentration perturbation averaged over a cross-section.
This one-dimensional representation is equivalent to the process of

plug flow plus axial diffusion with a diffusivity E. The moments of

the solution of equation (2.31) are identical to those for the solution

of the full diffusion equation under the above conditions.
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2.2 Practical Considerations

The ideal experimental method outlined in the previous section is not
practicable for measurements of diffusion coefficients. Furthermore,
even if it were, it would not be possible to construct an apparatus
which excactly conforms with the ideal. In order to perform such
measuremen%s using the same principle, it is therefore necessary to

make changes to the experimental method and to examine the ways in which

a practical instrument departs from the ideal. Such departures may be

classified under four headings:

1. Concentration Distribution Determination.
2. Sample Introduction.
3. Diffusion Tube Geometry.

4, Concentration Dependent Fluid Properties.

We shall examine each of these in turn in the following sections and,
where it is appropriate, express the effect of the.departure from the
ideal instrument as a small correction to the ideal working equations.
In some cases, it will be possible to render the corrections negligible
by proper design. In other cases, the correction can only be made
small by design, but then it can be estimated with sufficient accuracy
to make the contribution to the overall uncertainty in the diffusion

coefficient measurements negligible.

In the following sections of this chapter, we examine the consequences

of the above considerations for the design of an apparatus and the working
equations for the analysis of the experimental data. In this examina-
tion, we shall presume that all the corrections due to the non-ideal
model are small, so that they may all be treated as first-order pertur-
bations. In this case, we may further assume that the interaction bet-

Wween any two or more of these first-order effects is negligible so that
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each perturbation can be treated independently. The conditions under
which such assumptions are valid will, of course, emerge from the

analysis and form the basis of the design criteria.-

2.3 Concentration Distribution Determination

2.3.1 Temporal moments

It is much more convenient experimentally to observe the concentration
distribution at a particular cross-section in the tube as a function

of time, rather than to observe it at one instant of time as a function .
of axial position. Therefore we consider the diffusion process des-
cribed earlier in the ideal apparatus again, but now we suppose that

we can determine the cross-section averaged perturbation of the concen-
tration of component 1, denoted by Aclm’ at an axial position z = L, in
an infinitesimally small length of the diffusion tube. Then, in order
to relate the temporal moments of the distribution observed in this way
to the spatial moments of the previous section, we use the result .

derived there that the spatial distribution is essentially normal.

For such distribution we can write [14§]

N, - (z—Uot)2
AC = —————— eXp s (2.33)
1m (2."-3 45)5R2 2 "
Ho o) Ho

For an observation carried out in the cross-section at the axial position

z = L, we define

Ut
=

b
4 . 2
an ¢ = 20_Lt

Equation (2.33) can thenberewritten as

N

1
AC._ =
Im 2nR§L

(1-1)2
bz T

(r z T)_% exp (2.34)
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The normalized temporal moments of this distribution, for a measurement

carried out in the idealized apparatus, ( )id’ are then defined by

"p

the equation

L p = o)
(ITJ J T ACl dt
o 0 m
(p ). = = (2.35)
p'id AC. 4
/ 1im T
0

In general, the quantity ¢ is time-dependent, due to the definition of
uz in equation (2.22), and the analytic evaluation of equation (2.35)
is impossible. Consequently, we seek approximate solutions for the
temporal moments. Because the time-dependent part of ¢ is generally

small (less than 0.6% if condition (2.30) is satisfied), these approxi-

mations will prove sufficiently accurate.

2.3.2 Zeroth-order approximation

If both conditions (2.21) and (2.22) are satisfied, then with negligible

error,
- 2 .
u R™U
g = g = —25. = 209 (2.36)
o 20, Lt §8LD,

which is time-independent. The evaluation of the Ffirst raw temporal

moment, (ui)id E.Eid’ leads to the result of Pratt and Wakeham [?@]

— - L
tid = Uo (1 + 2;0) (2.37)

/
)
Under the same conditions, the second raw temporal moment, (uz)id’ has

been evaluated by Levenspiel and Smith [isi] as
' L 2 2
(“2)id = (-[-J;B (1 + 6z, + 12c0) - (2.38)
so that the temporal variance of the distribution, denoted by Gid’ may
be written

2 1 t 2 L 2 2 '
%ta 7 2dig 7 |Wdig] G (ﬁ—)(8§o+2?§o) (2.3%a)

[e]
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2
87 + 2C :

- 2

2 °. | (%, .) (2.39b)

2 id
(1 +~2co)

Here the subscript (id) denotes that the various moments refer to measure-
ments in the ideal diffusion apparatus of the previous section. Equation

(2.39) can be solved exactly for CO to yield
.

2 =2 —4 - 2 12
2047 147 EC 1 gt 05 c;l

2
(8tid WJid)

(2.40)

Finally, from equations (2.37) and (2.25), we note that

1+ QCO Ri
= -C = (2.41)
o 48tid

so that using equation (2.40) in (2.41), we obtain the final working

equation for the experiment in the form

id
22 1+ -—2

D =
12 2yt o
1% .

With this equation the diffusion coefficient can be determined from

+ 3

(2.42)

measurements of the first two temporal moments of the concentration dis-

tribution at a particular cross-section of the tube.

~2.3.3 First-order approximation

If condition (2.21) is satisfied, but.the measurement time, t, is such
that ‘condition (2.24) is not satisfied, it is still possible to obtain
an analytic working equation provided that condition (2.30) on the dif-

fusion time is met. In this case we can write
L =z = Co + 8¢

n
where ) 64§§OUO

8¢ DZ, Tt
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The major contribution to the integrals in equation (2.35) arises from
near T = 1. Thus we may employ a quasi-steady state approximation to

evaluate the small correction 8T, i.e. we evaluate 8z at t =‘éi .
o)

o _F
NJO N

B4KR U
—c°o

2
D12

§c = -
L

and so 6 within this approximation can be treated as time-independent.
If now the procedures of the zeroth-order analysis are carried through

again, using gy in place of ¢ _, the final working equation becomes

N

1w
1+ —=| +3
2 =2
: Rb tid 3
D = — : = [% + 3(1-6_) (2.u43)
12 271> 2 a
2ut.d Ug, .12 20,
i 1d id
1+ + -1
2 2
id id
where
- 212
Sa = (768) %;o

Again, the working equation relates the diffusion coefficient to the first
two temporal moments of the distribution observed in the diffusion tube.
Provided that condition (2.30) is satisfied, the term Sa contributes at
most 0.6% to the measured diffusion coefficient, so that the foregoing
analysis for its estimation is sufficiently accurate. Hence equation
(2.43) constitutes the fundamental working equation for the evaluation of
diffusion coefficients from temporal moment measurements in this work.
Finally, we note that if Dth/Rg > 20, (c.f. Dth/Rg 2 50/(3.8)2 an
empirical result obtained by Pratt and Wakeham Ejﬂ in order to satisfy

Taylor/Aris criterion), so that condition (2.30) is satisfied, then

4 1073 (2.44)

o]

A

and hence from equations (2.25) and (2.38) we can write (with an error

of no more than 0.2%)
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R2
0

? 48D12t

(2.45)

This equation and condition (2.44) will only be used as a design criterion

and constraint later on. For the condition Z, < 10 3, equations (2.39)
and (2.41) may be linearized with respect tc L, as it has been done by
other workers[és]. In this case, the approximate working equation (with

an error of less than 1%) which is found useful later, becomes

D = fo Hd (2.46)
12 g2
id

2.3.4 The concentration monitor

The preceding analysis were based upon the assumption that the average
concentration in a cross-section of the diffusion tube could be deter-
mined at a particular axial position. In practice, such a measurement
is not possible and some average concentration in a finite length of the
tube must be determiend instead. There are two ways in which this may

be accomplished, both of them being considered in the following sections.

2.3.5 A section of the diffusion tube

Figure 2.2 represents a schematic diagram of the concentration monitor
as a section of the diffusion tube. In this concentration monitor, we
assume that it is possible to determine the average perturbation to the
concentration of the flowing stream in a small length 6L of the : tube
itself, beginning at z = L. We denote this average concentration pertur-
bation by AC,, defined by the equation

L+6L R 2w

% / r°r ACl(r, 8, z, t)d® r dr dz (2.47)
ﬂRoﬁL L 0 0

acy (L, t) =

A composition monitor of this type can be used when one of the components
of the perturbing pulse is radioactive [?8,15@]. The detector would then
consist of a test section of the diffusion tube within the field of view

of a suitable activity monitor which would define the length 8L observed.
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Fig. 2.2 - The concentration monitor as a finite length of the diffusion tube
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This might be employed for measurements of self-diffusion coefficients

of liquids. Cleérly, because of the non-zero volume of the detector

the temporal moments of ACl will not be identical to those of AClm.

Introducing again the cross-section averaged composition perturbation
Aclm’ equation (2.47) can be written in the form

L+SL

el - L
A, (L, ) = 3 fL ac, dz

Assuming that all of our previous conditions are satisfied in the

experiment, then we can use equation (2.33) for AClm so that ACl(L, t)

becomes
Ny LWL _ | (zut)?
Acl = a T )%RQSLI exp —-—2-—;,;'—— dz (2.48)
v m u28 o) L u2s

%t

E: % '
setting My = oo for the present purposes. Evaluating the integral in
equation (2.u48), we obtain

N
AC, = —L erf (1 T)T + GL/LT - erf (1)

1 2 3 2 2
2R SL (4g 1)  (4g T) (4g 1)

(2.49)

with T and ¢ being defined earlier in Section 2.3.1.

According to the approach outlined earlier in Section 2.2, we can now

suppose that 6L/L is small; in particular that
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SL
'E'<< (4€0T)

nj-

In this case the error function in equation (2.49) may be expanded hy

a Taylor series in the form

N

2
- 1 _er- -
ACl(L, t) 5 (rz_1) 2%exp S%EI%— 1- (i Tg (%%) +
. 2nROL o) Co

(1-1)° -

2
(hg 1)

2
{] C%%) S

1

3(4cor)

© (2.50)

This result allows the computation of the normalized temporal moments

of the distribution ACl(L, t), defined in the standard manner. After some

laborious algebra, it can be shown that the first moment is given by

- L 8L, _ -— _ -
t = ﬁ; (1 + 2p L) = texpt =ty
and the variance by
2
2 L 2 SL 1,8L 2
o = (UO) [%go 8L+ ()t 12(IJ)i] 9id
SL 1,8L
[%OGTT) +'IEOET)

2

|

(2.51)

(2.52)

§ .
correct to the order of Cﬁ?) . We use suffix (expt) to denote the

measured or experimental moments.

Comparison of equations (2.51) and (2.52) with those for the ideal

moments, equations (2.37) and (2.39), reveals the form of a correction

to be applied to each measured moment to recover the ideal moments.

Thus
tid - texpt - 6to
2 _ 2 .2
and %54 ~ expt 600
- _ 6L
Here Gto = S
o
2
and R
GUg = OL | ¢+ ,GLQ
1270 l2Uo

(2.53)

(2.54)

(2.55)

- (2.56)
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Therefore both corrections may be calculated from a knowledge of the
mean velocity of the flow and an estimate of the diffusion coefficient.
For the purpose of design, we may assume that Uo = Ll%id and Dth/Rg z 20

(i.e. Ly € 10 7). With these approximations we find

st
Yo . 8L
_. < oL
id

2

and %% _ sLly . oL
2 - T L |
id '

so that for SL/L € 0.01, the corrections to either moment become <0.9%
indicating that the method proposed for their estimation must be satis-

factory.

2.3.6 A small volume at the tube exit

The most commonly used concentration monitor consists of a small sampling
volume Vd’ placed at the exit of the diffusion tube. The concentration
of the effluent from the tube in this volume is usually measured with a
refractive index detector [}8,19,23,27,3@] an instrument which has been
employed in the measurements reported in this thesis. The differences
between the moments observed with this type of detector and the ideal
ones are difficult to -analyse because the flow pattern and geometry of
the sample volume are not well known. Consequently, we examine two
extreme cases to set bounds on the effect and to provide guidance for

the design of an instrument.

First we consider that within the sample volume the dispersion process
Proceeds unaltered and that the refractive index detector determines
the average concentration of the dispersing material within it. In
this case, the analysis is identical to that given above, and, in terms

of the detector volume, the corrections to the moments are
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9 2
and 60?. Sz -[—Jl;'— (2.58)
a o wR L

An alternative model of the detector is one that behaves as a perfectly

— L
6tla _[3—( (2.57)

mixed volume in which the composition is uniform. This model, which is
probably closer to reality, is illustrated schematically in Fig. 2.3

below.

Fig. 2.3 - The concentration monitor as a perfectly mixed volume, Vd’
at the exit of the diffusion tube

t=0
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nput detector volume V)
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Po e -

] Plug $low ACa

The presence of the perfectly mixed region implies that there exists now
a boundary condition for the diffusion equation at the exit from the

diffusion tube, andnot at infinity, as described previously.

In order to analyse this problem, we first make use of the result given
earlier. That is the description of Taylor's dispersion process, for the

present condition D t/Rg s 20, by means of the one-dimensional diffusion

12
equation (2.31) to a very good approximation. For the model of the dif-
fusion tube and detector shown in Fig. 2.3 above, the boundary conditions

for the solution of this equation are:

at z =0 Aclm = G(Z)(Cli - le)

) v B(ACd) .o R2 - BAClm
and at z = L a T T ° 3z

(2.59)

at
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where ACd is the perturbation to the concentration in the detector
volume. The second boundary condition implies that the concentration
at the exit from the diffusion tube is identical with that in the entire

detector volume.

The transfer function for this process has been given by Yano and
Aratani E.Slﬂ and reads

2B exp [(l/QCo)(l-Bi]
H(s) = (2.60)

G?JI;S> (l_exp‘(g/;O;) + (148) - (1-8) exp (B/%))

' 1
HCOLS 2
where g = 1+ 5
o

and a = Y4 - Detector Volume
ngL Diffusion Tube-Volume, Ve

In addition, s is the Laplace transform variable conjugate to the time t.
The transfer function H(s) can be used to derive the temporal moments
of the concentration perturbation ACd for a §-pulse input by means of

the standard relation [155, 156]

' lim D é%(s)
iy T o0 (-1) e;;—— (2.61)

For the first moment we find

| -1/t -1/t
v = Ji _ _ o) _ o)
L t = Uo l‘ Co [; e ] +aé. e > expt

(2.62)

1
t

and for the wvariance

2 -1/t -1/t -2/t v

] t
g2 = u, - (ul)2 = (§5> 2 _(1+2¢  ©) + cg(—5+uz °  ©) + d2
o) wROL

-1/t -2/t \Y -2/ -1/t
[;—Qe ®42e %] + g [;Co(l-e ©Y-le ° = 02 N (2.63)
,vRoL P

The choice of Lo € 10_3 for diffusion coefficient measurements implies



85

that the exponential terms in equations (2.62) and (2.63) are entirely

negligible, and we obtain simply

v v
— L d - L d
t = — |1-¢7¢ + = ot o+ e - 3z (2.64)
expt Uo [: o} 1rR2L id Uo l:erQL ;‘
O e}
and
2 L\ 2 2 Va : 2/ V4 d L\
xpt U> (28 -5¢0) +—F=) + 20 (— T YLat(v
exp o) TRTL TRTL o
2
v \'4 -
g + 2 g - 13:3 - (2.65)
ﬂROL WROL

The corrections to be applied to the experimental moments observed with
this detector in order to recover those of the ideal experiment can then

be obtained by comparison with equations (2.37) and (2.39a). That is,

id - texpt - 61:lb
2 _ 2 .2
and °5d = %expt ~ %91
where v :
- L d
St = == - 3 (2.66)
1b UO WRQL o
e}
2
2 \ Vv
and R A d +og [—3\ - 132 (2.67)
1b U 2 o 2 o
o) TRTL TR™L
o o
In both of these corrections, the 'last terms arise from the modifications

of the diffusion process caused by the perfectly mixed region, whereas

the remaining terms are due to the non-zero volume of the detector. These
latter terms are naturally somewhat larger than those for an unmixed
detector of the same volume given in equations (2.57) and (2.58). In a
practical instrumerit, if it is known which type of model detector repre-
sents the reaiity most closely, then the appropriate corrections given
above should be applied. However, it is most likely that a practical

detector will have a behaviour intermediate between these two extremes.
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Therefore, it is best to design the instrument so that the corrections
evaluated for either model are negligible. Irrespective of the possible
external constraints dictating the detector volume Vd’ the relative
errors due to all the corrections can be made arbitrarily small by the
selection of the length of the diffusion tube, L, for a fixed fluid

velocity and diffusivity.

2.4 Sample Introduction

So far, we have been concerned with the evaluation of the temporal
moments of the concentration distribution based upon a delta function
injection of a sample at z = O, which is uniform across the diffusion
tube cross-section. In this section, we recognize that it is impossible
to provide such a §-function pulse in practice, and suggest an alter-
native. It is relatively straightforward to introduce an approximately
rectangular pulse of a sample into the tube at z = 0, which is uniform

across the diffusion tube cross-section.

Therefore, we now consider the temporal moments of the concentration
distribution detected in a cross-section at an axial distance z = L, as
a result of an exactly rectangular pulse input. For this input, the

original boundary conditions of equation (2.3) at z = 0 is modified to read
AC,(r, 8, 0, t) = (Cp; - C
ACl(r, 8, 0, t) = O otherwise (2.68)

The injection time ty is equal to Vi/nRiUo, where Vi is the volume of
the sample injected. Instead of solving the complete Taylor dispersion
problem subject to this ﬁew boundaryvcondition, it is much simpler to
use the approximation that the dispersion process can be described by

the one-dimensional equation (2.31) as the effect of rectangular pulse
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injection is expected to be small. In this case, the problem is a
standard one and its solution is obtained by the transfer function method
described in Section 2.3.6. The results for the first raw moment and

the variance observed at a fixed cross-section in the tube are [154]

- L 5= &
texpt = 6—;(1+2c0)+-—2— = tid+—2- (2.89)
V.
= 614 1+ 20 4 —=
o) 27RL
o
and : 2 2
o2 = _.L_2 2 +8C2+15; = o2 +:ti (2.70)
expt Us e} o 12 id 12 :
2
2 V.
L\ 2 I 1
= (=Y |2z + 825 + =
(;;) o) o] 12 <;R2;>>
o
Thus _ _ -
tig T texpt - 8ty
2 _ 2 2
95d T Yexpt 8o
‘ — N/ Vi
with 5‘1:2 = %ﬁ'— 5 (2.71)
oATRTL
o
2
2 V. :
2 1 L 1
§o- = — [— —_— (2.72)
2 12 <?;) ﬂRgL

As for the non-zero volume of the detector, the corrections are made
smaller by increasing the diffusion tube volume for a fixed injection
volume. Provided that the corrections can be made sufficiently small,
departures from a true rectangular pulse will have an insignificant

effect upon the observed moments.

2.5 Diffusion Tube Geometry

The analysis of the ideal experiment presumes that the diffusion tube

is straight, and of uniform, circular cross-section. We have already
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established in Sections 2.3.4 and 2.4 that in order to minimise the
corrections arising from the concentration distribution and sample
introduction, the tube must be as long as possible for a fixed mean
velocity of the flow. Since there isa practical lower limit to the
flow velocity that can be held constant, a tube of about 10 m long is
required EB,QQ. Such a tube cannot be conveniently maintained at a
constant temperature if it is straight. So it is wound in the form of
a helix as described in the proceeding chapter. Furthermore, in order
to satisfy condition (2.30), it is necessary to use a tube with very
small internal diameter (about one millimetre; EB,Q@D. Consequently,
the uniformity of the bore in manufacture becomes difficult to achieve
and the exact circularity of the cross-section cannot be assured.
Finally, it is often necessary to connect the diffusion tube to the
refractometer by coupling the former with a short connecting tube of a

different bore (see Chapter 3, Section 3.2.2).

In this section, we consider the implications of each of these effects
for the first and second spatial moments of the concentration distribu-
tion in the diffusion tube, and hence for the diffusion coefficient

measurements.

2.5.1 Helical diffusion tube

In Chapter 3, we describe how the diffusion tube of internal radius Ro

is wound into a helical coil of radius Rc' In this case, the varying

path lengths traversed by the fluid at different radial positions in the

tube and the secondary flows present in the main flow contribute to the
dispersion process. This topic has been extensively studied [18,23,29,157—164
in view of its significance in physiological problems [iGé] and in

many engineering applications. Consequently,’it is sufficient for the

present purpose to make use of these earlier studies. Basically, it
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has been shown that two competing mechanisms exist in curved tubes.
Curvature increases the variation in residence time across the flow in
compariscn with the straight tube and this in turn enhances the dis-
persion. On the other hand, the secondary flows create a transverse
mixing which diminish the process of dispersion. The results of Nunge,
Linand Gill E_B(ﬂ demonstrate that the relative importance of these two
effects change with the Reynolds number. As the Reynolds number is

increased, the dispersion is first enhanced, but diminishes later on.

However, none of the studies of the tube curvature effects [18, 157-164,
provides a description of the dispersion process in a closed form.
Nevertheless, within the range of conditions of interest here (i.e.
De2.Sc < 203 Dth/Rg > 20), all the treatments lead to essentially
identical results. Also, the approximate nature of the analyses implies
that it is satisfactory to employ the results to establish conditions
under which the tube curvature effects become negligible [29, 1611.

This is more prudent than to use the results to obtain corrections to
spatial moments observed in a curved tube in order to correct the moments
to those for a straight tube. For this purpose, we employ the results
of Nunge, Lin and Gill lB@]'to examine the fracticnal difference between
the spatial variance of the concentration distribution in a curved

tube and that in a straight tube for the same mean velocity.

Amcng the parameters that characterize the dispersion process in helical

tubes, we consider

. R
The Radius Ratio w = ﬁg ' (2.73)
o
2ROUO
The Reynolds Number Re = = (2.74)
The Schmidt Number Se = =—— © (2.75)

Dl2

166]
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and the Dean Number De = Re.w

(M

(2.76)

Because of the assumptions of the theoretical analysis, the first
moments are necessarily identical. The second spatial moment difference

may be written as

ota A3

ulb _ u:»
2s 2
A = ——=——=5 = f£(Re, Sc, w) (2.77)
2
U2S _ O'S-O'g
ala - 02 \/

w W
where Hogs defined by equation (2.25), and U, are the second spatial
moments for the straight and curved tubes respectively. For the purpose

of this work, and with sufficient accuracy [?Ba, 16@],

4 - 2
-1 YRe -2569 2 109 2Re
f(Re, Sc, w) = 192w 2 Sc” + +
762 « 150 1155840 43,200 | * 576 x 144
31 25497 419 . 1 1]
— — + L
[;o Sc 1344;} 196 % 120 “[;e2 o2 T 133 ,} (2.78)

For the range of values of w of interest here, 100 s @ < 500, the function
f(Re, Sc, w) is essentially dependent upon the single dimensionless

2 o s . .
group Ebe .Séj as indicated by Janssen{jﬁi]. Consequently, in Fig. 3.9
in Chapter 3 we make use of this fact to provide a convenient represen-
tation of the behaviour of f(Re, Sc, w) for the apparatus design and
operation. The plot, represented here by Fig. 2.4, indicates that for

any value of w in the prescribed range, a choice of conditions such that
2

De”.Sc g 20 (2.79)

with 100 £ w g 500 (2.80)

will ensure that colling of the diffusion tube has an effect on the
second central moment (i.e. variance) of the distribution no greater
than +0.05%. It must be emphasized, however, that it will still be
essential to examine the effect of the diffusion tube curvature on the

second moment experimentally for a particular instrument. This is
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easily accomplished, because the Dean number for the flow can be
altered by using different flow velocities. When the effect of dif-
fusion tube curvature is insignificant, the observed diffusion coef-
ficients must be independent of the flow velocity within the precision

of their measurements.

Fig. 2.4 - The effects of tube coiling on the spatial variance of the
concentration distribution for 100 £ w € 500
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2.5.2 The connecting tube

In this section, we consider the effect of adding a short length of
connecting tube of a different diameter to the exit of the diffusion
tube. Again we employ an approximate treatment which is justified by
the small magnitude of the effect to be considered. We suppose the con-
necting tube, with an internal radius v, to be joined to the diffusion

tube as shown by Fig. 2.5 so that the junction occurs at z' = O.
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- Fig. 2.5 - The connecting tube between the diffusion tube and the

refractometer
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We assume that there is a sharp transition in the flow pattern in the
tube from the fully-developed profile of laminar flow in the diffusion
tube to that fully-developed profile characteristic of the connecting

tube. TFrom the continuity equation we have

where u is the mean flow velocity in the connecting tube. It is
further assumed that the diffusion tube and the connecting tube extend
to infinity in either direction about z' = 0, and that the concentraticn
distribution resulting mainly from dispersicn in the diffusion tube is

observed as a cross-section average at z' = 2. In order to obtain the

concentration distribution observed at z' %, as a result of a sample
injection into the diffusion tube, again we use the Taylor approximation.
That is, in each tube the diffusion process may be described by the
one-dimensional equation (2.31). Hence we ignore any transient effects

in the entrance region tc the connecting tube. In particular, we define

the effective diffusion coefficient E, by
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which is analogous to that defined for the diffusion tube in equation
(2.32). With these approximations, we first obtain the moments observed
at z' = £ in response to a §-pulse injected at z' = 0, and in this cal-
culation dispersion is allowed both upstream and downstream of z' = O.
Here we adapt the analysis given by Van der Laan EG@]who has solved a
very similar problem. The first raw moment ¥; and the variance oi of

the distribution are given by

2
r r r
T - L - -_L_(_s A )
te T ttee <i'+ 5 T \R Tt t—3)| (2.8D)
o) R o) o) R
(o] (@]
and
2 3 2 ri Sri AN g 2 ri Sri
ot = 20 4+ 0 == — + 2 —=\ |2t = +7 —|—+
c (}%:) c R2 R2 (U;) Ro oL o R2 R2
(@] (o] [e} o]
5 (2.82)
: r,cuo L
where e 48D122 S T (2.83)

It can be easily varified (from the definition of the raw moments as in
equation (2.61)) thaf: "the first raw moment and the variance of the
response of any input function are just the moments of the response to

a §-pulse added to the appropriate moment of the input function'". Hence
we suppose that the input to the connecting tube is now provided by the
concentration distribution resulting from Taylor's dispersion in the
diffusion tube, with the moments Eid and Oid given by equations (2.37)

and (2.3%a). In this case, the moments observed at z' = £ as a result of

a §-pulse injection at z' = -L are
) —_ - —_ 5T
(ul)expt ia Tt ¥ tig t ot
and '
2 _ 2 2 _ 2 2
(o )expt = 05q v 9. T Tiq 7t 89,

Hence the equations for the ideal moments read

- Gts =t - 8t

expt 3 (2.84)

-— | 1
tia T Mpdia T (g
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2 2 2 _ 2 .2
and 954 cexpt o, = cexpt Sog (2.85)

where 6?5 = ?é and 60% ci can be obtained from equations (2.82) and
(2.83). Equations (2.82)-(2.85) may be used to show that the fractional

corrections to the observed moments are given to a good approximation

by the results

6_3 rc 2 2 ri
?T— ol e Ttog |1t -5 (2.86)
id o} Ro
and
6c§ rc v 2 3 rc § rc ’
S 'ﬂ*'z"goﬁ') IR (2.87)
Cid o} (@] C

Because s itself is inversely proportional to L, it is evident that

reducing both the length and radius of the connecting tube decreases the
r

magnitude of the correction. For example, for a radius ratio ﬁg = &, even
o
if~% = 0.04, the correction to the first moment is less than 0.3% and that

2
b

to the variance less than 1.6 x 10

2.5.3 Non-uniform diffusion tube

A splution of the diffusion equation for steady flow in a straight tube

of circular crdss-section, whose area varies in aﬁ arbitrary fashion along
the axis of the tube, is not practical. Consequently, we consider a simple
model of the possible non-unifromities in the cross-sectional area of the
tube that has the benefit of relative simplicity and incorporates some of
the features of the non-uniformities likely to be present in real tubes.

Figure 2.6 contains a sketch of this model.

Fig, 2.6 - The model of the non-uniform diffusion tube.

L e
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The radius of the cross-section of the tube is assumed to vary sinusoi-

dally according to the equation
R(z) = R, (} + € sin 2§é> (2.88)

We presume that the-amplitude of the oscillations is small,

€ << 1

the wavelength is large compared to the radiﬁs,
A >> R

but it is much smaller than the tube length L.
A << L

In line with our earlier arguments, we seek to analyse the diffusion
process in this non-uniform tube in an approximate manner. So our aim

is to obtain the moments of the concentration distribution in the tube as
a perturbation to those in a uniform tube with a constant radius RO for
the same volumetric Flow rate. Accordingly, we restrict our discussion
to flows for which the lubrication approximation is valid, i.e.

Re << 1. These flows are usually employed for the measurements in

order to ensure laminar flow and satisfaction of condition (2.30). In

this case, the Navier-Stokes equations reduce to the form [isgj

- 3°U
P 29 /1 3 ; T
or n Br'(;'ar (rLr;> * 2

2
o2 18 2%\, 2"
3z ~ "Y\roar \® 3r D)
°Z
and
oU
z 1 3 -
——Z'—-’f';‘a";(rUr) = 0

where cylindrical symmetry has been used and U, and Ur represent the axial
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and radial components of the fluid velocity respectively. Since

82UZ/BZ2 < 32U2/3r2 by a factor of order (RO/A)Q, we may neglect the
former term completely for the conditions specified above. In this
case we easily obtain the solutions for the two velocity components,

correct to order eRO/A, as

U, (r, 2) = =% [1 - (%)2] (2.89)
mR
and LQR €
_ o} 212 r r.3
Ur- (r, z) = )\RQ cos T> [('ﬁ) - (—R—)] (2.90)

where Q is the constant volumetric flow rate through the tube.

Anticipating that the concentration distribution in the tube is cylin-
drically symmetric, as it was for the uniform tibe, the diffusion

equation now takes the form

, -
L 8cy) 18 Q BAC1> . 3%(acy) . aAC, . 3AC, 3.1
D12 ot r 3r or az2 Z 3z r 9dr
The boundary conditions are, at t = 0,
ACl(r, 0, 0) = G(Z)(Cli - le)
a(Acl)
and —5e— Oat r = R(z) for all t (2.92)

where 3/3v indicates differentiation along the normal with respect to
the tube wall. We now write the velocity components and the concentration
distribution for the non-uniform tube as perturbations to those for the

uniform tube, so that

14
Uz(r, z) = Uo(r) + €U, (2.93)
?
Ur(r, z) = EUr (2.94)
= ac? ' (2.95)
and ACl = A 1 + €c .

where the subscript or superscript 'o' denotes the concentration distri-
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bution in the uniform tube. Expansion of equations (2.89) and (2.90)

! 21z T 2
. -4U_ sin ’"I:> 1-2 <%:> (2.96)
o)
and ' MUORO o . - 3
Ur' = - )\ cos T> [ﬁ—; - (-li-;> ] (2.97)

where Uo is the mean flow velocity in the uniform tube. TFor the condi-

then shows that

(e
1

tions of interest, the contribution of axial molecular diffusion to the
dispersion process is considered negligible as before. Consequently,
folléwing Taylor [;ug]we neglect the term 32(AC1)/BZ2 in equation (2.91).
Making use of the fact, to a very good approximation [148, 23&], that
3(ACl)/Bz is independent of r. Hence the diffusion equation (2.91) for
a uniform tube (i.e. to zeroth order in e€) is just that given by

Taylor [143].‘The temporal moments of the solution of this equation,
averaged over a cross-section, are therefore the ideal moments given by
equations (2.37) and (2.3%a). To obtain the moments of the solution to
first order in €, we employ equations (2.93)-(2.95) in the diffusion
equation (2.91). Again we neglect the longitudinal molecular diffusion
term. Collecting terms of &, we find fhe Following equation for the

1
concentration distribution perturbation ¢ in the non-uniform tube:

' ! 3(AC®) 3(AC®) K
3c 1 ' 17 _ dc
Tt U g+ U0 —g v U 12E~ar<rar)] (2.98)

To the same order in €, the boundary condition of no molecular flux
through the tube wall can be shown to be equivalent to

a(Acl)

= 0 (2.99)
or .

This is because the curvature of the wall, to first order, depends
linearly on the product of & with R /A. But R,/A itself is presumed

small so that the curvature is essentially only a second-order effect.
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Now because 3(AC§)/Br is small and U;/U; = O(RO/A) then U; B(Aci)/ar <<
U; 3(AC§)/BZ. This justifies the neglect of the first of these terms

in diffusion equétion (2.98) for the concentration distribution pertur-

bation c¢'. Averaging equation (2.98) over a cross-section of the tube,

and making use of boundary condition (2.99), we obtain

1 fo) |l
dc ' B(ACl) dc
e +1 U z 55 + Uo(r) Sz = 0 (2.100)

where subscript 'm' denotes a concentration averéged over a cross-section.
In order to evaluate the remaining cross-section averages, again we make
use of the Taylor approximation Eué]that B(Aci)/az is indistinguishable
from (BACim/Bz), where ACim is the cross-section averaged concentration in
the uniform tube. The same approximation is made for 3c'/9z so that we

obtain the final differential equation as

8aC, -
___ + U = 0 (2.101)

— —t
Here, v is the mean velocity in the diffusion tube, and U (z) is the
first-order perturbation to it in the non-uniform tube. Averaging the

equation (2.89) over a cross-section yields

U = -2v gin 22 (2.102)
o) A

which is identical to the result found by Thorsness [170].

Now taking Laplace transform of equation (2.101), we obtain

At -l
dcm Uz d(AC
- 7 (3 (2.103)
o
It now follows from equation (2.95) and the definition of the temporal
moments of a distribution that, to first order in €, the raw moments in

the non-uniform tube are related to those in the uniform tube by the

expression
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\ 4 t
! = l: ] + 3§ o ‘ 2.
< P>nu Hy 54 Moy (2.104)
]

where 6up4 is proportional to e and represents the perturbation to the

ideal moments of the uniform tube. Using the results [156] that

dP'
! lim P
Su = (-1)
P4 >0 asP
PranO
and <T > i llm (1)P d (AClm)
: dsp

we can employ equation (2.103) to construct differential equations for the
perturbation to each moment. ‘Differentiating equation (2.103) once with
respect to s, reversing the order of differentiation, and taking the limit

as s > 0, we obtain for the first moment

AN
1 d ! z\ 4 ,— _
e (Gul,u) +<ﬁﬂ . (§g) = O (2.105)
and after two differentiations of equation (2.103), we obtain in the

limit s »> O,

U

1 4d ! z\ d ! D ' _

T dz (5112,4) +<-ﬁ-—) iz (u2)id 3-8- 6“1,4 = 0 (2.108)
o o

Equation (2.105) is readily integrated using equation (2.102) for ¥,
and equation (2.37) for t;gq to yield the perturbation to the first

moment at z = L as

' _ €A _ 2L .
‘5“1,4 = = 1 - cos (T )] (2.107)
o] .

1
where the boundary conditions reveal that Gul y = 0 at z = 0, a fact
?
which we have used. Equation (2.106) can be integrated using equation

]
(2.38) for (u2)id to yield at z = L
2

]
Suy = of 2+ %o - cos (2“’) (2.108)
2 v 8ﬁD v

The first temporal raw moment observed in the non-uniform tube is therefore
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eA(l-cos 21&)
' A

(“1) (2.109)

_ L
= U (1 + 2co) 1+

nu mL(1 + 2Co)

and this result together with equations (2.10%4) and (2.108), and the

4
2
(ul)nu’ can be used to

. e . 2 - !
definition of the variance (o )nu = (u2)nu

determine this central moment to first-order in e as

5 ek(l—cos'zﬂé)

2 = (=) 82 + 2

(o )nu = O [ tfd1+ - G 450) (2.110)
so that

2eAg L

<scﬁ = ———i;— E_— cos 3’-’-%] (2.111)
)
T UO

From equations (2.109) and (2.110) it is clear that under practical
conditions, CO << 1, the correction to both moments is of ordersr% .
Because € << 1 and % << 1 for the most likely praétical situations, the
corrections toboth moments are small. For example, if the non-uniformity
of the tube bore is 1% and % = 0.1 then the correction to neither

moment exceeds 0.06%. It was shown earlier that, to a very good approxi-
mation, equation (2.46) may be used to determine the value of D12‘ For

the non-uniform tube, this equaticn becomes

2, ' 2—
_ Ro(ul)nu _ Rotid
D12 = ——-—Er——' = 5 (2.112)
24(c”) 2U4a ",
nu id

by virtue of smallness of Lo That is, to first order in e, the effect
of fhe non-uniformity of the diffusicn tube bore upon the moments of the
concentration distribution in the evaluation of the diffusion coefficients
- only occurs in small terms (v 1%) in the complete working equation (2.43).
Furthermore, these effects are themselves very small under the con-
ditions of interest in this work. Hence the overall contribution of
non-uniformity to the evaluation'of the diffusion coefficient from the

observed moments is negligible. A final point of significance arising

from the non-uniformity of the diffusion tube concerns the determination
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of its internal radius Ro' It can easily be shown that for the present

model of the non-uniform tube, the volume of the tube to first-order

_ €A _ 2L
VJc = AOL{l t = cos (T ):R (2.113)

where AO = ﬁRg, is the tube cross-section area which can be determined

in € is given by

from a measurement of the tube volume and its length. The maximum error
in the value of Ri calculated in this way is of the order ofér%, which
in practice can be made negligible by selection of tubing of a suitable

quality (see Section 3.2.1).

2.5.4 Non-circular cross-=gection

As in the case of the preceding section, we consider the effects of the
non-circular cross-section of the tube by means of a particular model.
We assume that the tube has an elliptical cross-section with major and

respectively. The eccentricity e is given by

aNT
e = [-(51)] (2.114)

Taylor dispersion in such a tube has been studied by Aris r_lL\LQJ. From

minor semi-axesal and a,

his work it can be shown that in such a situation the sfmplified
working equation (2.u46) for circular tubes must be replaced by the equation

2 1
fle)alp
D, = ————%—l—e (2.115)

240

1 2 .
where LETA and o, are the first raw temporal moment and the variance

observed in the elliptical tube respectively, and

‘9 4
Fle) = 24 e t Se (2.116)

24 - l2e2

In practice, it is not convenient to determine the ellipticity of a tube
or the semi-axes directly. But it is possible to measure the tube volume

and its length so as to determine its cross-sectional area AP where
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AL = wTa,a, = T a2(l - eQ)% (2.117)
192 1 .

Therefore we consider the result of evaluating the diffusion coefficient
. :
from experimentally determined moments Uy, and OZ in an elliptical tube

by means of the equation
(2.118)

The ratio of the diffusion coefficient calculated for the elliptical
e .
tube, D12’ to true value, D12’ is
e 2.1

D12 ﬂ aif(e) fle)

D

(2.119)

Expanding the ratio in powers of the eccentricity, e, we find that

o) '
B T . (2.120)
D, oh

which indicates that for small eccentricities, we can equate DiQ to D12

without introducing any significant error. Numerical evaluation of the

D a
ratio —ig through equation (2.120) shows that when e = 0.2 (EZ = 0.98)
. 1

D

12 :
the ratio departs only by 0.01% from unity. Therefore, as long as the
tube cross-sectional area is determined experimentally, we can use

equation (2.118) to interpret the experimental data even if the diffusion

tube has an elliptical cross-section.

2.6 Concentration-Dependent Fluid Properties

In all of our analyses so far, we have assumed that the properties of

the fluid mixtures involved are independent of composition. In this
section, we examine the consequences of the fact that both the diffusion
coefficient to be measured and the mixture density depend upon composition.

Because the injected sample isnecessarily of a different composition from
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that of the flowing stream, the density of the mixture will vary from
point to point in the diffusion tube. This may possibly cause natural
convective flows. Besides, the composition dependence of Dl2 implies
that we should re-examine our solution of the diffusion equation for

this case.

2.6.1 Concentration-dependent diffusion coefficient

Because it is not possible to solve the dispersion equation (2.2) for the

case when D., is a function of Cl’ we consider instead an approximate

12
analysis based upon that originally given by Taylor‘[iuéj. That is, we
again recognise that to a very good approximation, under the present
conditions of interest, the dispersion procesé may be described by a
one-dimensional diffusion equation; An equation which describes the
evolution of the cross-section averaged composition which is characterized
by the effective diffusivity

o o

.50 (2.121)
48D12(Cl)

[
!

which is now suppesed a function of Cl’ is proposed. Following Taylor

Eﬁ%ﬂ we can then write the diffusion equaticn in the form

1 1
a(AC. ) a(ac, )
1m _ 0 1m
___5.1_:._... = s.g(g _._.52.._.> (2.122)

where £ is the axial distance with respect to the moving origin defined
by equation (2.6). The initial condition for the solution is the

injection of a §-function pulse at z = 0 at time t = O.

Suppose that the composition dependency of D12 can, over a suitably

small composition range, be represented by the equation

(2.123)

C = -
DlQ(Aclm) = DlQ(l X AClm)

where D., is the diffusion coefficient at the composition of the flowing

12
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stream. Thus we have

E(AC,) = E°(1 + x AC.) (2.124)

1m

where E° is the effective diffusivity at the composition of the flowing
stream. A perturbation solution of equation (2.122) with E given by
equation (2.124) has been given by Hopkins [i7i]- The first-order per-

turbation solution reads

1 ° ' le_ .
Ac, (x, t) = AC 1+ T +
im 1“’% un®/2(£%¢)7 Lg(E t); (;(E t):>

2
- exp-( EO\> } (2.125)
4E%t /|

Here, ACim is the solution when E = E° is a constant, i.e.

| N 2
acs = L exp (EO\ (2.126)
1
(2w3/2(EOt)2R§ HETT |

where Nl’ as defined by equation (2.1), represents the number of moles

of species 1 in the injected sample in excess of those present in the
same volume of the flowing stream. The first and second spatial
moments of this perturbed distribution can readily be evaluated with

respect to the moving origin to lead to the results that

':C _
'IJl - 0
and
l1+N x \)
% ]7=
S = 2%t (14 8vm (2.127)
(2E t)’
which can be written as
"o = op(c. ) (2.128)
]J2 - ClI' t . l
where
: o Nl(16 S%ﬂ)
E(Clr) = E 1+ x (2.129)

i
2
wRO(2E t)
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so that E(Clr) is the value of E at a composition

5 1
N, (55 - 55=)
1
Clp = Cpp * =y (2.130)
TR_(2E7t)®
From equations (2.121), definition of E, and (2.128) we have
*c RiUgt
u T TRy (2.131)
2 2uD, ,(C, )

which has exactly the same form as that of the working equation (2.25)
derived for the case of constant diffusivity. Hence we conclude that if
we employ equation (2.25) or its equivalent in terms of temporal moments
(equation (2.43)), the diffusion coefficient obtained should be referred
to the composition Clr given by equation (2.130) and not to the flowing
stream composition. But because mbdern composition monitors, such as
the refractive index detector, are extremely sensitive to composition
changes, Nl can usually be made very small. In this case, the departure

of the reference composition from that of the flowing will be insignificant.

2.6.2 Concentration—-dependent density

We now consider the consequences of the fact that the density of the
liquid sample mixture injected into the flowing stream necessarily differs
from that of the flowing stream. Assuming that the concentration dif-
ferences are small, the density p at any point in the tube may be con-

sidered to be a linear function of the concentration. So we can write
p = pg(l +y AC) (2.132)

where e is the flowing stream density. The occurence of density dif-
ferences in the diffusion tube introduces two new effects in the dis-
persion process. First, the longitudinal density gradients lead to
longitudinal pressure gradients which modify the velocity distribution in

the flow. Second, due to radial density gradients, buoyancy forces are
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induced which drive a secondary flow. An exact analysis of the equations
of fluid mechanics which govern this situation is not available. But
Erdogan and Chatwdrx[iSé]give an approximate treatment based upon the
assumption of small density changes. Their analysis is restricted to

the region where the Taylor dispersion process becomes one-dimensional.
Under these conditions, they found that the evolution of the cross-section

averaged concentration in the tube was controlled by the equation

2.2 3
GAClm i RoUo B BClm _ ¢,Q GAClm (2.133)
ot L+8D12 13 13 2 13 T

Here Q2 depends on the Peclet number, Pe, where

Pe = g o . (2.134)
12

and the Schmidt number defined by equation (2.75)

2
1 20-2569 _ 2 . 2 19,797 _ 2 . 10,425 Se
- - . L3, /37 20,120 2¢
Q, (5880’ | Taums '° 'S¢ * ig7.150 Fe t Tig  Sc * 60,480 0.2
(2.135)

The parameter 6’is defined in terms of the ccefficient Yy by the equation
y 2

Yy g R e 2

$ = | (2.136)

2
n

where g is the acceleration due to gravity and n is the fluid viscosity.

Approximate solutions of equation (2.133), based on one-dimensional Taylor
dispersion, have been obtained by Barton EL72] and Smith Djsj . They have
used the results to derive expressions for the spatial variance of the

concentration distribution. Smith's expression reads

2.2 ’
u*p = ROUO t + o 4 w (2.137)
2 24D12 IT W3R6U233/2t
o0
where o%T is the variance at the end of a transient period when the

asymptotic solution becomes valid. This transient region has never been

analysed and hence equation (2.137), which is itself approximate, cannot
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be used to provide the corrections to the observed moments. Also it

does not give any guidance as to when buoyancy effects may be neglected.
However, it does provide means of deciding whether or not buoyancy
effects are significant in particular measurements. That is, if we use
equation (2.27), the working equation for the ideal experiment, to
determine the diffusion coefficients from experimentally measured spatial
moments under significant buoyancy effects, then equation (2.137) shows
that the résulting apparent diffusion coefficient (DiQ)p s Wwill differ

from its true value D12,

-1
2 2 2
3) = D |1+ 21012 + 28892012 (2.138)
127 12 3.5 3.8.2.3/2.2 :

RoUot ks ROUO3 t
Therefore, the apparent diffusion coefficient would depend upon the flow
velocity Uo’ time of measurement t, the excess number of moles Nl’ injection
and the magnitude of the initial concentration pérturbation. On the
other hand, if such dependencies are absent in the measurements, it
implies that theexperimental data are free from errors due to buoyancy
effects. In order to ensure that the buoyancy effects are eliminated
from our experiments, we must carry out measurements over a wide range
of flow velocities and injection concentrations. Because buoyancy
effects are minimized as the difference between the injection and flowing
stream concentrations diminish, we must always use injection samples with

concentrations as near as possible to that of the flowing stream.

2.7 Summary of the Theoretical Analysis

The foregoing analysis has shown how, under the appropriate conditions,
it is possible to design an apparatus to measure liquid phase diffusion
coefficients that departsonly in small respects from its ideal model.

Some of the departures from the ideal can be rendered so small as to be
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negligible. Other effects, although not negligible, may be made suitably
small by the design so that corrections may be applied to account for them
with confidence. We conclude this chapter by summarizing the results

for the convenience in the design and use of such an apparatus.

Among the effects that can be rendered negligible are those which arise
from the coiling of the diffusion tube and non-uniformity. In order to

eliminate coiling effects, conditions must be chosen such that

[beQ.Sé] £ 20

R
and that 100 £ w = <?f;> £ 500
o)

The non-uniformities of the diffusion tube bore are insignificant pro-

vided that the amplitude of the radius fluctuations, eR,, and the length

o!

scale of their fluctuations are such that

£ % < 10_3

In view of both non-uniformities of the cross-section and its possible
non-circularity, the effective cross-sectional area of the tube, Aj,
should be determined by measuring its length and volume. This measure-
ment then renders effects due to any ellipticity in the cross-section

negligible, provided that

e = 1-<—> < 0.2
4

Buoyancy effects have not been accounted for exactly in the discussion,
although an experimental method of checking and eliminating their con-

tribution to the dispersion process has sbeen proposed.

In addition, provided that conditions are chosen to satisfy the require-

ments of laminar flow,

2ROUo
Re = " < 2000
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and the additional constraints

— 1}t 3z 20

in which case

and
Ro
- \U s 700
Dl2 o)

the working equation for the determination of the diffusion coefficient is

4o2 2
9id h
1+ + 3
Ao tid ' ' 3
D = : - 2 13 +3@-s6)
12 — 2 7 2 a
2urt. Lo, C.
id id id
1+ +2(=5=)-1
T2 T2 J
id id
where
- 2
6a = (768) %Co
-5
Ké = 2,1701 ... x 10
and
2 2 - =2 2.3
- 2054 7 tig ¥ (Fyg ~ Mi05g)
o] - 2
8tia ~ Mg

. 2 .
In these expressions, tid and 0.4 are the temporal first raw moment and
the variance (equal to second central moment) in an ideal experiment.

They may be obtained from measurements of the same moments in a real

experiment, %;xpt and czxpt’ by application of the equations
1:id = texpt -2 th
. n
and *
02 = 2 - I 6¢
id expt |
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where 6?5 and Gci are small corrections due to the departures from the

ideal, and for the present, they include

1. The corrections due to the Refractive Index Detector used to monitor

the concentration distribution at the exit of the diffusion tube

\
- L d
t, = <;~ - 3¢
o U;> nRiL °

2
2 V.. v
ot (BT e, (L2 - va
: c ﬂROL wRoL

2. The corrections due to the Sample Introduction by Rectangular Pulse

‘ V.
2 Uo wRQL

Injection

O
2
so? = _1_(_L_2 s
2 12 Uo ngL

3. The corrections due to the Connecting Tube between the diffusion tube
[

and the refractive index detector

. 2
L c 2
<U><R (LB*CO i
o} o} R
2

2 N2 [Te ) % 2 [Te or?
o) c o) RO

In addition, the molar concentration of species 1 in the mixture to which
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the measured diffusion coefficient refers is Clr’ given by the equation

Clr = le + GCl

where GCl is a further correction to the flowing stream concentration le

and may be obtained from
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Nl(lG 8;w)
8¢y 2 E—
2
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for an extra number of moles, Nl’ of species 1 injected.
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Finally, it is important to record that the use of a laboratory metering
pump 174] may appear to be a convenient choice for maintaining the
constant flow rates through the diffusion tube. But such metering

pumps can result in severe short time pulsations which could affect the
laminar dispersion significantly. It has been found [167] that the effec-
tive diffusion coefficient under pulsating flow conditions could be
higher, equal to, or less than, that for non-pulsating flow, depending

on the experimental conditions. Therefore, the use of a gravity feed
supply (see Section 3.4) to maintain the constant fluid flow rates
through the diffusion tube will eliminate any errors introduced into

the measurements due to this effect.

It will be shown in the proceeding chapter how the sometimes conflicting
conditions for a suitable design can all be satisfied in a practical
apparatus. It will also be verified that the residual systematic errors
in the application of the Taylor Dispersion Method have been reduced to

a level below that of the random errors of measurement.
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CHAPTER 3

APPARATUS AND EXPERIMENTAL PROCEDURE

3. Introduction

The theoretical analysis of the previous chapter has been employed for
“the design and operation of the equipment used in this work. The
instrument has been designed to operate in a wide temperature range,
10 - QOOOC, at atmospheric pressure. The general features of the
apparatus and the experimental procedure adopted are described below

and subsequently individual items are discussed in more detail.

3.1 Apparatus Design

The function of the apparatus design was to determine the conditions of
the experiment and dimensions of the instrument so that the departures
from ideality, mentioned in the preceding chapters, contribute as little
as possible to the measured diffusion coefficients. The geometric, mecha-
nical, thermal and electrical characteristics of the equipment were there-
fore selected following a careful -design study based upon the previous
theoretical analysis. As a result of this study, an instrument has been
designed which satisfies all the necessary éonditions arising from the
theory of the methoa and whose precision is one of *0.5%. To attain this
precision, all of the :corrections for the first moment and the variance

of a distribution have been constrained to be less than 10.6% of the

ideal moments. Because these corrections may be estimated to within %5%,
the residual uncertainty arising from each correction is therefore no
more than #0.03%. The design of the instrument together with the theory
of its operation, ensure that systematic errors are negligible. Including
errors in the measurement of the geometry of the diffusion tube, the

accuracy of the diffusion coefficient is estimated to be one of *1.0%.
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Figure 3.1 shows a schematic diagram of the diffusion equipment whose

flow diagram, Fig. 3.2, is presented later.

The diffusion tube, 1, whose length is 13.219 metres is made from 0.8198
millimetre internal diameter stainless steel tubing (Phase Separations,
Ltd.) wound on a copper former, 2, by means of four equidistant copper
pillars and embedded in lead, 3, to provide thermal stability. The tube
is carefully wound round the pillars such that a smooth coil is obtained
without any indentations or sharp corners. A modified liquid chromato-
graph injection &alve, 4, Figs. 3.4-3.7, (Analytical Accessories, Ltd.)
and the tube are contained in a copper isothermal enclosure, Fig. 3.8,
fitted with #-inch I.D. bifilar copper pipes, 5, for the circulation of
a heating fluid. An ultra thermostat circulating bath (Lauda - model
NB-S 15/12 with universal relay unit R2 electronics) is employed for this
purpose. The outer surface of the block with pipes is coated with a thick
layer of lead, it is then jacketed by a highly insulating material, 2.5
inches thick (ICI). Thermal equilibrium is reached throughout the block
after several hours of circulation of the heat exchange fluid., The tem-
perature of the diffusion tube is measured with the aid of four iron-
constantan therm&couples, 6, inserted into the lead support through the
four equidistant copper pillars. An extra thermocouple measures the tem-
perature of the injection valve to ensure that it is at the same tempera-
ture-as the diffusicn tube. All thermocouple junctions are electrically
insulated by 'shellac' coating so as to prevent metal-to-metal contact.

The temperature stability and uniformity is approximately +0.05 °k over

a period of several hours.

The fluid flow through the diffusion tube is maintained by a gravity
feed, 7, from a reservoir, ¥, which is designed and arranged so that
the liquid level change during the course of a single measurement is

negligible, hence the flow velocity remains constant during a particular
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run (Section 3.4). The liquid flows from the reservoir, 7, to the
injection valve through a preheater, 8, fourteen turms of tubing iden-
tical to the diffusion tube wound on a copper rod, to ensure thermal
equilibrium before injection of the solute sample,ig.The effluent from
thg diffusion tube is fed to a differential refractometer, 9, (Waters
Associates Inc.) employed for the detection qf the eluted distribution.
More details about:the design or specifications of various parts of the
equipment and its operation and performance are contained in the follow-

ing sections.

3.2 The Diffusion Tube

The diffusion tube is the most important part of the equipment and
therefore requires special consideration both in the selection of the

material, and in the selection of its dimensions.

3.2.1 Material of the tube

The material from which the tube is constructed must be inert so as to
ensure that chemisorption and physisorption of the species do not occur,
even though the liquid alkanes used are saturated hydrocarbons and inert
themselves. A relatively high thermal couductivity is essential for the
rapid and efficient transfer of heat to the liquids flowing through it,
without any\phsyical or chemical deformation of the tube at high tempera-
tures. The theory of the method indicates that a smooth, straight tube
of several metres with circular cross-section ié required. However, for
reasons of practicality, such a long tube must be colled in a helix of as

large as possible radius with negligible variation of cross-section along

its entire length.

In order to meet all the requirements mentioned above, drawn 316 stain-

less steel tubing was chosen (Phase Separations Ltd.).
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Fig. 3.1 - Schematic diagram of the diffusion equipment
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Fig. 3.2 - Flow diagram of the diffusion experiment
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Fig. 3.3 - Schematic diagram of the injection value operation
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Description of Symbols of Fig. 3.2

solvent reservoir

solute reservoir

temperature control unit

the diffusion block

high precision potentiameter

the preheater

liquid hydrocarbon (n-alkane)

the injection wvalve

heating coils

the digital voltmeter and data logger

the refractometer

signal from the refractometer

signal from the thermocouples

the diffusion tube

miniature control valve

circulating bath (thermostatically-controlled)
cooling water |

chart recorder
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Fig. 3.4 - The injection valve
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Fig. 3.5 - Rotation of the shaft
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Fig. 3.6 - The injection valve with the sample loop
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'Fig. 3.8 - The isothermal diffusicn block

(all dimensions in inches - not to scale)
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Description of Symbols of Fig. 3.8

copper screw cap
Teflon conical seal

copper bracket

copper pillar

port for solvent and solute tubes and thermocouples
bifilar copper tubes for heat exchange
copper block isothermalvenclosure
diffusion tube assembly

solvent preheater

diffusion tube exit port

diffusion tube

injection valve
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3.2.2 Design study for optimum geometry of the diffusion tube

As indicated earlier, the object of the design study is to choose opera-
ting conditions such that the departures of the real apparatus from the
ideal are either-rendered negligible or small and amenable to calculation.
Considering the theoretical analysis in Chapter 2, various criteria must
be applied to the mathematical model for diffusicn, i.e. to the working
equation (2.46)in order to ascertain the appropriate conditions for opera;
tion. Because various requirements are often conflicting, it is neces-
sary to search for the optimum dimensions of the diffusion tube subject

to these constraints. The important constraints are:

(1) Time_of measurement

(a) Immediately following the injection of a pulse of material into the
flowing stream, there is a period of transient behaviour as shown by
eqns-(2:15=16)-The time 'ta',which must elapse before the transient contri-

butes a negligible amount to the final eluted concentration profile is

given by Taylor/Aris criterion [18, 148, 149]

T3
- 227D

or R2
o 48D12

This criterion satisfies condition($49) which makes the transient terms

of eqns{245<B)unimportant. Thus, in order to operate in a region where

the iﬁitial transient diffusion process is negligible, i.e. Taylor's

region, the time of measurement should exceed the value '%;' which 1is

a lower time limit in a given diffusion tube with a fixed diffusivity.

(b) On the other hand, for reasons of experimental convenience, and
to achieve the necessary temperature stability, a measurement time should

not be allowed to exceed four hours (14 Ks).
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It has already been mentioned that the diffusion tube is several metres
long. Thus it cannot be kept straight and thermostatted satisfactorily

and must be coiled. This coiling is a cause of secondary dispersion effects

[?1, 29, lSé;iléd], but these can be kept within the desired limits"
by an appropriate choice of flow velocity. The diffusion peak must be
attained within a few hours so that the measurement may be performed in
a reascnable time. These latter points are significant, but cannot be
allowed to dictate the design since, in principle, the tube coiling may
be made of any necessary radius to render secondary dispersion negligible

and the experiment duration can, if necessary, be extended.

(2) Reynolds Number_ 'Re' of the_ flow

In order to ensure that the flow velocity profile in the diffusion tube
is parabelic as required for the laminar flow, conditions must be chosen
to satisfy this requirement, i.e.

2R U
Re = - 2 < 2000

(3) Dean's Number 'De' of the flow

The Dean's Number of the flow for the diffusion experiment is defined as

1

R 2
= 2

De = Re (RB
c

In order to eliminate the coiling effects, conditions must be chosen so

that

DDe2.Sq-_| < 20

R
100 (—R—c-\ < 500
o

Thus it is desirable to work with a Reynolds Number which is as low as

and that

possible. The results of the design calculations in Section 3.2.5 show

that a suitable criterion is

Re 5 6
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(1) Magnitude of the corrections_of the experimental moments

The ideal moments of the solute distribution are determined by correc-
ting the experimental moments as shown in the previous Chapter. The
relative corrections to the first moment are due to the injection volume
Vi’ the detector volume Vd’ and the connecting tube volume Vo' They

become insignificant if

£ 0.01

£ 0.01

5 € 0.01
TR™L
o}
The corrections to the second and higher moments depénd upon the square
and greater powers of those for the first moment. Consequently, the
corrections to these higher moments become negligible (less than 0.01%)

when the corrections to the first moments are less than *1% and Co is

less than 10—3.

As explained in the previous Chapter, it is only possible to connect the
diffusion tube to the refractometer by coupling the former with a con-
necting tube. This is a 316-stainless steel tube of 0.2 mm nominal
internal diameter and 35 cm long, coupled with the diffusion tube by means
of a zero dead-volume union. It is fixed to the refractometer and connec-
ted to the entrance of the sample cell internally which makes it diffi-

cult to handle. Corrections due to this effect will not introduce sig-

nificant error if

rc : % ﬂril Vc
T (T?) = > = 3 < 0.01
o} TRL TR™L
o o
y -2

for r, = 10 m, £ = 0.35 m and ﬁo £ 10 7,
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It can be seen that for (§f) being one quarter, the error is less than
o

0.5% even if the ratio-% is as high as 7%. When-% is around 3.5% (L is

around 10 metres) the error becomes less than 0.2%.

(5) ZPressure drop 'AP' across_the diffusion tube

The pressure drop across the diffusiocn tube [157, 175] is an additional

parameter which must be evaluated for the conditions of the design. It

cannot be used as a pfimary criterion of design since whatever  pressure
is required by the optimum design will have to be supplied: This pres-

sure is the liquid head required to maintain the laminar flow and depends

upon the ratio J% which must be taken into account for all practical pur-
R
(o]

poses. The pressure drop required will constitute a primary constraint
upon the design only if it is larger than can be withstood by available

tubing materials.

Considering the above design criteria, it is evident that they conflict.
Criteria (1)-(3) dictate that the tube radius must be as small as‘pos-
sible, whilst criteria (4) and (5) contradict this by requiring that it
must be as large as possible. At the same time, the lower and upper

v R
limits of the measurement times in criterion (1), and of the ratio §s

o
in criterion (3) bound the design parameters. Criteria (4) and (5) are
themselves contradictory as far as the tube length is concerned, since

it must be as long as possible for one, but as short as possible for the

other.

However, the following sections show how all these conflicting conditions
can be satisfied by proper design of an instrument which very nearly

conforms to its ideal model.

3.2.3 Summary of the final design criteria and constraints

We may summarize the various primary design criteria and constraints

before proceeding to the design itself. We require that:
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10R> L
O ¢ T = T € 14 Ks
D2 o
2 =2 R I 2
R T BT v Fgneiel Fo /LN . 1078
l.€. = S
(o] —_2 2 L|-8D12 tid
(8tid %id)
2R U
Re = S £ 6

v,
12 < 0.01
2nR°L
Q
v
g < 0.0l
TRL
o]
\ .
; < 0.01
T™R7L
) o

l<;6 8 \~ + < 1073 (see Sections 2.6.1 and 2.7)
‘1 wR (2g _U_Lt; )2

3.2.4 The design calculations

For the purposes of the design, we have chosen ranges of values for

most of the parameters of the diffusion tube and calculated for each'
set of conditions the Reynolds number, Re, the dimensionless group,
[@eQ.Sé] and the corresponding coil effect on the second central moments
of the distribution, the constant oo the minimum length and the pressure
drop for the tube and the magnitude of each correction. Some parameters
are known whilst others have been arbitrarily fixed at typical or

reasonable values. The ranges of parameters employed are as follows:

Parameter Range or value known or selected Reference
Dy, 7%x10 9 - 7x10°n? st 6, 22, 39, 113, 1lu4, 151, 176,
177
n 0.215 - 0.620 mN s m 2 6, 22, 113, 144, 151, 177

p 620 - 850 kg m ° 6, 22, 113, 144, 151, 171



129

Parameter Range or value known or selected Reference
v 3.5 x 10_7 - 7.3 x lO_7 m2 s‘l -

Sc 50 - 1000 -
L 1-26m -

Vi = V4 10_8 mS = 10 pg Analytical Acc. Co.
3 0.35 m Waters Ass. Inc.
r, 1.143 x 10 ¥ m Waters Ass. Inc.
R, 2x10 T -1.2x10 °n | -

The range of densities, viscosities or the diffusion coefficients chosen
spans that to be expected for the n-alkané binary mixtures in the liquid
phase. The latter range covers a variety of other interesting

and important systems [5,18,23,28,32,150,178,17@], but if vastly different
mixtures are to be studied then a new range of optimum conditions would
have to be chosen. The changes of viscosities or densities of the fluids
due to temperature or coﬁposition have been considered during the study,

but they are relatively small and hence with little effects on the design.

3.2.5 The results of the design calculations

Figures 3.9 and 3.10 ccntain plots of the second central moments of

g%-0
deviation (—s%rié) due to tube coiling vs the dimensionless group [beQ.Sé],

s R
and the Reynolds number (Re2 £ 20 C%)(§9)>vs the ratio of the coil radius
R o
to that of the tube ﬁg respectively. They reveal that for the expected
N -10 -9 2 -1
range of diffusion coefficients, i.e. 7 x 10 - 7%x10 " m s 7, and
R
for a suitable ratio of the radii, i.e.~§g = 325, constraints (2) and (3)
o

are always satisfied when the Reynolds number is less than six. In

order to ensure that the instrument operates in the Taylor/Aris asymptotic
R

region, ¢ = ——2 ) < lO"3 according to criterion (la), the minimum
o} Ll-SDEL2 t

time of measurement was determined by plotting L, Vs t for various tube
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radii (2 x 10 ¥ - 1.2 x 102 m) as shown by Figs. 3.11 and 3.12. From
these two Figures it is clear that the tube with a radius greater than

6 x lO—L’L m would inevitably result in measurement times in excess of

14 Ks disobeying constraint (1b). Figure 3.13 contains the result of
similar calculations for an average tube radius of 4 x lO-l+ m covering
the whole diffusivity range. The minimum time of measurement for each
case corresponds to a minimum length of the diffusion tube which was then
calculated. The result is presented by Fig. 3.14% which, together with the
two previous Figures, give the possible range of the tube radii as

1.5 x 10—4 m £ RO £ 6 x 10—4 m.

A plot of the total corrections, as in constraint (4), against the tube
radius for three tube lengths of 6 m, 13 m and 20 m is contained in Fig.
3.15. It indicates that the corrections become less than 1% for the
shortest tube only if Ry z 4 x 10—4 m, whilst the longer tubes introduce
corrections of less than *0.5% for the same radius. The difference of the
corrections for the latter tubes become insignificant (less than 0.05%)
for R_ 2 U x lO“LL m and so the shorter tube (13 m) is a better choice.
Finally, Fig. 3.16, referring to constraint (5), contains the result of
calculations of the pressure drop across various tubes, i.e. L = 6 m,

13 m and 20 m, RO = 0.2 mm, O.4% mm and 0.6 mm, at various times of

-10 2 -1
m

measurement and for the most viscous fluid mixture (Djp = 7 x 10 s 7,

v =7.3%x 10" 2 s—l) considered in this work. It is evident from this
plot that for measurement times in the range 2.5 - 14 Ks, and for the two

tubes whose dimensions are L = 20 m, RO =0.6mmand L = 13 m, R, = O.4 mm,

o
the maximum pressure drop required is 0.23 m of the liquid which is easily

achieved. Due to the material cost and convenience (Rc = 325 RO), the

smaller tube is preferred.
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Fig.-3.9 - The effect of tube coiling on the variance of solute

distribution. Constraints (2) and (3).
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Fig. 3.11 - Taylor/Aris criterion for various tube radii
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-

Fig. 3.12 - Taylor/Aris criterion for various tube radii
and D3y = 7 x 1070 n? 5L Constraint ().
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Fig. 3.18 - Taylor/Aris criterion for O.4 mm tube
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Fig. 3.14 - Minimum tube length required vs tube radius
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Fig. 3.15 - Total % correction-for tubes of different geometry
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Fig. 3.16 - Pressure drop across the tube vs flow time
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3.2.6 Conclusions of the design study

10 -9 2 S“l

For diffusion coefficients in the range 7 x 10 ~~ - 7 x 10 ~ m s

the optimum working design parameters for the diffusion apparatus are:

(1) Length of the diffusion tube - 13 m;
(2) Radius of the diffusion tube - 4 x lO_LL m;

(3) Injection volume - 1078 m3;

(4) Connecting tube volume - 1.43 x 1078 ms;

(5) Detector volume - 1078 ma;
(6) Coil radius - 0.13 m;

(7) Measurement times 3.5 - 14 Ks (1 - 4 hours).

Calculations of the effect of tube coiling have been carried out for

the conditions selected above (Fig. 3.9). The} indicate that for a coil
radius of 0.13 m the error introduced into the diffusion coefficient

is no more than *0.05% for a diffusion coefficient of 7 x lO_lO m2 s_l
with a flow time of 7 Ks. Clearly for other diffusivities a flow time
can always be found for which the effect is negligible, with higher

diffusion coefficients requiring shorter flow times, while still satis-

fying the other constraints.

3.2.7 The apparatus constants

The following Table :contains the dimensions of the diffusion tube and

other elements of the apparatus.

The length of the diffusion tube (316 annealed stainless steel, 1/16"
nominal 0.D.) employed for this work was determined in several indepen-
dent measurements; it was then coiled very carefully round a copper
former into a helix of known diameter. Its volume was determined gravi-
metrically by filling the tube with distilled water several times and
weighing. The average cross-sectional area of the tube was then found

from which the average tube radius was calculated. The geometry of the
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diffusion tube was such that the computed errors due to non-uniformity

and ellipticity (Sections 2.6.2 and 2.6.3) were found to be negligible

(< +0.01%).
Tube length L (m) 13.219 * 0.038%
Tube radius R_ (m) 4,099 x 10 ' + 0.2u%
Cross-section area Ao(mz) 5.278 x 10 0 + 0.47%
Coil radius Rc-(m) 13.175 x 10 2 & 0.0u%
Injection volume V. (m®) 1x 108
Detector volume V, (ms) 1x 108
Connecting tube volume V, (%) | 1.430 x 1078 £ o0.5%

3.3 The Injection Valve

This is a six-port chromatography valve (modified P/N 30.100 - Analy-
tical Accessories Ltd.) which is bracket-mounted to the copper former
panel as shown by Fig. 3.8. It is constructed from the highest grade
material for corrosion resistance and inertness. The body and connec-
tions are made from EN58J (316) stainless steel and the rotating conical
insert from an inert fluorcpolymer. The conical insert is spring-
loaded to compensate for changes in ambient temperature. Figures 3.4 -
3.7 are diagrams of the modified value with the necessary dimensions and

a schematic diagram of its operation is given by Fig. 3.3.

Although the value was recommended for operations up to 250°C at atmos-
pheric pressure, it failed to operate satisfactorily at temperatures
around 40°C. Bubbles were detected by the refractometer and shown as
spikes on the chart recorder only during the elution of a peak which was
thereby distorted. After a long investigation, it was found that the

formation of bubbles was due to valve leakage, liquid degassing, possible
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surface tension effects and temperature/pressure changes during
injection. The flow is disturbed only for a few seconds when the valve
is switched from fill to the inject position (Fig. 3.3). Various tests
with sample loops of 10 - 500 u? showed that even a small change in the
liquid temperature or pressure during injection was sufficient to pro-
duce bubbles particularly at elevated temperatures. Therefore thé valve
was modified and tested for satisfactory operation in the desired tem-

perature range of 20 - 70°C.

The modifications made in the valve design (Figs. 3.4 - 3.7) and its
operation which proved to eliminate the above effects, and hence bubble

formation, are as follows:

(i) All "special" tube fittings connected to the solvent and solute
ports were replaced by identical fittings with the same I.D. as the dif-

fusion tube.

(ii) A 10 ut (lO—8 ms) sample loop made from the same tube as (i) was

used.

(iii) The valve internal ports were carefully redrilled to suit the

"special" tube fittings described in (i).

(iv) The normal rotating conical insert (Rulon - glass filled teflon)
was replaced with a stainless steel/ceramic reinforced fluoropolymer
conical insert whose liquid ports (grooves) had the same volume as before

but were cut deeper into the imsert (Fig. 3.7).

(v) Both the solvent and the solute were degassed, filtered and pre-

heated before entering the valve by gravity flow.

(vi) The sample loop is filled by gravity feed supply as shown by
Figs. 3.1 - 3.3, which indicate that the loop is always under the same

liquid head irrespective of the valve position.
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When the modified injection valve was operated in the desired temperature

range, normally distributed peaks with steady lines were obtained.

3.4 The Gravity Feed Reservoir

The gravity feed reservoir is a driving head device designed to be
constant to within #0.1% in order to maintain the flow velocity constant
to within this value during the course of a single measurement. It can
easily be shown that a suitable cylindrical reservoir, similar to an

aspirator, can be used for this purpose. The change in the driving head,

§h = (—2-1;—03(—3 (3.1)

dh, is then given by

where, in this work,

Ro =4 x lO—u my L = 13 my h = 1-2 m liquid head and d = 12 x lO—2 m

diameter of the 2.5 litre reservoir.
Therefore the flow velocity 1s constant to within #0.06% during a single

measurement.

3.5 The Temperature Measuring Device

The diffusibn tube temperature is measured by means of the four thermo-
couples described in Section 3.1. The thermocouples, with a common
reference junction (the ice point), were connected through a rotary
selector switch to the instrument by means of a Zone Box [in]. Each
thermocouple could then be connected to the precision vernier potentia-
meter (type 7568 Pye & Cb. Ltd.) through the rotary multi-switch (type
651858 Cambridge Instrument Co. Ltd). The potentiameter (4 V D.C.,
1.01860 V standard cell), in conjunction with a D.C. power supply
(Harrison 6289A, Hewlett Packard), thermal compensator and photocell
amplifier (type 5214, Tinsley Co. Ltd.) and a scalamp galv8nemeter (Pye

& Co. Ltd), was used to measure the E.M.F. values correct to 0.5 micro-
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volts. The uncertainty in the temperatures measured is therefore
estimated as #0.01 K. The diffusion tube temperature stability and
uniformity was found to be approximately *0.05 K over a period of

several hours.

The thermocouples (iron/constantan) were calibrated against a standard
N.P.L. calibrated platinum resistance thermometer (f 1 mK). The thermo-
meter was shielded by a copper tube and immersed in a well-stirred
thermostat bath. Each thermocouple was inserted into the copper shield
and for a particular bath temperature "Og" the corresponding E.M.F.
generated and the resistance of the thermometer "Reﬁ were recorded by
means of a Smith Double Bridge (No. 3, type 41623/fl.11, Tinsley & Co.
Ltd.). The bath temperature was computed from a correlation for pure

platinum recommended by the International Practical Temperature Scale

s, 182] which reads

3 2

eB(Oc) = 0.42682W° + 8.39235W° + 232.7017W - 241.82095 (3.2)
where
Re(Q)
W = R(Q) (3.3)
(o]
RO(Q) = 25,7507
_ o _
such that for 65 = 1007C, RlOO(Q) = 1.3927.

The resistance of the thermometer varied from 270 to 39Q for a bath
temperature variation of 10°C to lSOOC, the corresponding generated

E.M.F.'s being in the range 0.5 - 8 mV.

With the aid of a least square analysis, it was found that the data
obtained as a result of thermocouple calibration, i.e. the E.M.F.

generated at a particular temperature "0", fits the quadratic equation

2 2

E.M.F. = 2,0u4938005 x lO-uO2 + 5.195329338 x 10 “0 - 1.800460368 x 10

(3.4)
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with a standard deviation s.d. = *0.001. Thus the E.M.F. of each thermo-
couple could be read at any time from the potentiameter and the corres-
ponding temperature (in degrees centigrade) was easily computed from

the above equation. Under isothermal conditions, the mean of the com-
puted values (em) was taken to be the mean temperature of the liquid
flowing through the diffusion tube. This procedure was repeated over
different time intervals during each measurement so as to ensure the

temperature stability and uniformity.

3.6 The Refractive Index Detector

Detection of the dispersed solute was achieved by means of a refractive
index detector (Model R403 Waters Associates) capable of detecting
refractive index changes as small as 10_8. A metering piston pump
(type 196-00u42-055 Milton Roy) was used to provide high flow rates
through the diffusion tube and the refractometer when.it was necessary
to clean the system. Due care was being taken to ensure the linearity
of the detector which is verified later in Section 3.02The signal from
the differential refractometer (maximum 10 mV) was recorded on a
variable speed chart recorder and also on a magnetic cassette tape with
the aid of a digital voltmeter (DYMEC). Data recorded by the latter
method was processed by a PDP1ll computer for the calculation of the
diffusion coefficients with a higher accuracy than their graphical

values obtained by the former method [18, 274].

3.7 Working Equations

3.7.1 Density of the liquid mixture

From the theoretical analysis in Chapter 2 it is evident that accurate
calculation of the reference composition, i.e. equation (2.130) for

X,  composition to which a measured diffusivity refers, accurate know-

1r

ledge of density of the injection sample "pi" and of the flowing stream
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"pf" are essential. Due to the scarcity of such data, particularly in
a wide temperature/composition range, densities of the binary mixtures
used in this work were calculated from the literature values for the
pure components [E, 22, lSl] and a known correlation. It has been
shown @ﬂ that the density of a binary mixture of pure liquids 1 and 2,

both under the same condition, is given by

W W
2 = —i-+ 2 + wlwz(SV) (3.5)
P1,2 1 Py ,

where p, w and 8V denote the density, weight fraction and change in
volume of the liquid mixture respectively. For binary liquid mixtures
" of n-hexane to n-dodecane, the value of 8V is relatively negligible [}9]

and equation (3.5) reduces to

w w
A= a2 (3.6)
1,2 P71 P2

Substituting for "w" in terms of mole fraction "x" and molecular weight
"M", equation (3.6) becomes

p. o (M x, + M x,)
- 2
17227171 2 (3.7)

P12 T Byix, ¥ eiR
Therefore the densities of the injection sample and the flowing stream,

(p ). and (p )= respectively, may be accurately calculated [39 from
1,271 1,2°f

equation (3.7) for known temperatures and compositions.

3.7.2 The reference composition

It can easily be shown from equations (2.130) and (3.7) that the reference
composition for a diffusion coefficient is given by

1
X = x . +V RO (ﬁleXQf " P2 X, - X (3.8)

- . — l » .
1r 1f 1 ﬂRg(QEOt)z le2x2i + p2Mlxli 1i 1f

Equation (3.8) was used in order to compute the values of X1 for the
measured diffusivities and compare them with X110 X1 the compositions

of the injection sample and flowing stream respectively(?eoeqoq).
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3.7.3 Ideal moments of the distribution and the diffusion coefficients

of liquids

The results of Chapter 2 show that the moments of the observed distri-

bution of injected solute differ from those of theideal distribution.

We can, therefore, identify the experimental moments of the distribution
with the ideal values plus three correction terms, all the others being
comparatively insignificant. The three correction terms arise from the
non-zero volumes of the injected pulse, detector and the connecting

tube. The observed experimental moments are given by

I8+ o(t)dt — L
(u!) T S = (%) = —=—(2z +1) (3.9)
Voot ™ 757 (o st * T,

8Dl o 2 1\, 2
Oepe = o = @, (ﬁi) (8c2+2¢_) (3.10)

where ui and u, represent the first raw moment and the second central

moment of the distribution. Similarly; the higher moments can be deter-

mined from which the skewness "Sk" and : kurtosis "Ku" are calculated.

u u
3 3
Sk =T ——— T — (3.11)
3
(u2)3/2 o
u i
Ko = —— -3 = —_ 3 (3.12)
(1) o
Ho
Thus we can write
3 _ _ 3 _
(p!). = (") - % & (u!) = t, = t - I &t (3.13)
17id 1’expt n=1 O 1 id expt n=1 n
and
3 3
(updyq = (udy o= I 8. () = oo, = oo - L0 (3.14)
i Xp n=1 XP n=1l
with (
— - L/ Va
= = 1 e R—— -
6tl atlb sl(ul) 5 3 3z | (3.15)
o \1"R"L
— L/ Vi
§t, = 6,.(u!) = ——-(V (3.186)
2 2771 Uo 2nR2L
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— L rc ? 2 rz
= ! - —— —— — ——
Stq = 63(ul) 5 (1+2c0)(R) Tt L, <l+ 2) (3.17)
o) o) R
o)
so that for co < J_O_3
3 3
=
n:l6 tn - -l n(ul) . Vi + 2(Vc+Vd) 3 ty 2(‘td"-tc) (3.18)
t Widiq angL 2t
where 5
V. ™ & . \ o v
+ = i .t - c - c - - d
9
. TR2U c 7R2U 7R2U d TR2U
o o o o o o o 0
and with 5
2 \
Gci . 5°§b = 8y = (é—‘-—\ d - 1322 | (3.19)
ol" nR L nR L
2 1 /L i
602 = 6.(w,) = <& —)
2 2 72 12 <Uo 1TR2L
o)
2 r 4 fia 2 r 2
2 e DY = N Y < /
§oy = 63(112) = (Uo) (2co+8co)<Rc) L+2<Rc> Zs E(RD +§I (3.21)

Hence the experimental moments Were corrected in this way so that the
working equations for the ideal case could be used to evaluate the dif-

fusion coefficient from equation (2.43) which reads

1
o [arue? 22 0% + 3 1
D Sl v E + %(1—6a)§:|

12 X
2hmtig (1+uc /t )2 +20 /t

[\ " “ 4

The Reynolds number Re and the Dean's number De for the flow were

computed from equations

2 R L
Re = —— (3.22)
Votid
. 1
R 2
and De = Re(-é—‘?-) (3.23)
e}

3.8 Analysis of the Eluted Distributions

In this section, we present a concise description of analysis of the
eluted distributions by outlining the problems involved and their approp-

riate solutions. An algorithm describing a computer program written to
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carry out the analysis of the recorded experimental data (250-350

points per experimental run) is included.

3.8.1 Data analysis: problems and their solutions

(1) The recorded data from the digital voltmeter was in binary decimal
code which had to be decoded, i.e. translated into its octal equivalent

suitable for PDP11l FORTRAN processing.

(2) Characters including "D" for the delay time, plus or minus signs,
and the signal output (1 uV - 10 mV) were considered acceptable and
stored in an array of integers. The maximum of the signal was then
found by the conventional method of comparing the recorded points.
Hence coarse errors (e.g. an unreasonably high or low voltage value due
to a momentary disturbance, the ‘existence of“moﬁe than one maximum,
etc;) were detected and dealt with such that if the recorded data of an
experimental run was seriously in error (e;g. more than one maximum)

then that run was totally rejected for analysis.

(3) Because, in practice, it is impossible to zero the output from
the refractometer exactly, the baseline of the recorded signal is not
identically zero. Furttermore, it is oceasionally possible for the
baseline to drift slightly during the course of a measurement because
of very émall temperature or pressure changes. For these reasons, the
raw data have been adjusted to obtain a zero baseline on either side
of the eluted peak. For this purpose, the baseline has been assumed
linear between arbitrary points some distance on either side of the

peak, and recorded signal adjusted to zero according to the equation

(Cn)true = (¢ n)recorded (i T> (t -

where C denotes the D.V.M. readings in mV at time t in seconds and
(Cp=Cp/tp~ty) is the slope of the recorded baseline deviating from the

horizontal zero baseline as illustrated below.
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(4) The moments of the elufed distribution can be determined by
numerical quadrature (e.g. Simpson's Rule) from thé recorded data.
However, this procedure is of only moderate accuracy (EKH; +5% in

this work) because the contributions to. the integrals frém the wings

of the distribution are large, and the relative uncertainty in the
recorded voltage is also large in these regions. Furthermore, because
the integrations extend to infinity, it becomes practidally necessary
to introduce arbitrary finite upper and lower limits to the integration.
The choice of tﬁese limits can lead to gross errors in the computed
moments of the distributions. Therefore, the most crucial task in data
analysis was to find a new method of calculating the variance of dist-
ributions, hence the corresponding diffusion coefficients, to a high
level of accuracy (s 0.5%). This was achieved by means of three sub-

routines contained in the main computer program.

compute the first four moments and hence the skewness and kurtosis of the
resulting peaks frém equations (3.9)-(3.12). It is worthwhile recording
that the Gaussian nature of the dispersion peak is confirmed by zero
skewness and the detector's linearity is assured by zero kurtosis. Thus
if their computed values were close to zero (within the precision of the
2y

D.V.M.) the run was accepted and the calculated values of "t" and "o

were retained to be used as the initial values ”El" and (oi) in the next
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routine. Otherwise the experimental run was totally rejected.

Second _and Third Subroutines. The refined data was smoothed by '"non-

linear regression" so as to fit the normal distribution function in the

following way

= _—2
F(t) = Ajexp l:-(-t-—;—-)-J = Cie (3.24)
20 .

The distribution function F(t) is evaluated for selected values of "A;,
"EM and "o2" and compared with the refined experimental values by calcu-

lating the deviation

n 2
nélJEFn)expt ) (Cn)cal;] = £(t)

— (3.25)

The third subroutine is called in order to minimise function f(t) by itera~

tion, choosing new values of "A;, "t", and ng2n, Because the procedure is

1Al

iterative it requires a starting value of "Ccalc

which is determined by
taking the values of "t" and ng2n from the first routine described :above
as an initial guess. Evaluations of f(t) are continued until "A), g

and "02

" are within the tolerance required. For high accuracy, many
function evaluations may be required but the procedure ensures that even-
ual convefgence is obtained. Precautions are taken to prevent convergence
to a local, and therefore spurious minimum, and to prevent an excessive
step being taken. Since the procedure is based on minimising the least
square functionlf(t), dependent on three variables "A;, "t" and ng2n by
non-linear regression, it is identical to that of determining the minimum
of a curved surface. Once this minimum is found, the function evaluation

is terminated and the corresponding "t" and "6 ape the required experi-

mental moments of the eluted distribution.

Essentially no difference was observed (v 0.2%) in the value of "t",
the dispersion time, when determined experimentally by volumetric flow
rate measurements and computed by the '"non-linear regression” method.
The variances of the eluted distributions have been calculated with a
reproducibility of *0.5% leading to the experimental results given in
Chapter 4. Also the result of the test measurement described in Section

3.10.4 shows that the calculated value of the diffusivity for octane-
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dodecane mixture is practically identical (* 1%) to the literature valuegxﬂ-
We cantherefore conclude that the "non-linear regression" method is

correct and very accurate as well as being fast and direct.

3.8.2 Algorithm for data analysis

In order to present a concise summary of the analysis of the experimental
data, we include in this section an algorithm describing a computer pro-

gram written to carry it out.
1. Decode the recorded data for FORTRAN processing.

2. Detect coarse errors. If the error is serious, reject the experimen-

tal run completely, otherwise discard and proceed to the next step.

3. Refine the recorded experimental data by carrying out the baseline

correction.

4, Compute the first four moments and hence the skewness and kuortosis
of the resulting distribution from equations (3.9)43.12) by using

Simpson's Rule for numerical quadrature.

5. If the values of skewness/kuortosis are not close to zero (i.e. not
within the DVM precision) reject the experimental run. Otherwise use
the "non-linear regression" technique, taking t and o2 from step 4 as an

initial guess, in order to determine the values of (Tt')e and (02)expt

xpt
for the resulting distribution.
6. Calculate an approximate binary diffusion coefficient Di2 of the

. . . . . - 2 —
liquid mixture by substituting (t)e and (o )exp for (t)id and

xpt t

(02)id in equation (2.43) respectively.

7. Compute the ideal moments (?)id and (<:r2):.Ld of the resulting distri-

bution from equations (3.13)-(3.21).

8. Calculate the true binary diffusion coefficient D;, of the liquid

mixture from equation (2.43).
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9. Calculate the Reynolds number "Re" and the Dean's number "De" for

the flow from equations (3.22) and (3.23) respectively.

10. Compute "G)m", the mean temperature of the liquid mixture flowing

through the diffusion tube, from equation (3.4).

3.9 Experimental Procedure

The liquids, n-hexane, n-heptane and n-octane, were supplied by BDH

with a minimum purity of 99 - 99.5%. They were degassed and purified

[id ', 184,189 before use, by alternate freezing and pumping to high vacuum
followed by batch rectification (Fig. 3.17), until they showed a purity
better than 99.9% when standardised against a reference 99.99% pure.

The mixtures for the flowing stream and the samples for injection were
prepared gravimetrically and the mole fractions were computed with a
typical associated uncertainty of +0.0005. The samples for injection
usually differed in mole fraction from the composition of the flowing
stream by 0.1. The density and viscosity of the liquids were obtained

from the experimental data [22, 151, 1831.

Figure 3.2 presents a flow diagram of the experimental arrangements made
for the diffusion process. The temperature controller (C) which consists
of a contact thermometer connected to a universal relay electronics unit,
is set to the desired value. The controller is capable of maintaining
the bath temperature constant to within #0.01 K. Water bath (W) circu-
lates the heat exchange water through the fitted copper pipes round the
diffusion block (D) cénfinuously. Thermal equilibrium was reached over-
night by the water circulation which maintained the block isothermal for
the whole day. The emf readings of the four thermocouples (t) inserted
into the diffusion tube assembly (T) did not vary by more than #0.1%

(x 0.05 K). They were recorded continuously by means of a high precision

potentiameter (M) with an accuracy of *0.5 uV. Hence the corresponding
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temperatures were computed and their mean was taken as the diffusion

tube temperature with an associated uncertainty of +0,01°cC.

The system was purged thoroughly by pumping the solvent through until a
steady baseline was observed on the chart recorder .and the thermocouples'
readings indicated the isothermal condition. At this stage, valves Vs’
VP, Va and Vb were the only ones open. Then Vp and the reference flow

control valve Vb were shut, the pump was switched off and the gravity
flow control value Vg was opened. The solvent feed from a well-stirred
and thermally-controlled reservoir (A) was then flowing through the dif-
fusicn tube under gravity. Pumping of the fluid was avoided during
measurements since it imposes pulsations and disturbances upon the flow
which make the process experimentally complicated and theoretically dif-
ficult to handle EBB;Eﬂ.Any change in the concentration, flow rate or the
temperature of.the flowing stream was observed by a change in the position
of the baseline on the chart recorder (Z) and by an offset of the zero
reading of the digital voltmeter (G). TFlowrate measurements at the exit
of the diffusion tube ensured that the liquid was flowing through the
injection valve at constant velocity (Fig. 3.18). When the system was
under steady state condition, indicated by a steady baseline and zero
signal on the digital voltmeter, valwes Vf and V, were opened. The
solute from reservoir (B) identical to (A) was then flowing through the
sample loop, tﬁe injection valve being in the fill position (Fig. 3.3).
The DVM settings for the baseline zero output signal, the magnetic tape
recorder switch "on", the integration time (0.1 s), the time delay

(3.5 Ks) and the time intervals (5 s) were checked.

The solute was then injected into the flowing stream (i.e. by rotating
the injection valve shaft through 90°) and the time delay switch on the

DVM was set to the "on" position instantly. The solute flow control
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Fig. 3.18 - Constant liquid flow rate through the injection valve
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valve Ve was closed and the thermocouples' readings were recorded..

The temperature of the diffusion tube was measured several times during
an experimental run which usually extended over a period of at least
one hour. The analog output signal of the differential refractometer
was digitized by the DVM and recorded on magnetic tape at five-second
intervals during the course of a single measurement. Each measurement
has been repeated at least three times. The recorded data were subse-
quently analysed to determine the moments of the effluent distribution

and hence the mean value of the diffusion coefficient.

3.10 Performance of the Equipment

3.10.1 Departures from the ideal model

The apparatus has been constructed according to the design specifications
resulting from the conclusions of the design study in Section 3.2.6.
Evidently, all the design criteria and constraints (Sections 3.2.2 -
3.2.6) are met so that the instrument does not depart from its ideal model
gsignificantly. Computation of the effects of these departures shows that
some are negligible (i.e. less than #0.04%) and others amount to no

more than *0.7%,

3 3 )
o8 _(uh) 2§ (¢)
i.e n—l( ?) L + 0.45% and E;l~52~——~ s +0.7%
LS RET:| (094

Figure 3.19 contains the typical experimental results for hexane-heptane
mixtures at 45.8°C (pure hexane flowing). It éhows the instrument's
working region where the effect of coiling the diffusion tube is neglig-
ible (less than 0.05%) for a dispersion time t » 3.3 Ks. The figure also

contains the prediction of equation (2.77) which has been calculated for

RC

our experimental arrangement, A = 7 c 321.4, with the aid of the approp-
ke
riate viscosity and density data [?2,151,185] and the measured diffusion

coefficient. The theoretical prediction is in good agreement with the
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Fig. 3.19 - Experimental determination of the coil effect
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experimental observation indicating that tﬁe effect of tube curvature is
negligible for t » 3.3 Ks. The experimental results contained in

Fig. 3.19 confirm the insignificance of coil effect by showing that the
observed diffusion coefficients are independent of the flow velocity to

within *0.5% for such measurement times.

The agreement between the theoretical and experimental results, i.e.

Figs. 3.9 and 3.19, is remarkable particularly since no adjustable para-
meters have been used in comparison. We can therefore use the evident
agreement to support the use of Figs. 3.9 and 3.19 or equations (2.77-78) and
(2.43 or 2.146) as ameans of estimating the effect of tube curvature on our
measured diffusion cdefficient. For the conditions employed in our
measurements, equations (2.77378) and (2.43 ori2.u46) and Fig. 3.9 (workingregn)
revealed that even in the worst case (i.e. DeQ.Sc = 18) for hexane-

octane mixtures around 70°C) the error incurred by the neglect of the

effects of tube coiling amounts to less than +0.05%.

It must be pointed out that the mole fractions of the injection and
flowing stream did not differ by more than 0.1 throughout the measure-
ments. Consequently, errors due to composition and buoyancy effects
mentioned in the previous chapter were eliminated. Analysis of samples
of the solvent at the entrance and exit of the diffusion tube led to
the result of their compositions being identical, suggesting the
absence of any adsorption. The skewness and kurtosis of all eluted
peaks were found to be zero within the precision of the digital volt-
meter indicating that no perturbing effects arose from non-linearity of
the detector or adsorption of the injected species on the tube wall.
However, the adsorption of fully-saturated n-alkanes such as hexane,
heptane and octane (inert) on the stainless steel surface (inerf) is

highly unlikely. From the experimental results of the'energetics of
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adsorption of n-hexane and n-octane on.solid surfaces ELSa,leﬂ it can

be deduced that their adsorption on stainless steel is negligible.

3.10.2 Linearity of the detector

The determination of the diffusion coefficient from the characteristics
of the eluted distribution is dependent on the linearity of the response
of the refractive index detector. That is, the signal from the refracto-
meter should be directly proportional to the concentration difference of
the eluted species between the sample and reference sides of the cell.

In order to confirm this linearity for the present detector, measurements
of the zeroth moment (the peak area) for various known amounts of solute
injected, have been performed for the hexane-heptane mixture at 45.8°C,
Provided that the detector response is linear, the zeroth moment of the
eluted distribution should be directly proportional to the concentration
of the injected solute. Figure 3.20 shows the experimental results of
this test and indicates that only for large composition differences (i.e.
large refractive index nj differences) between the injection sample and
flowing stream is the detector's response non-linear. This non-linearity
was expected due to the high sensitivity of the refractometer even at
extremely low composition differences (GnD < 10—8). Hence the samples
for injection were made such that they always differed in mole fraction
from the composition of the flowing stream by no more than 0.1 which is
well within the linearity range of the detector as shown by Fig. 3.20.

As mentioned earlier on, the skewness and kurtosis of all the eluted
peaks were found to be zero, confirming the detector's linear response

throughout this work.

3.10.3 The reference composition

Binary diffusion coefficients for the typical hexane-heptane mixture
(around 30°C) measured at various compositions of the flowing stream

and injection are included in Figs. 3.21 and 3.22, Also included in
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these Figures are the reference compositions to which the measured
diffusivities should refer according to the theoretical analysis of
Chapter 2. Equation (3.8) was used to compute the reference composition
for a measured diffusion coefficient. The experimental and theoretical
results céntained in Figs. 3.21 and 3.22 confirm the validity of
equations (2.180) and (3.8), showing that under the experimental con-

ditions employed throughout this work

(x,.) =D

+ )
D12 1o 19 (xlf) + 0.1% (3.21)

where x,,. and X, g are the reference and flowing stream mole fractions of

species 1 respectively.

3.10.4 Reproducibility of the results and Egecisioh

D ~-D .
Figure 3.23 plots ;% 12 , deviations of the measured diffusion coef-
12

ficients from their mean for the hexane-octane mixture (xh

ex. £ 0.6,

Rpox. i - 0.7) at SOOC, against the measurement times t. It can be
seen that for t » 3.5 Ks the results are reproducible to within #0.u45%.

Similarly for the mixture hexane-heptane (xh = 0.3, x = 0.4)

ex.f hex. i

at 27.800, the reproducibility of six repeated experimental runs each
taking around 4 Ks was found to be *0.48% as shown by Fig. 3.24. The
deviations of the eluted distributions from normality under the conditions
of our experiments were insignificant as shown by Fig. 3.25, which is

typical for the hexane-heptane mixture.

It is not possible to perform the conventional analysis of random experi-
mental errors for these measurements to estimate their precision because
the diffusion coefficient is determined from the entire distribution
function of the eluted sample, and not a number of discrete measurements.
Consequently, the alternative strategy has been adopted whereby the

reproducibility of the measurements under nominally .identical thermo-
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dynamic conditions is taken as a measure of the precision. On this
basis it is concluded that the precision of our experimental data is one
of +0.5%. The graphical method proved to have an inferior precision
(2-5%) and hence it was discarded for the purpose of calculating the

results.

Furthermore, the diffusion coefficient for octane-dodecane mixture

( = 1.0) at 24.95°C was measured and compared with its published

Xoct. £

value [39] determined at 25°C by the diaphragm cell method. It was found
that the two values, 1.699 x lO—9 (m2 s_l) measured and 1.718 x 10_9 1%
(m®> s 1) published, differed by only 1.0%.

The above results, together with the experimental results of the pro-
ceeding chaptern present a conclusive evidence for the correct operation

of our equipment.

3.10.5 Accuracy of the results

The largest single source of error in the measured diffusion coefficients
arises from the determination of the variance of the dispersion peak which
contributes an uncertainty of *#0.5%. The uncertainty in the determination
of the diffusion time and the possible systematic errors due to the cor-
rections discussed above amount to no more than *0.2%. The only other
source of random error is the measurement of the tube radius and this
contributes *0.24%. Thus the overall accuracy of the reported dissusion

coefficient values is believed to be *1%.
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3.21 — Diffusion coefficient vs mole fraction for hexane—heptane mixture at 30°cC
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Fig. 3.22 - Hexane-Heptane mixture at 290C, Xgf = 1.0
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Fig. 3.24 - Reproducibility for hexane-heptane mixtures at 27.8°C

t = 4 Ksj Xhex. £ ° 0. 3; X ex. i = 0.4
. - -9 2 -1
D12 = 3.553 x 10 m- s
0.5
-T- o
9
100% 0.48%
(0]
L
@
‘ e—
-0.5
| | LE || |
1 2 3 1: 5

Run No.



Concentration "C" (arbitrary units)

167

Fig. 38.25 - Recorded data (e) fitted to a

Gaussian distribution (-)
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CHAPTER 4

RESULTS

Y Introduction

The previous chapters have presented the theory behind the Taylor dis-
persion technique and described how the apparatus employed in this work
has been designed and used to perform accurate measurements of the liquid-
phase diffusion coefficients. Using this apparatus and the Taylor dis-
persion method, the binary diffusion coefficients for n-hexane-n-heptane,
n-hexane-n-octane and n-heptane-n-octane binary mixtures of various .com-
positions were measured within the temperature range 20-70°C and at
atmospheric pressure. The time of measurements varied from about 4 Ks

to 8 Ks with the Reynolds Number for the flow being in the range 3 - 6.

In this chapter, we present the results of the measurements, with a repro-
ducibiLity of +0.5% and an estimated overall accuracy of *1%, and delay

the discussion and usage of these results until the next chapter.

The n-alkanes under investigation, n_CGHlu (refractive index np = 1.3740 -

1.3760), n-C.H (nD = 1.3880 - 1.3885) and n-C

7116 H

g (ny = 1.3970 - 1.3980),

were each at least 99.9% pure (see Chapter 3, Section 3.9). The stated
purity was supported by means of independent measurements of the refrac-
tive index of samples of the n-alkanes and through tests on a gas chroma-
tograph. The characteristics of the diffusion tube (Section 3.2.7) and
the method of evaluating the experimental results (Sections 3.5 - 3.8)

included in this chapter have been previously described in Chapter 3.

Tables 4.1 - 4.15 list the entire body of our experimental results for
the three n-alkane binary systems, each at five different compositions,
for a pressure of 1 bar (105 Pa). Figures 4.1 - 4.15 display the binary

diffusion coefficient, D 5» aS a function of temperature, Om, at a constant

1
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composition for several mixtures.
-]

X1p>
For the purposes of correlating the experimental results and interpolating
the data within the range of measurements, the data were fitted to poly-

TR
nomials, of the form ¥ = EO A%Xn, by means of a least-squares computer
n=
program. As can be seen from Figs. 4.1 - 4.15 the data fitted the regres-

sion straight lines, of the form [plé]x = Ag + Ai@m, and the fitted

1r
data agreed with the experimental ones with a maximum deviation of less
than 1%.

3

1 for the several mixtures of each binary

The values of constants Ag and A
system are contained in Table 4.16 and the corresponding lines are disp-
layed by Figs. 4.16a - 4.16c. These Figures,which show the variation

of D12 with Gm along the constant composition lines, reveal that for each
binary system such lines are parallel, with a maximum slope deviation of

1% (typical of the C7—C8 system) according to the regression results

listed in Table 4.16.

In Figs. 4.17a - 4.17c the isotherms for the binary diffusion coefficient
as a function of composition, for each binary system, are shown. In
. . . -k k
constructing these regression lines, of the form [blgje = AO + Alxlr
“ Tm
with constants Ag and A? being given for each case in Table 4.17, the
data has been employed at nominal temperatures computed from the earlier

regression results given in Table 4.16. The data fit these lines with

a maximum deviation of 0.5%.

A1l the isotherms of each binary system display similar behaviour and are
parallel with a maximum slope deviation of 3% (typical of the CeCo

and C,-Cg systems). Thus variations of the binary diffusion coefficient,
DlQ’ with temperature and composition, within the range of measurements,

are linear to within a maximum deviation of 1% and 0.5% as shown b
Yy
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Figs. 4.1 - 4.16 and 4.17a - 4.17c respectively. The following
equations (4.1) and (4.2) can be used in conjunction with Tables 4.16
and 4.17 to compute the binary diffusion coefficients for each liquid
system as a function of temperature (@m = 20 - 70°C) and composition

(x,_ = 0 - 1) respectively, with a maximum uncertainty of #2%.

1r
' = aJ ]
D], = A5+ A5 o (4.1)
1r
(Ag and Ai values of Table 4.16); j = system a, b or c.
_ .k k
@lzjem = AJ AL R (4.2)

(Ag and AE values of Table 4.17); k = system a, b or c.
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The binary diffusion coefficient, Dy,, as a function of temperature, Op,
for the system hexane-heptane at fixed mole fractions of heptane, Xjn,

and 1 bar pressure.

Table 4.1 ®n D
(°c) (n?s™1) x 10°

26,375 3.7010

34,940 14,1180

42,751 4.5040

43.964 4. 8500

50.989 4.9170

56.375 5.1710

Fig. 4.1 x,_ = 0.016
D12 . . .
(mQS_lS xxlog ® values obtained experimentally

—— values obtained by regression

5.0

4.0«

3.5+

3.0 T T 1] L]
20 30 40 50 60 70
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Table 4.2
®n P12
(°c) (m?s™Y) x 10°
27.388 3.6750
32.999 3.9370
40,375 44,3103
46,242 4.5950
55.762 5.0775
‘Fig. 4.2 X = 0.30}5
D12
5 -1 g ® values obtained experimentally
(n°s 7) x 10 — values obtained by regression
5.0 +
4,5+
4.0 4
3.5
3.0
T =T T T
20 30 40 50 60 70
em
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Table 4.3
em D12
(°c) (m?s™1) x 10°
28.661 3.6440
30. 338 3.7560
34.485 3.9500
40.140 4.2165
45.638 4.,4925
50.816 4,.7530
58.000 5.0800
Fig. 4.3 xlr = 0.4985
D12 ® values obtained experimentally
(mgs_l) X lO9 values obtained by regression
5.0 7
4.5 o
4,0 o
3.5 =
3.0 Y I 1
20 30 40 0 50
m

(°c)
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Table 4.4
®n P12

- 9
) (mQS 1y x 10

25,228 3. 4475

; 36.239 3.9633

46,488 L, 445

54.116 L,8590

53.006 5.0635

Fig. 4.4 %, = 0.6985
D12 [ values obtained experimentally

(mQS_l) x lO9

3.0

values obtained by regression

20 30 40

60

70
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Table 4.5
em D12
(°c) (mzs_l) X lO9
20.010 3.1010
29.996 3.5685
33.253 3.7360
39.068 4,0050
41.217 4.1415
49,630 4.,5500
54,817 L4.8230
60.008 5.0515
Fig, 4.5 X1p = 0.9985
Dl2 ™ values obtained experimentally
(mQS—;) x~109 —— values obtained by regression
5.0 =
4,5 «
4.0
3.5 -
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The binary diffusion coefficient, D12, as a function of temperature, O,
for the system hexane-octane at fixed mole fractions of octane, Ry po

and 1 bar pressure

Table 4.6 ' (gﬁ) (m28_2§2x l09
23.004 3.3035
29.853 3.6203
36,110 . 3.9137
43,968 4,2590
47,901 4.u816
54,000 4, 7500
Fig;'4.6 : Xlr = 0.0200
° values obtained experi-
109 ( — valuesLobtained mentally

!

by regression

2.8

20 30 40 50 60 70
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Table 4.7
On 5 _212 9
°0) (m“s ) x 10
25.898 3.23u40
32.1u43 : 3.5260
40, 344 3.9175
48,061 4,2890
56.143 44,6707
Fig. 4.7 Xy, = 0.2023
P19 |
2 -1 9 ° . ) o
(m°s ~) x 10 values obtained experimentally
' values obtained by regres-
sion

4.3 "

3.8 ¥

3.3 7

2.8 1

2.3

T =7 1 T
20 30 e} 50 60 70
Om
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Table 4.8
im 2 —212
(c) (m“s ~) x 10
25.888 2.9985
34,201 . 3.3740
41.673 3.7300
47,569 4.0000
54,139 4, 3340
xlr = 0.4987

va

va

lues obtained experimentally

lues obtained by regression

20

40 50

(°c)

70
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Table 4.9
em 5 _212 9
(°c) (m"s 7) x 10
23.001 2.6510
30.107 ~ 3.0010
41,619 3.5340
50. 404 3.9300
60.299 4, 4085
X = 0.7038

1r

2.8

values obtained experimentally

values obtained by regression

20

70



Table 4.10

em Dl2
(°c) s71) x 10°
21.001 2.3002
29.301 2.6817
39.922 3.2090
48.976 3.6250
58.897 L4,0890
Fig. 4.10 Xlr = 0.9980
D12
(m?s™%) x 10° ® values obtained experimentally

values obtained by regression

oo
(¢)
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The binary diffusion coefficient, D12, as a function of temperature, O

for the system heptane-octane at fixed mole fractions of octane, Xyps

and 1 bar pressure

om 2 212 9
o -

Table 4.11 (°c) (m“s 7) x 10

20.113 2.6020

35.932 3.2580

- 50.075 3.8330

60,152 44,2500

65.003 L,4627

70.776 4,7820

Fig. 4,11 Xlr = 0.0298
P o
) x 10 ° values obtained experimentally

values obtained by regression

20 30 40 50 60 70

(°c)
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Table 4.12
On D12
(°c) (n’s™h) x 10°
21.0865 2.5490
32.211 3.0220
42,120 3.4100
59.871 4.1100
68.044 4.5220
Fig. 4.12 Xy, = 0.2513
P12
(mQS-l) x 109 L values obtained experimentally

values obt

ained by regression

i '
40 50 60

(°c)

70



D12

(mzs—l) x 10°
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Table 4.13
em 2 _512 9
(°c) (m™s ) x 107,
20. 403 2.4361
35.029 3.0600
50.340 3.6565
59.615 4,0600
69.921 L,5369
Flg. 4,13 Xlr 0.4988
°® values obtained experimentally

values obtained by regression

(°c)

70
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Table 4.1Y4
%n D2
(°c) (m?s"1) x 10
22.489 2.4301
32.750 2.8560
ue.0u7 3.4210
61.250 4.,0400
68.752 4,3875
Fig., b4.14 X1, = 0.7488
D
12
(m°s™1) x 10° PY

values obtained experimentally

values obtained by regression
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Table 4.15

o 2 4212 9
(°c) (m"s ) x 10

21.756 2.3125

29,548 2.6500

40,012 3.0930

53.128 3. 6000

58.551 3.8320

63. 644 4,0535

69.769 L,3622

Flg. 4,15 Xy = 0.9990

(mQS—l)xlO9 ® values obtained experimentally

values obta

ined by regression
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Table 4,16 - Values of the constants Ag and Ai for each of the

regression lines of the form

- Ad 3
E)le[x - Ao + Alem
for the n-alkane binary systems, at a constant

i=a, borc

composition Xjp,, and 1 bar pressure

aJ ad

Binary System X 2 1
i - -loa—1

ir (m?s " Lyx10° [(m?2s Ogl )

x10
n-CgHy ,———n-C/H 0.0016 L4501 14.9083
(a) 0.3015 .3104 4.9528
0.14985 . 2415 4.9262
0.6985 .1987 L.8803
0.9985 .0988 4,9347

- - ) 0. . i
n-CgHy, —n-CgH, 0200 2097 L4, 7402
(b) 0.2023 .9977 4,763
0.4987 .7687 4. 7146
0.7038 .5679 4,7319
0.9980 .30u3 L4.7368

- —ie 0. ; .

n=C,H, ——n-CgH, o 0298 7295 4.2511
IS N 0.2513 L6547 4.2068
0.4988 .5715 b, 2u11
0.7488 4789 4,2122
0.9990 1.3875 4,2158
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Fig. 16a - The binary diffusion coefficient, D12, as a function

of temperature, © for the system hexane-heptane at 5 different

m?®
mole fractions of heptane, Xqpo and 1 bar pressure.
12345
(mQS—l?li l09 1: Xy, T 0.0016
2 Rip = 0. 3015
5.0 - 3: Xy T 0.4885
4 Xy = 0.6985

= 0.9985

4.5 =

3.57

3.0 | I - | ]
20 30 40 50 80 70



Fig. 16b - The binary diffusion coefficient, Dl2’ as a function

of temperature, 0, for the system hexane-octane at
5 different mole fractions of octane, Xypo at 1 bar

pressure
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Fig. 16c - The binary diffusion coefficient, Do, as a function of
temperature, O, for the system heptane-octane at 5
different mole fractions of octane, Xy and 1 bar pressure.

1 2 34 5
_l?li 10° | 1: x,_ = 0.0298
1r
2 X]_r = 0.2513
#3443 %, 7 0.14988
L Xlr = 0.7488

0.999

3.8 -

20 3F

40 50 60

o (¢

70
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Table 4.17 - Values of the constants A§ and Ai for each of the

regression isotherms of the form

_ K
1419 A t A Xy

for the n-alkane binary systems at 1 bar pressure.

ak ' AK
Binary System @m 7o) 1
(°c) (m2s™) x 10° f(m2s™1) x 10%°
n-CBHl”f——ﬂ-C7H16 20 3.3869 -3.0418
(a) 30 3.880u -3.061u4
40 4, 3740 -3.0832
50 - 4,8676 -3.1057
60 5.3612 -3.1259
n-CSHlu-———n-caH18 20 3.1591 -9.1221
(b) 30 3.6337 -9.1388
40 4,1083 -9.1571
50 4,5828 -9.1738
60 5,0574 -9,1905
n-C7ng———n-C8H18 20 2.5906 -3.5838
(c) 30 3.0145 -3.6099
40 3.4383 -3.6356
50 3.8622 -3.6617
60 4. 2861 -3.6878
70 4,7100 -3.7150




L4
Fig. 4.17a - Isotherms for the binary diffusion coefficient,
Dy, of hexane-heptane mixtures as a function of
heptane mole fraction, 1l,,, at five different
temperatures and 1 bar pressure.

12

(mZS_l) N 109 4 values obtained experimentally

values obtained by regression

9]
D21
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3. 54
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(mQS 1y x 10°

3.0

2.0

Fig. 4.17b - Isotherms for the binary diffusion coefficient,
Dyp, of hexane-octane mixtures as a function of
octane mole fraction, Xj,, at five different
temperatures and 1 bar pressure.

A

values obtained experimentally

values obtained by regression
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12
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Fig. 4.17c - Isotherms for the binary diffusion coefficient,
D19, of heptane-octane mixtures as a function
of octane mole fraction, xy,, at six different
temperatures and 1 bar pressure.

12
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CHAPTER 5

DISCUSSION

5. Introduction

The present experimental data may be used for three purposes. First,

the measurements stand alone as definitive values for binary (or mutual)
diffusion coefficients for the three systems: n-hexane + n-heptane,
n~hexane + n-octane, and n-heptane + n-octane. Secondly, they can be
employed to assess the validity of the theoretical descriptions of dif-
fusion processes in liquid mixtures such as those discussed in Chapter 1.
Finally, they provide a test of the various empirical prediction schemes
for liquid-phase diffusion coefficients. In this Chapter, we consider

the last two of these uses in some detail.

5.1 Data for the properties of the pure components and their mixtures

In order to proceed with the above investigations, further relatively
accurate data (around *1%) for the n-alkane mixtures, for exaﬁple, density,
molecular size parameters, viscosity and other properties, are required. .
Surprisingly, such data for the relatively simple liquid mixtures studied
here, particularly in the temperature and composition ranges needed,

were difficult to find and in many cases unobtainable. However, with

the aid of several publications [6, 39, 113, 151, 187, 188] and insti-
tutions [22, l7j] we have managed to géther the accurate data (3% maximum)

for the pure components contained in Tables 5.1 and 5.2.

The densities of the mixtures were evaluated using equation (3.7) whilst
the corresponding kinematic viscosities were obtained by analogy with the

diffusivity results of Chapter 4, That is, from Figs. 4.17(al)-(c), a



TABLE 5.1 - Properties of the

196

pure components [5, lgﬂ

. . e ote
Molecular Ci;;i;:% Normal Boiling 0’10
Component Weight v Point, Ty x10
M c o]
n-Hexane 86.178 370 3u41.9 5.77
(a)
n-Heptane 100.205 432 371.6 6.05
(b)
n-Octane 114.232 492 398.8 6.28
TABLE 5.2
06 Mhex nhep Noct Phex phep Poct
(°C) (C.P) (c.P.) | (c.p.) | (g/ml) (g/ml) | (g/ml)
20 0.312 O.414 0.549 0.659 0.684 0.703
(a)
30 0.282 0.371 0.486 0.650 0.675 0.695
40 0.254 0.336 0.u434 0.641 0.666 0.687
50 0.234 0.304 0.390 0.631 0.658 0.5678
60 0.215 0.267 0.333 0.622 0.649 0.671
(b)
70 0.187 0.231 0.284 0.613 0.6u41 0.663

&

ofe o

i

¥

e,
b

)
«w

s I s .1.0L48
Molar volume at T, = Vy = 0.28 (V) (6]

Data accurate to (a) +1%; (b) 3% [22, 177]

Mean molecular diameters (a) 20—600C; (b) 20-70°C EL87:[
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correlation for the present experimental diffusion coefficients (equation

(4.2)) may be written in the form

C - o] (o]
@HQ o = %Dy * %D, (5.1)

which is identical to the empirical equation (1.52). Here,

D = Lim D : D°. = Lim D
2 9
! 1 12 x 12

(5.2)

Thus, by analogy with equation (5.1), the kinematic viscosity, v, is

obtained from the equation
I:\)c-_] = XV, t x4V (5.3)
12 11 272 *

Since v = n/p, where n and p denote the dynamic viscosity and density
respectively, from equations (3.7) and (5.3) and Tables 5.1 and 5.2 it is
possible to write a correlating equation for the composition dependence

of the dynamic viscosity in the form
c -
[iole = 2y + 3y, (5.4)

which reproduces the available experimental data with a maximum deviation
of #0.5%.. Finally, it is useful to record that the absolute viscosity

data contained in Table 5.2 fitted the regression lines

Nhex - 0-3558 - 2.4l x 107% for pure n-hexane (5.5)
(0 = 20 - 60°C) ; in m Pa-s
_ -3
Thept = 0.4845 - 3.662 x 10 O for pure n-heptane (5.6)
(0 = 20 - 70°C)
and Moot = (0.6495 - 5.279 x 10"30 for pure n-octane (5.7)

(0 = 20 - 70°C)

with a maximum deviation of +2.5%. These equations are similar to our
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general empirical equation (4.1) which gives the variation of the binary

diffusion coefficients with temperature, ©, in the range 20 - 70°C.

5.2 The molecular dynamics approach to the interpretation of binary
diffusion coefficients in n-alkanes

The molecular dynamics simulation based on the rough hard sphere theory
(Sections 1.2.3 and 1.3.4), formerly developed by Chandler [bé] and

Dymond [?8, 8@] for pure fluids, has been extended by Czworniék, Anderson
and Pecora [§7] and Bertucci et al. [88] and employed to investigate the
composition dependence of the binary diffusion coefficients of several
two-component solutions. They arrived at the conclusion that for ideal
solutions (e.g. binary solutions of n-alkanes, or benzene, chlorobenzene,
bromobenzene and toluene), the calculated diffusion coefficients were

in 'excellent' agreement (with a mean deviation of +1% to +6%) with
experiment. But the recent results of Castro and Calado [89, 187] indicate
that this is only true for self-diffusion coefficients and binary diffusion
coefficients of n-alkanes of close carbon numbers. Nevertheless, we now
employ the theoretical analysis described by Czworniak et al. [?j] in
order to predict the temperature and composition dependence of the binary
diffusion coefficients for the n-alkane mixtures studied here and compare
the results with those of the present work.

kin

12 based on the theory of irrever-

The kinetic diffusion coefficient, D
sible thermodynamics and discussed in Chapter 1, Section 1.2.3. is,

under isothermal and isobaric conditions, given by

Dexpt
kin _ 12 v
Dy, = 5 (5.8)
t
expt . . . . . . s .
where D12— is the experimental binary diffusion coefficient and Bt is
the non-ideality thermodynamic factor.
.9 4n a,
Bt = bt 9 &n X,

1
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For the present systems [?9, lHS] the factor Bt may be expressed as

_ Y
By = 1+ 0.002(nl n,) XXy s

so that for the present purposes, it may be taken as unity with negli-
gible error. Czwofniak_g;_g;. [Ej] and Bertucci et al. [éé] assume
that Dign of a real binary fluid is equal to that of a two-component
mixture of rough hard spheres at the same temperature and with the same
number density and mole fraction as the real fluid, the masses of hard
spheres being equal to those of the corresponding molecules. In this
case, the theoretical, or kinetic, binary diffusion coefficient is given

by equation (1.71) which may be rewritten as

m g

kin kin 1 "1
b = D7 AF (¢, ==, ==, %) (5.9)
12 theory E ’ m2’ 02’ 1

The Enskog kinetic diffusivity, Dgln at an absolute temperature T, is

kin _ 3 kT (M7, 1
8’0, 1M 812'912

%
where n 1is the total number density, defined by

obtainable from

NI

Nop
% 12
¥ oz —_— (5.11)
XlMl + x2M2
' % _ B3 :
so that n, = nox; (5.12)
o.to 2
and g, 5 particle (or molecular) size parameter (5,13)
- ~23 -1 ,
N = 6.022 x 10°" mole ~ (Avagadro's number)
K = 1,381 x lO_23 J OK—l (Boltzman's constant)

If the last bracket term of equation (5.10) is excluded, the equation

becomes identical to that for a dilute, binary gas mixture. In addition,
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m, and m, represent the molecular masses of the diffusing species and
gl2(012) the pair distribution function for unlike species at contact.
The factor F accounts for the deviations of the diffusion coefficient
from the Enskog value arising from molecular velocity correlations.

The symbol A represents translational-rotational coupling constant
introduced by Chandler [?Q] which is supposed to depend just upon the
molecular species involved and is, in particular, independent of compo-

sition and temperature.

In the present analysis, we presume that equation (5.9) is valid and
have employed our experimental data to determine the translational-
rotational coupling constant A for each system at two representative
temperatures 20°C and 70°C. For this purpose, we have calculated the
pair distribution function g12(012) according to the method proposed by
Czworniak et al. [?7]. In their approach the pair distribution fumction

is written as
819(90) = g0, [ - /2, - 1] (5.14)

where gpy(o ) is the Percus-Yevick pair distribution function for

12
unlike hard spheres. In additiom, ZPy is the Percus-Yevick [197] com-

pressivity factor and ch that for the Carnahan-Starling [BS] equation

of state for hard-sphere systems. All of the quantities gpy’ ZcS and

ZPy may be expressed as analytic functions of the packing fractions of

individual species, n., in a hard-sphere mixture,

_ T % 3
¢i = T Gpi (5.15a)

and the total packing fraction &37]

(5.15b)
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The factor F, which expresses the: deviations of the diffusion coefficient
of a real hard-sphere fluid mixture from that of an Enskog fluid, has been
obtained from a correlation of the results of molecular dynamics simu-
lations of self-diffusion in fluid mixtures [79, 87]. The simulations
were carried out for a trace of one species in another and for mass

and size ratios near unity, and so yield the factor F at limiting con-
centrations F(9¢, ml/m2, 01/02, 1) or F(¢, ml/mz, 01/02, 0). Czworniak

et al. [éi] have suggested that the value of T appropriate to any mixture
of the same two components may be obtained by a simple linear combination

of these results so that
F(o, ml/mQ, 01/02, Xy) = xlF(¢, ml/m2, 01/02, 1)
+ x2F(¢, ml/m2, ol/QQ, 0) (5.16)

The correlations for F(¢, ml/m2, 01/02, 0) have been adapted here with-

out change.

In order to make use of these results we have employed the rigid sphere
diameters of the n-hexane, n-heptane and n-octane determined by Castro
and Calado [iBi] which permit the evaluation of ng(OlQ) and F for each
binary system at each temperature. Subsequently, the value of the tran-
slation-rotation coupling constant A for each system has been determined
by a least-square fit to the present experimental data for each tempera-
ture. It should be noted that the determination of A in this manner does
not affect the composition dependence of the diffusion coefficient obtai-

ned theoretically, but merely serves to scale the results.

Figures 5.1 - 5.3 contain plots of the experimental diffusion coefficients
together with the least squares representation of them according to

equations (5.9) and (5.10). Table 5.1 includes the values of the rigid
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FIG. 5.1 - Binary diffusion coefficient, Dj5, of the hexane-heptane mixture

as a function of composition, at 20°C and 60°C and 1 bar,
determined experimentally and by Molecular Dynamics Simulation

D, x 10° M .
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o, = 6.05 x 10 m
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o
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[
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FIG. 5.2 - Binary diffusion coefficient, Di2, of the heptane-octane

mixture as a function of composition, at 20°C and 70°C and
1 bar, determined experimentally and by Molecular Dynamics

Simulation
D, x 10°
> -1 8 values obtained experimentally
(m“ s ™) (i.e. Diépt)
~ wvalues obtained by M.D. computer simulation
. theory
(i.e. D12 )
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‘5%
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= 2%
Am 2%
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2 02 = 6,05 x 10 10 m
- n-CsH, 5 + CgH g at 20°C
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FIG. 5.3 - Binary diffusion coefficient, Dj5, of the

hexane-octane mixture as a function of compo-
sition, at 20°C and 60°C and 1 bar, determined
experimentally and by Molecular Dynamics
Simulation 4

9
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sphere diameters for each molecule, whereas Table 5.3 contains the
derived values of the translation-rotation coupling constant, A. The
latter Table also includes the mean and maximum deviation of the experi-

mental data from the representation by equations (5.9) and (5.10).

TABLE 5.3

: ° % %
Binary System e (7C) A AL (%) Amax (%)

C6 + C7 20 0.930 1.0 2.5

60 0.978 1.0 2.5

C7 + C8 20 0.876 2.0 2.5

70 0.911 0.5 1.0

C6 + C8 20 0.733 1.7 2.0

60 0.797 5.0 7.0

It can be seen that for the systems hexane-heptane and heptane-octane,

the composition dependence of the diffusion coefficient obtained theo-
retically, which is independent of the value of A is in reasonable agree-
ment with that observed experimentally. The maximum deviation from the
present experimental data is one of *#2.5%. The derived value of A lies
within the range expected and while it is not completely temperature
independent is very nearly so. On the other hand, for the system hexane-
octane, the composition dependence of the diffusion cocefficient predicted
theoretically is significantly different from that observed experimentally
at the higher temperature. At this higher temperature, the deviation
amounts to as much as #7%. It is possible that this increased discrepancy
is to be attributed to the fact that the mass and size ratios for this
system are sufficiently different from unity that the computer simula-
tions on which the calculations are based are no longer applicable.
Nevertheless, these results confirm that the rigid sphere model of a
fluid, supported by molecular dynamics simulation results can give a
reasonable description of the behaviour of diffusion coefficients in

relatively complicated molecular liquids.
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5.3 Validity of simple models of diffusion

The simple models of diffusion discussed in Chapter 1, Section 1.2,

such as Eyring's activation energy [63, 65] and Stokes-Einstein models
Ei3, 17, lQi] suggest that the group [BT/D;Qﬁ] should be temperature
independent. Thus the applicability of such models may be assessed by
an examination of the constancy of the experimental values of the group
[BT/D;Qd] for the liquids investigated in this work. Accordingly,

Fig. 5.4 displays plots of this group as a function of absolute tempera-
ture, which have been constructed with the aid of our diffusivity data
for the extremely dilute solutions (i.e. the limiting Di? values) and
the viscosities contained in Table 5.2. It is evident that the group
[kT/Dizn] increases as the temperature is increased beyond 313 °K. In
particular, for the hexane-heptane system, the value of the group at 333 °x
lies some 8% above that at 293 OK, whereas for the heptane-octane system
the discrepancy at 343 °K is 12%. Thus, on this basis, and because the
mixtures considered here are very nearly ideal, we must conclude that

neither the Eyring nor the Stokes-Einstein model, or other similar models,

are entirely adequate to describe the diffusion processes in liquids.

5.4 Schemes for predicting the liquid-phase diffusivities

There exist a large number of empirical prediction and correlation schemes
for the binary diffusion coefficient in liquid mixtures, relying to a
varying extent on simplified theories (Chaﬁter 1). Because it is impos-
sible to carry out measurements on all possible systems over a wide range
of conditions, it is certain that such schemes will continue to be used
for engineering design purposes for some time to come. Now we employ the
present experimental data in order to assess the validity of some of the

prediction schemes in frequent use.
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From Bearman's analysis [&4, 45], based on statistical thermddynamics,
Darken [1951 proposed that the composition dependence of the binary

diffusion coefficient of a regular solution is given by

c

Do = (xqDyy * %501y )8, (5.17)
which for ideal solutions becomes
D¢, = D.. + x.D
12 - F1Yoo T XoPyq

In these equations, Dii represents the self-diffusion coefficient of pure
liquid i. On the other hand, several investigators (e.g. Van Geet et al.
[39], Sanchez et al. [90] and Babb et al. [196]) have found that an
empirical equation of the formof (5.1) which involves limiting diffusion
coefficients of the mixture predicts the composition deéendence of the
binary diffusion coefficients satisfactorily. Clearly, equation (5.1) has

a great practical advantage over equation (5.17) since only two values

o}

of diffusivity are required (the mutual diffusivities D5

o .
and D21) which
are more easily measured than the self-diffusivities (Dll and D22). The
latter are concentration dependent and have to be measured throughout the

entire range of concentration. The limiting values of the binary d4if-

fusion coefficients (D°

12 and D;l) may themselves be calculated from

several well-known empirical correlations such as that of Wilke and

Chang which will be discussed later in this chapter.

The limiting mutual diffusion coefficients for the systems studied in
this work have been measured on a number of occasions by different
investigators. Van Geet ESQ], Lo [:145] and Bidlack et al. D.SQ] have
employed the diaphragm cell and Table 5.4 lists their values and the
deviations from those of the present work. The agreement is generally

ood - the deviations not exceeding *¥2%. On the other hand, the results
g
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of Moore and Wellek [151] obtained with a porous frit apparatus deviate
considerably from the present data as shown in Table 5.4 and Figs. 5.5
and 5.6. In the worst case, the deviation amounts to 11%. These devia-
tions, comHned with the non-physical behaviour displayed by Moore and
Wellek's results confirm that the porous frits method of measurement is

not reliable E37:] .

A semi-empirical expression for the composition dependence of the binary
diffusion coefficients of ideal liquid mixtures has been deduced by

Hartley and Crank [iS, 27, 5?] which may be written as

DC c 0’ - o

1212 _ 1 17 %2

Txr o] T oar e )M (5.18)
1 172

c + mx (Bearman [18, 27])

where aé is a constant proportional to the molécular diameter, GP, of the
diffusing species. It is useful to note that at either end of composition
range X, = 0-1, this equation reduces to the familiar Stokes-Einstein

relation (Chapter 1).

The present data for the diffusion coefficients, together with the avail-
able viscosity data (Table 5.2 and equation (5.4)) may be employed to
test the applicability of this relationship. Figure 5.7 contains a plot

of the group [b /f] as a function of the mole fraction for the

°n
12712
hexane-heptane system at three temperatures - which is linear as expected
on the basis of equation (5.18). This linearity allows us to determine
the values of dl and d& from the intercept and slope of the line.
Assuming that dp = QWOP, the values of o, (for n-heptane) and 0, (for
n-hexane) derived were o, = (6.07, 6.10 and 6.30) x 10-10 m and (5.95,
5.88 and 6.10) x 10_lO m for T = 293, 313 and 333 °K respectively. The

mean values for each species are therefore o, = 6.16 x lO-lo m and
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g, = 5.97 x lO_lO m which are in quite good accord with those obtained

in other ways (Table 5.1).
For the remaining systems, Fig. 5.8 shows that equation (5.18) is not
obeyed, which casts considerable doubt on the general validity of equation

(5.18).

Finally, Tables 5.4 and 5.5 compare the present results with those
obtained from several commonly used correlations for predicting the
‘limiting diffusivities of binary liquid mixtures. In particular, we
include the Wilke-Chang equation [i9Q] which requires the viscosity of
the solvent and the molar volume of the solute (Vl)b at the normal
beiling point of the solvent. It can be seen that this correlation leads
to deviations of as much as 14% from the present results. It has been
found that a modest improvement in the predictions of this scheme may

be achieved if (Vl)b is replaced by (Vl)e’ the molar volume of the

solute at the temperature at which the diffusion coefficient is to be

calculated (see Tables 5.4 and 5.5).

The other methods of prediction which have been examined include those
due to Lusis-Ratcliff [i9i1, Otherm-Thakar [igé], Scheibel [E] and
Reddy-Doraiswamy [}94]. Table 5.4 demonstrates that among these, only
the Lusis-Ratcliff method leads to generally good results. Over the
entire body of the present experimental data only the modified Wilke-
Change method or the Lusis-Ratcliff scheme provide acceptable predictions
of the diffusion coefficients with a maximum deviation of *6% (Tables

5.4 and 5.5).

Thus, in conclusion, three important facts have emerged as a result of the
data presented in Chapter 4. First, the simple models describing dif-

fusion in liquid mixtures on the basis of Stokes-Einstein's or Eyring's
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treatment are generally inaccurate. Secondly, the interpretation of
temperature and concentration dependence of the binary diffusion coef-
ficients by the rough hard-sphere model is in excellent agreement with

our experimental results for n-hexane + n-heptane, and n-heptane +
n-octane mixtures, but for the n-hexane + n-octane mixture the agreement
deteriorates. This suggests that only for the binary mixtures in which
molecular mass ratios of the diffusing species are close to unity is

the present scheme appropriate. Finally, we have found that the con-
centration dependence of the binary diffusion coefficients of the n-alkanes

studied here is given very accurately (*2%) by the empirical correlation

C - (o] (o]
@21 o = *1Dp1 t %Dy,



TABLE 5.4 - Comparison of the literature values of the limiting
diffusion coefficient D, with those obtained in this
work, For three different binary mixtures at 25°C and

1 bar.
p° % Deviation*
Soiute Solgent _12 9 Data Reference From Present
(m2s™ 1) x 10 Work
n-C.H, ¢ n-CgH, 3.71 (1) Present work 0
3.75 (2) Lo [145] -1
(Diaphragm cell)
3.78 (3) _Bidlack et al. -2
[189] (Diaphragm cell
3.27 (4) Wilke-Chang [190 12
(original; at (Vi)y)
3.74 (5) Wilke-Chang -1
(modified in this
work; at (Vilg)
3.63 (6) Lusis-Ratcliff 2
o)
3.64 (7) Othmer-Thakar 2
192
3.58 (8) Scheibel [193] 3.5
3.32 (9) Reddy-Doraiswamy 10
ith
n-C8Hl8 n-CSHl)+ 3.48 (1)
3.46 (2)
3.47 (3) -0.3
2.98 (4) 14
3.25 (5) 6
3.32 (6) 4
3.56 (7 -3
3.34 (8) 3.5
3.17 (9)
n-C8H18 n—C7H16 2.85 (1) 0
2.84 (2) 0.3
2.88 (3) -1
2.45 (1) 14
2.70 (5) 5
2.70 (6) 5
2.26 (7 20
3.16 (8) =10
2.61 (9) 8




TABLE 5.5 -~ Comparison of Di? values of three different binary mixtures
in the range 20 - 60°C and 1 bar, obtained by the empirical

correlation, with those of present work.
% g - (P22)a1i2)-(D9p)res |

% deviation 00
O
(DlQ)Aliz
DO
Solute Solvent g 12 % Deviation
1 2 (°c) -1 Data Reference From Fresent:
(mQSx 109 Workh
- - . O
n C7H16 A C6Hlu 20 3.38 (1) Present work
3.05 | (2) Wilke-Chang 10
[190] (original)
3.24 (3) Wilke-Chang 4
(modified in this work)
3.37 | (4) Lusis-Ratcliff 0.3
[191]
40 4.37 (1) 0
4,00 (2) 8.5
S 4.2u (3) 3
4.25 (u) m
60 5.35 (1) 0
5.03 (2) 6
5.19 (3) 3
5.38 (4) 0.6
n-C_H n-C.H 20 3.15 (1) 0
8°18 614 » 81 (2) 1
3.06 , (3) 3
3.17 (4) -0.6
40 4.10 (1) 0
3.69 (2) 10
4.00 (3) 2
3.92 (4) 4
60 5.05 (1) 0
4,64 (2) 8
4,88 (3) 3
4.94 (%) 2
n-C_H n-C.H 20 2.58 (1) e
818 716 2.28 (2) 12
2.47 (3) i
2.45 (u) 5
40 3.43 (1) 0
3.03 (2) 12
3.32 (3) 3
3.28 (4) y
60 4.28 (1) 0
4,02 (2) 6
4,23 (3) 1
4.19 (w) 2




FIG. 5.5 - Comparison of the limiting diffusion coefficients for the
heptane-octane mixtures at different temperatures and 1 bar,
obtained by Moore and Wellek liﬁi], with those determined
in the present work.
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FIG. 5.7 - Stokes-Einstin group, [piQnIQ/f], for the hexane-
heptane mixture at 1 bar, against heptane mole
fraction Xy
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FIG. 5.8 - Stokes-Einstein group, [b N /T] for hexane-octane
and heptane-octane binary mlx%ures at 293 ©K and 333 9K

and 1 bar, against octane mole fraction Xy .
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CONCLUSIONS

The wérk described in this thesis has demonstrated that the Taylor
Dispersion Technique has now been developed to a point where it permits
accurate measurements of diffusion coefficients of liquid mixtures over

a moderate range of temperatures. Because the technique is rapid and

simple it is now possible to use the technique to accumulate a large body

of data on a wide variety of well-chosen systems in the same temperature
range. The technique also lends itself to operation at elevated pres-

sures and over a wider range of temperatures. It is therefore suggested that

these are two directions for future work.

The experimental data obtained in this work are of sufficient accuracy
that they provide a stringent test of available molecular theories and
prediction procedures. Although none of the theories examined is capable
of describing the experimental data within their uncertainty, the

rough hard-sphere theory which makes use of molecular dynamics simulation
results is the most promiéing. Nevertheless, it seems that molecular
dynamics simulation of diffusion for molecular models more similar to

the alkanes such as spherocylinders would be useful.
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LIST OF SYMBOLS

Translational-rotational coupling constant
Cross-sectional area of the diffusion tube
- Elliptical cross-section area .
» Ap  Constants (n =0, 1,2 «e. ,m=1, j, k ...)

Effective cross-sectional area of the pores

> 3y Major and minor axes of the elliptical cross-section of the
non-uniform tube

The activity of species 1

Cell thickness

» B Comstants (n =0, 1, 2 .oo ,m =1, 3,k ..0)
. Y] 3 1n Yl
The thermodynamic factor for solute 1 = 1 + 31 o
% 1
_ 2m 3
The co—-volume = -3 Qp

The optical lever arm for the convergent light in the diffusiometer

€°® Fluid concentrations, in general and (molar) in the uniform tube

respectively
s Cg, Cg, Cg Top and bottom cells concentrations at times zero and

t pespectively

Ciis Clr Molar concentrations of species ! in the flowing and

£ 1>, . .
injection streams and that of the reference respectively

13 Clm’ c® Perturbation to the flowing stream composition, its
mean afnd that of the uniform tube

Average concentration perturbation

1

4 Perturbation to the concentration in the detector
1 Correction to the flowing stream concentration

» Cp» Cg  Recorded concentrations (end and beginning)

c;» cp Molar concentrations in generals that of species i and the
total respectively ‘

Perturbation to the concentration distribution
Concentration of the labelled species i

The pth spatial moments of the concentration distribution (p = 0-4)
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Di,Dg Diffusivities of species 1 in general and hased on volume frame
of reference respectively.

1490 Dii’ D? Binary-, self-, and Tracer-Diffusion coefficients of the
J Specles (i = integer, j = integer; i # j)

D, Dt, DX, DE’ D, D Diffusion coefficients, general, hard-sphere
fluid, dense gas, due to Dymond and Enskog at high and low densgi-
ties and that calculated by molecular dynamics simulations respec~
tively

Diz Concentration dependent binary diffusion coefficient

Diz, Dgl The limiting values of D12 at x; >0 and x, ~ 0 respectively

D(t), D 1Integral diffusion coefficient and its average respectively

Dig, De2 Binary diffusivitiegsof a coiled and elliptical cross-sectiontube
respectively

D§2 Binary diffusion coefficient at the flowing stream composition tubes
respectively

Di2, (DiQ)p Concentration and density dependent binary diffusivities,

DSH’ DRH Diffusivit%es derived by the smooth-, and rough-hard sphere
models respectively

kin _kin . . . . e e .

D12 ’ DE Kinetic binary diffusiviity and thatof Enskog respectively

expt [bklnj Experimental (= D,, values in Chapter 4 Tables)

theory 12 A
and theoretical binary diffusion coefficients
- . . . . . - 12
Sblg Activity dependent b;nafy diffusion coefficient = BZnal/anxl
2
De Dean's number = Re.(ﬁg)
c
d Diameter of the liquid reservoir
R202
- EorE Effecti ve diffusivities of the diffusion <;-—2—2;> and
D? L+8DI2
connecting (EBD \) tubes respectively
E° ' E at the flowing stream composition
. . d3.2.1
e Eccentricity |= (l-(;—) )2
' 1
F Correction due to the correlated motion of the particles
y Np-particle distribution function
P

fB, fH Effective friction coefficients for the Brownian and the hard-
sphere motions respectively

f. Frictional force of resistance of each spherical and non--
spherical solute molecule

f Empirical values of fg
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g(op) The radial distribution function at contact for two like spheres

g9 (012) The radial distribution function at contact for two unlike’
spheres

H(s) Transfer function

AH The latent heat of evaporation
evap

h The driving head for the liquid flow
Sh Change in h
J; Molar flux of species i with respect to stationary coordinates
bjir - Ei relative to molar average velocity
> > .
Jm, Jh Mass and heat fluxes in general
v T
Ji Js with respect to the volume frame of reference
Jq Bessel function -~ zeroth order of the first kind
%i, %i Mass fluxes of species i relative to stationary or moving

coordinates respectively
j Total number of fringes
K Boltzmann's constant = 1.381 x lO_23 J %k -1
K, Constant = 2.1701 ... X lO”5 (eqn. (2.23))

Hy
Ky Kuprtosis = (—E) -3
o

kb, kf Rate constants for the backward and forward reactions respectively
kn Number of any fringe maximum
L Length of the diffusion tube
SL Small length of the tube
L; Phenomenological coefficients
Lx L== L; corresponding to the effects of Vﬁ and Veicxumass and heat

3
o h%ransport of species i respectively

o', o
«

Lmh’ Lgm The cross coefficients, i.e. effects of Vu and ¥6; on heat and
mass transport respectively

2 Length of the connecting tube
2., ¢ Distances - axial (optics) and vertical (diaphragm cell) respectively
M; Molecular weight of species i

My Mobility - velocity gradient as a result of unit force



n, nj

n

b

n

ofs
>
n.
1

ofs
bid

n
o}
>
n.
ir
P, p

Pe

AP

D* Upi

Mass of a sphere or particle (molecular atom) i (i = integer)
m,m
172

Reduced mass = "
my ¥y

Cross—-section averaged Cp

Avagadro's number = 6.022 x 1023 (mo1 ™)
Molar flux of species 1 relative to the mass average velocity

Number of moles of species. i (in the injection) in excess of those
having an equal volume in the flowing stream

Number of moles of species i in phase B
Number of moles of species i leaving phase B
Number of particles (atoms, spheres, molecules, etc.)
Number of molecules, and that of species i
Refractive index, and that of species i
Number density of a fluid system (pure or binary mixture)
Number density of the n-alkane i = n*xi
Number density for a dilute gas
Mass flux of species i relative to the mass average velocity
Pressures - in general and that of the fluids in the tube

U
Peclet number <?o &>
D12

Pressure drop across the diffusion tube

Volumetric flowrate
Quantity defined by equation (2.135); £(Pe, Sc)
Reduced height-area ratio

. - -1 o,-1
The universal gas constant = 8.314% J mol K
Internal radius of the diffusion tube

Coil radius

Internal radius of the non-uniférm tube
2R U
o o

Reynolds number = S

R (R) Resistances of the iron-constantan thermoc aiples (latter =
28.7507%)

Internal radius of the connecting tube
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r Radial distance (polar coordinate)
T, rpi Radii of spheres and particles i
Sc Schmidt number = 52—
12
S Entropy of the system i ' o
Y3 M3
Sk Skewness of the eluted distribution = — or —x3
wFo "
2 2
S Laplace transform variable
T Absolute temperature

Tb’ TC Boiling and critical temperatures respectively

t Time in general
- . L
t Measurement time =T
o)
t, Taylor-Aris minimum time criterion

tos Ty Correction times contributed by the connection tube and detector

respectively

5?5 The swa}l correction to t detector respectively due to the non-
idealities (n = 0, 1, 2, ...)

Us Mean velocity of the flow through the diffusion tube

u,, U, Axial and radial velocity components

Ué, u; Velocity perturbation components (non-uniférm tube)

U Mean velocity of the flow through the connecting tube

\% Veolume in general

Ves Vc’ Vis Vi Volumes of the diffusion tube, connecting tube, detector
ang the injected sample respectively

Vi Molar volume of hard-sphere i
Vip Molar volume of the particles i in a binary liquid mixture

Vé, VB Molar volumes of the n-alkanes at Tc and Tb respectively

(Vi)b’ (Vi) Molar volumes of the solute at the boiling point of solvent
an% at the solution temperature

v, Vé High and low density molar volumes respectively

§v A small or negligible change in volume

Ve Free volume of the liquid

i Vs Molecular velocity of ith component (the former is time-dependent)

ofe
ty V. Mass and molar relative velocities of component i respectively

V.
i* i
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o
——

V., Vs Vv Molar average velocities defined by equations (1.8)-(1.11)

* and (1.54)
W The ratio RG(Q)/RO(Q)
Weo We Weight fractions of the ith component and that of the n-alkane
(i =1, 2, 3 ...)
Xi Generalized driving forces to transport species i
Xe Xi due to temperature gradient
X; Mole fraction of species i
Xigs Xiss Xi Mole fractions of i in the flowing and injection streams
3nd that of reference respectively (1 =1, 2, 3 ...)
Y Distance through which light rays are deflected
ch Carnahan-Starling compressibility factor
oy Percus-Yevick compressibility factor
z Axial distance (Cartesian coordinate)
z" The quantity defined by equation (1.88); = -2
2VD't:l2
v The vector differential operator
V2 Laplace operator
W
o Constant =
v, |
o, &(FN ) A macroscopic quantity and its corresponding micrescopic value
p
@ The n~ zero of d Jo(z)/dz
o', aip Spherical particle’s§ze parameters
4 Lsl2
B Parameter = |1 + T
o}
B* The sliding frictional coefficient
BC Diaphragm cell constant
v Density coefficient
Yz Activity coefficient of species 1 (i =1, 2, 3, ...)
2 52
040
A Finite difference - % deviation = — 2c x 100 (in practice)
o
s
Amax’ A Maximum and mean deviations of theoretical data from experimetal
ones '

§(z) Delta function (pulse)

8 A small or infinitesimal change
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6,  Comstant = (768)2 K_ g

€ Amplitude of oscillations

n Dynamic viscosity

ng Dynamic viscosity of pure ;th component (i = 1, 2)

niQ Concentration dependent dynamic viscosity of the binary mixture
©  Temperature (°c)

o Mean temperature of the fluid (measured °C)

05 Bath temperature (°C)

) Angular polar coordinate

A Wavé length (e.g. that of wavy surface; light)

ofs
w~

Distance between two equilibrium positions or potential barriers

Hsgo “iB Chemical potentials of species i in phases a and B respectively

Aui Chemical potential driving force to transport i
ot
up, up pth temporal and spatial central moments respectively (p = 0, 1, 2..)
1 L]
up, up pth temporal and spatial raw moments respectively
b £ m %
u_, H pth normalized moment (= —2) and u_ under conditions (2.21) and
P ps m P
(2.2y) o

() : The i d i 1 (=22 £

Me)ig0 (ul)exp e ldeal and experimenta = Uo) irst raw moments

) -
Yie The first moments of the non-uniform (elliptical cross-section) tube

\ . ..

(up)nu’ (up)nu The moments of the non-uniform cross-section tube
u;c, u"p The nth moments of the perturbed distributions due to concent-

’ration and density dependence of D12 respectively (n = 0, 1, 2 ...)

1 1
Gun, Sn(un) Small corrections to the nth raw moments

t
Gunm The mth correction to the nth moment
n.
Vs Kinematic viscosity of pure species i = Ei
: i
v§2 Concentration dependent kinematic viscosity of the binary mixtures
R R
Z, L, Dimensionless groups = —mm—S— and ——— respectively
o 48D, .t -
12 48Dl2t
£ Dimensionless axial distance with respect to the moving origin
- (z-U.t)
R
o
Ty A point in 6N-dimensional phase space
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p Composition dependent density = Pr (1 +vy ACl)
e Density at the flowing stream composition
e Density of the pure component i (i =1, 2)
010 Density of the binary mixture
02 Temporal variance (2nd central moment) of the eluted
032 The spatial variance
o2 ., o2 Ideal and experimental ¢2
id® “expt
c%T Variance at the end of a transient period
02, (02) Variances of the elliptical and variable cross-section tubes
respectively

o, oi Variances of the straight and coiled tubes respectively
2

6oi, Gn(cz) The nth small corrections to o

Osy9 O Molecular diameters for the hard spheres and the effective
i* “pi %y
blna one (= ol+02/2) respectively .
U t
T Dimensionless time = 5 also time referring to'y_i
ds.
) The dissipation function (=T _Eﬁ‘l—)
3
¢ Packing fraction of hard spheres i = %-n n X, og
]
' . . . . _ Tn 3
¢12 The effective binary packing fraction = < (xlcl + x202)
o' Parameter defined by equation (2.136)
0 The probability integral
w P + = __1_3._
arameter = ”Vi
X Coefficient for the composition dependence of Dl2
Re
w The ratio e

o}



