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ABSTRACT

This study is an extension of a program exploiting
isotopic mass as a probe for liquid-state and solid-state
investigations to non-equilibrium phenomena of liquids.

The viscosity of molten lithium-6 and lithium-7 was
measured by observing the damping of a freely oscillating
sphere filled with molten lithium. The viscosity coeffi-
cient was found by treating the damping of a slowly oscil-
lating sphere containing a viscous fluid as a problem in
the laminar flow of incompressible fluid.

The temperature dependence of the viscosity of lithium-6
was found to be in general agreement with a law stating
that the viscosity varies exponentially in the reciprocal
of the absolute temperature. This law is also predicted by
some existing theories of viscosity. The extrapolated
value for the absolute viscosity of lithium-6 at the melting
point (180.4 ©C) was found to be 4,50 mp.

The effect of isotopic mass on viscosity was stvdied
by measuring the viscosity coefficient of lithium-7 at a
given temperature and compare it with that for lithium-6
at the same temperature. The ratio of the viscosity of
lithium-7 to that of lithium-6 at 236.8 °C was found to be
(4.18610,080/3,831+0,016) = 1,093£+0,025, in general agree-

ment with the theoretical prediction that it is equal to the
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square root ratio of the atomic mass of lithium-7 to that
of lithium-6, that is to (7.018/6.017)% = 1.080.

On the assumption that the viscosity coefficient for a
mixture of isotopes of an element, consisting predominantly
of one component, is a linear function of the mumber compo-
sition, the absolute viscosity of lithiumenatural (92,5%
lithiwm-7, 7.5% lithium-6) at 236.8 °C is estimated to be
4.16 mp, This value is 24% lower than the corresponding
value obtained by Andrade and Dobbs using lithium-natural.
A detailed examination of their paper led to the conclusion
that their values are significantly in error. This fact is

of technical interest.
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INTRODUCT ION

It was realized by the earliest investigators of isotopes
that isotopic mass is of potential value as a means for
investigating the behavior of matter in the aggregatea.

In studies of isotopes of the same element, the atomic mass
can be changed while the atomic force field is kept the

same, The dependence of physical properties on mass is
usually simnle, whereas the dependence on force field is

very complicated. In the early days, however, low enrichments
of isotopes obtainable precluded exovloitation of isotopic
mass in bulk studies. It was not until the establishment

of atomic energy projects that an array of elements became

available in substantial amountsls.

A, Choice ot Topic

This study grew out of a program, supported by the
Atomic Energy Commission, exploiting isotopic mass as a
probe for liquid-state and solid-state investigations.
Earlier studies in this program had shown that such studies
were feasible, but most of the topics investigated depended
only on higher order effects of isotopic mass>9, Moreover,
these topics had been for the most part deliberately chosen
in fields where the phenomena were relatively well under-

stood. It was decided to extend the exploitation of isotopic

mass in bulk studies to imperfectly understood properties,



particularly properties involving non-equilibrium phenomena
of liquids. Here viscosity suggests itself as a likely
candidate.

Technically, viscosity is important because most time
dependent processes in liquids - fluid flow, heat transfer,
mixing, etc... - depend on it; scientifically, because its
study may point the way to a better understanding of the
structure and behavior of liquids, Moreover, the existing
theories predict that viscosity depends on mass in the first

order,

B. Choice of Material

For greatest clarity in interpreting the results, a
monatomic substance, that is an element, should be studied
first, It is true that the liquids for which the theory
is simplest are those for which the alterations in electronic
distribution are least when the isolated molecules condense
to form a liquid, i.e., the inert gases. Indeed, the pro-
perties of helium-3 and helium-4 have been studied extensively.,
Little attention has been given to neon-20 and neon-22,
argon-36 and argon-40, and the others, because of their
unavailability in bulk, let alone their small relative mass
difference, But there are other reasons for extending the
study bevond this type of substance. The experimental
difficulties at the low temperatures required for liquefaction,
and the narrow temperature range in which the liquid is

stable at ordinary pressures, are two shortcomings of the



inert gases. More telling perhaps, is the restricted
nature of the interactions in these materials. With metals,
one can attain interactions of more general interest, and
at the samec time retain simplicity, particularly if a simble
metal is chosen. Atomically speaking, the simplest metal,
at least at ordinary pressures, is lithium, with its low
atomic number (2=3), and its simple structure (bcc) in the
solid state. Fortunately, there are two stable isotopes,
lithium-6 (7.5% abundance ratio) and lithium-7 (92.5%),
occurring in nature with a large relative mass difference
(14%). Finally, both isotopes are available in quantity

at high enrichment (up to 99.9%) at moderate cost14.

C. Choice of Method of Measurement

In the theory of hydrodynamics when one goes from ideal
fluids to real fluids, it is necessary to introduce a
dependence of stresses on relative motion of portions of the
fluid. The simplest useful assumption is that the 'drag"
between adjacent portions of the fluid is proportional to
the velocity gradient at the region of interest, that is,
for a specific component

Lim.-ﬁ—g- = Ty =V\%%
where the viscosity Y\ is taken to be independent of the
gradient., Although in principle one needs only to produce
and measure a velocity gradient and a viscous stress (that
is, a force and an area), and thereby use the defining

equation directly, in practice it is almost always necessary



to use an integrated form of the equation resulting from the
application of the principles of hydrodynamics.

In choosing a method of measurement, it is important to
find an experimental system which can be representcd
adequately by a theoretical model simple enough to be analyzed
mathematically, Beyond this, the method must be adapted to
the magnitude of the viscosity, the chemical reactivity of
the substance, the amount available, the temperature range
contemplated, and the precision desired. This last depends
on the precision possible in the measurements of dimensions
and time, and if it is to be an absolute measurement, on the
adequacy of the theoretical representation and solution.

The well-known methods which are susceptible to mathematical
treatment so that absolute viscosity may be ottained, may
be grouped as follows:

1. The measurement of the resistance offered to a
moving body in contact with the viscous fluid. Popular
methods are the falling spherc method (Stokes*, 1845), the
rising bubble of gas method (Marshall, 1917).

2. The measurement of the rate of flow of a viscous
fluid. The single most important representative is the
transpiration or Poiseuille method (1842).

3. Methods in which neither the flow nor the resistance

* Only the name of the investigator who first used the mgthod
experimgntally is citeg The reader is referred to Barr-,
Bingham®, and Hatschek 5 for detailed development of these
methods and of others not mentioned, and for references to
the original papers.



to flow are measured. To cite a few:

a. Concentric cylinders; the outside cylinder is
rotated at constant angular velocity, and the torque exerted
upon the inner coaxial cylinder which is immersed in the
viscous fluid is measured (Stokes, 1845),

b. A horizontal disk supported at its center by a
wire and oscillating around the wire as an axis (Coulomb,
1801).

c. An oscillating solid sphere immersed in the
viscous fluid and supported by a bifilar suspension (Kdnig,
1885),

d. A hollow sphere filled with liquid and oscillating
around its vertical axis (Helmholtz and Piotrowski, 1860).

Due to the extreme corrosion of lithium in its molten
state on most materialsza'ss, its readiness to react with
non-inert atmospheres, and the small amounts of the isotopes
available, it is necessary to confine a small volume of the
sample in contact with non-reacting materials. These
requirements eliminate practically all the methods mentioned
except those involving observation of the damping forces of
a confined liquid. Furthermore, the experimental system
must be of a design such that the confined liquid can be
maintained at constant temperature with relative ease over
the temperature range contemplated.

The method which seems to fulfill all the requirements
is that of Helmholtz and Piotrowskizs, to which Barr” refers
as being "at least of higstorical interest''. The original



paper is certainly not such as to encourage others to use
the method*. The calculations given there are very compli-
cated and troublesome, the results obtained, very unsatis-
factory., However, subsequent investigators (for example,
Ladenburg-2, 1908, Verschaffelt?l, 1915) have modified and
refined this method, and shown that it can be a satisfac-
tory one. More recently, Andrade and his group adapted the
method to measure successfully the viscosities of liquid
sodium and potassiuml, liquid natural lithium, rubidium and

caealum2 liquid indium and tinl®
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, and liquid magnesium and
calcium Andrade and Chiong1 also presented a method of
calculation, adapted from that used by Verschaffelt:"1 for
calculating the viscosity of liquefied gases from the damping
of the oscillation of a sphere immersed in the liquid, which
simplified the calculation greatly. In view of all these
considerations, it was decided to adapt the method of
observing the damping of free oscillation of a hollow sphere

filled with lithium,

D. Statement of Problem

It is proposed to measure the absolute viscosity of
molten lithium-6 and lithium-7 as a function of temperature,

using a freely oscillating sphere filled with molten lithium,

* "on voit combien ces relations sont compliquees et quelle
incertitude le calcul des expériences laissera planner sur
la valeur de M/§ , qu'elles sont destinees a donner."
Brillouin. Viscosite des liquides, part 1, p. 102, 1907.




and to compare the experimental results with the prediction

of current theories.



THEORET ICAL CONSIDERATIONS ON THE VISCOSITY OF LIQUIDS

Although the theory of the viscosity of dilute gases is
highly satisfactory, that of liquids remains confused. This
state of affairs is understandable in view of the continuous
interactions between the molecules of liquids, as contrasted
with the momentary interactions between the molecules of
gases. A critical survey of existing theories of liquid
viscosity has just been given by Bondi®, Other recent papers
which include a treatment of viscosity as one of the impor-
tant transport processes in liquids have been written by

33, and by Colel®, Much

Eisenschitzla, by Longuet-Higgins
of the following discussion is based on these papers.

From dimensional analysis alone, it is possible to draw
useful conclusions about the dependence of the viscosity
coefficient 1 of a hard-sphere fluid on temperature T and
molecular mass m, the variables of primary interest in the
present study. If [m], [{), [t], and [T), represent the
dimensions of mass, length, time and temperature respec-
tively, then the viscosity coefficient has the dimensions

M = [ W)t [g-? (1)
Since the temperature may be taken to have the dimensions
(k)=! [m] [L)? [t]~2, where k is Boltzmann's constant, it
is possible to eliminate [t] and thereby to obtain

W = W2 (Wt (-

It follows then that



V\ = constant . (ka)'}/,C2 (2)
and that if £ does not depend strongly on m or T, the
viscosity coefficient increases as the square root of m
and T.

This prediction is indeed verified very well experimen-
tally, and moreover appears in the first approximation as
a result of the molecular theory of transport properties of
dilute gases.

For liquids, in contrast, this happy state does not
obtain. Let us consider first the effect of temperature.
It is found experimentally that almost always the viscosity
coefficient decreases and moreover decreases very rapidly
with increasing temperature., It is apparent then that the
characteristic length l, must be changing with temperature.
Now measurements of liquid viscosity are normally made at
constant pressure, and hence the mean intermolecular sepa-
ration is indeed changing. It might be thought then that
measurements at constant volume would give agreement for the
so-predicted dependence of VK on T, with »C considered as
constant. Indeed, as has been demonstrated by Bridgman12
with non-polar liquids, the dependence of viscosity on
temperature is much less at constant volume than at constant
pressure, Nevertheless, the simple law for dilute gases
is still far from being fulfilled. In the theories as well
as the experiments, no simple and satisfactory relation has
been derived for the temperature dependence., Some of the

expressions that have been proposed will be shown later in
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this section.

We will now turn to the effect of isotopic mass. When
substances that differ in chemical composition as well as
in molecular mass are studied, the difference in molecular
force fields precludes a study of the effect of mass inde-
pendent of simultaneous effects of changes in molecular
diameter and intermolecular spacing. However, substances
that differ only in isotopic mass usually have only very
slight differences in their atomic geometry, and with these
substances it would be possible to study the effect of mass
in isolation from the effect of length. The experimental
data are scanty - in the literatvre there seem to be reported38

measurements on only the pairs H20-D -CD

4

0, H,-D,, CH

2 27 4 7747

(apart from He’-He , where completely new phenomena come

into nlay). Only for light and heavy methane does the ratio
of viscosities follow the square root of the mass dependence37.
Since the shape of the molecules studied is not simple, it

is perhaps not surprising that the simple law is not followed.
Accordingly, to minimize the comnlications arising from
shape, spherical molecules are desirable, and the present
study was undertaken with the isotopes of lithium, lithium-6
and lithium-7, The experimental results will be given in

a later section of the thesis. So far as the predictions

of molecular theory are concerned, there is insufficient
agreement among the different workers to allow a brief
statement to be made.

We shall now surmarize the various apnroaches to the
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theory of viscosity of liquids:

1. The modern point of view anchors the theory of
viscosity of liquids solidly in the statistical theory of
transport processes in liquids. The central problem here
is the calcul~tion of the molecular distribution functions,
and particularly the pair distribution function. When a
pair distribution function, appropriate to a steady non-
uniform state has been found, the flow of momentum or
energy necessary to establish uniform conditions in a liquid
can be calculated, and the transport coefficients are derived
by averaging the contributions made by a representative pair
to these fluxes,

10’ and independently Kirkwood>? have given

Born and Green
methods for doing this. Their theories are very much similar
in spirit, but differ in the approximations used to reduce
distribution functions of higher order to those of lower
order, thus enabling the circumvention of tlic ncarly impos-
sible task of evaluating the complete partition function.

Owing to the proximity of the molecules to each other
ir a liquid, the distribution function is primarily deter-
mined by the magnitude of the intermolecular forces. Born
and Green's theory relates viscosity to the intermolecular
potential P by considering tie following physical pictures?’:

The exchange of momentum in liquids depends on the
continuous acticn of the intermolecular forces, in contrast

with the transport of momentum in gases which depends largely

on the motion of the molecules themselves, WHence, if two
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adjacent layers in the liquid move with different velocities,
each will tend to drag the other in such a manner as to
dissipate the state of relative motion, in the absence of
sustaining external stresses. As a result of this drag, the
molecular structure of the fluid is deformed. A study of
the deformation of the molecular structure will enable one
to establish the quantitative relations which determine the
coefficient of viscosity.

11

Born and Green obtained for the viscosity coefficient

the expression

n SLO 'y’cf'(r) r3dv -]%mjwv*d;/’ (3)

where & is a measure of the deformation of the molecular

distribution from its equilibrium configuration, and W a
function of the magnitude of the velocity v, n, and T. By
assuming that the second term in equation (3), due to thermal
motion, can be neglected for the liquid state, and using for
qboo the Lennard-Jones 6-12 potential, they derived as a
"preliminary' formula for viscosity:
1\~ @) ) (2 2 SR

where r, is the equilibrium distance in the molecular field,
r,, distance of nearest neighbors, and %, , the frequency
of vibration of the molecules about the equilibrium point T .

Kirkwood, Buff and Greensl, by introducing a principle
of irreversibility which plays for liquids a role equivalent

to the hypothesis of molecular chaos in the theory of dilute
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gases, obtained for the coefficient of viscosity an exceed-
ingly complex relation which lends itself well to numerical
calculation. It would serve little purpose to present it
here, since the mass and temperature dependence of this coef-
ficient is not at all apparent. On the other hand, Kirkwood
obtained for the first time an expression for the volﬁme
viscosity* of liquids, a result hardly accessible to elemen-
tary theories.

2, The liquid is considered to behave like a dense gas.
The elementary kinetic theory is accordingly adapted without
any appreciable change in the fundamental concepts or com-
bined with the elementary notions concerning the Brownian
movement. The physical fact here is that in a gas, energy
and momentum are transported by diffusion, that is, by
bodily movement of individual molecules through relatively
large distances, and that the exchange of energy and momentum
occurs almost entirely through bimolecular collisions, which
are relatively infrequent events for any given molecule,
In liquids, on the other hand, a given molecule spends the
greater part of the time interacting strongly with the other
molecules, and the very idea of a collision loses its signi-
ficance., A more serious criticism to this approach is per-

haps the fact that it is doomed to failure in explaining the

* The definition of volume viscosity in terms of hydrodynamics
is given in Lamb, Hydrodynamics, (Dover Publications, 1945),
Article 326,
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temperature effect on viscosity of liquids. It may be recalled
that it is empirically established that for all except the
superfluids, liquid viscosity decreases with increasing tem-
perature in contrast to the viscosity of gases which increases
as the temperature rises.,

3. The elementary kinetic theory is applied to the
interstices between the liquid molecules. This is the hole
theory of viscous flow of liquids, first proposed by Fiirth22,
He stated:

"The holes are considered as the ccunterparts of the

clusters in a dense gas or vapour. They are formed
by the action of the irregular thermal movement (or
by the statistical fluctuations), and they are
destroyed again by the same process; they interact
with each other, and they perform a kind of Brownian
motion.... Since in our theory the holes in a liquid
are the counterparts of the clusters in a gas, we may
expect that the phenomenon of viscous flow in a
liquid can be explained in a similar way, namely by
assuming that the irregular '"Brownian'' motion of the
holes produces a transfer of momentum between adjacent
layers in a moving liquid."
From this crude model*, Furth obtained for the viscosity
coefficient:
RT . g
N = 0.905— (m /o)2 A/RT (5)
v
where A is the so-called work function, & , the surface

tension of the liqwid, and R, the universal gas constant.

* . . . . .

"This inner inconsistency of the theory makes it clear
from the beginning that it can provide only a rough picture
of ths real behaviour of matter in the liquid state, ..."
Fiirth22,
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4, Self diffusion is considered to be a simple phenome
enon and accessible to an elementary treatment, from which
conclusions regarding viscous flow are drawn;

a. by using Einstein's formula for the diffusion
coefficient
D = kT/6May (6)

Frenkel?0 asgumes that the equilibrium position of the
atoms in a liquid is not absolutely permanent., After
performing a more or less large number of oscillations
about the.same equilibrium position during a certain time
T , each atom can jump into a new equilibrium position,
the jump & being of the same order of magnitude as the mean
distance between adjacent atoms, This step by step wandering
or self diffusion can be described as a sequence of two
processes: the '"evaporation'" of the atom from its initial
equilibrium position into an intermediate one, and the
"condensation'' from this intermediate position, into a new
equilibrium position., Frenkel gives for the diffusion

coefficient

'S o-W/KT

D =
6T,

(7)

but gives no theory from which to calculate T, or W.
'Following his earlier argumentzl, 5,/C;*would be the thermal
velocity (kT/27Tm)% giving for the viscosity
(2n M kT)%
mMa §

where a is the particle radius, and W, the activation energy.

W/KT

(8)
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b. by regarding the movement of a molecule in
viscous flow as a diffusion under external constraint.

Eyring19 pictured the process of diffusion as continu-

ally taking place in the liquid, with or withoﬁt an applied
force tending to cause viscous flow. The application of
such a force simply tends to make a preferred direction in
which the molecules move.

"Viscous flow is assumed to take place by the activated
Jjumping of an aggregate composed of one or more molecules
from an initial normal configuration to a second normal
configuration29,n

Eyring does not specify the mechanism of momentum

transfer, he simply assumes that the mechanism is such that
the theory of absolute reaction rates is applicable. Then

the coefficients of viscosity and diffusion are related by

the equation

- where a,, a,, and ay are lengths of molecular dimensions,
2

Kincaid, Eyring and Stearn J give for the viscosity coef-

ficient the expression

N

. Mz T
VL = 7.71 x 10'4~——q——— eEv/nRT e"Es/R (10)
A E,

where E,, measured in calories per mole, is the energy of
activation for viscous flow. The n appearing in the
exponential term was chosen to give the correct temperature
coefficient of viscosity by computing values for V\ neglecting
the entropy of activation Es which is small by comparison

with experiment,
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For this reason, Eyring's theory does not lend itself
to fully absolute calculations, and in Onsager's words, the
method ''lends itself to a facile interchange of ‘eduction
‘and induction."”

5. A mechanism of momentum transfer between contiguous
layers is postulated.

It is assumed that the arrangement of molecules in the
liquid state is very similar to that in the solid state, and
that consequently the average intermolecular force which acts
on a given molecule is, on the whole, very little different
from the average intermolecular force in the solid state.

The essential difference between the two states is not the
magnitude of the intermolecular force, under which the mol-
ecule vibrates, but the amplitude of motion.

To derive an expression for the coefficient of viscosity
of simple liquids in the neighborhood of the freezing point,
Andrade appealed to the following physical picturesz

a. There is for a liquid molecule, a vibration about
a slowly displaced equilibrium position, with a frequency
which is the same as that of the molecule in the solid state;

b, At every extreme libration, the molecules of one
layer come into contact with those of an adjacent layer,
At this contact they will, in general, enter into a tempo-
rary union, the duration of which does not exceed the very
brief time necessary for the molecules to acquire a common
velocity of translation. This sharing of velocities between

molecules in adjacent layers introduces viscous forces,



Andrade then postulated that the rate of transfer of
momentum between contiguous layers in laminar flow was pro=-

portional to the difference in velocity between them, hence

|
I
=
|
Q
"

v dv
3 o dz Y\ dz
or

4 Ym

=T+ (11)

3 O
where @ is the average distance between the centers of
molecules, and ¥, the frequency of vibration of the mole-

cules about their slowly diffusing equilibrium position,

Using Lindemann's theory of melting, 4 can be written as

Y = k1, / avh? (12)

where K is about 3.1 x 1012, which gives for the viscosity

coefficient the relation

1

where A is the atomic weight, V, the volume of a gram-atom

2
5.7 x 1074 (atp? v-3 (13)

at the melting point T, , and V = A(f .
By the assumptions made in its deduction, formula (13)
can only be expected to apply where
(1) the molecules are very simple and symmetrical
and do not themselves consist of a vibrating
system of atoms, that is, to monomolecular
liquids;

(2) the atomic arrangement is not much influenced

18
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by melting, that is, to substances that have
a simple cubic structure in the solid crystal
and which do not experience a large change of
volume on melting.
To account for the observed temperature behavior of
viscosity, Andrade took into account the effect of expansion
on the average atomic distances and the effcct on the poten-

tial energy, and derived
v\ v1/3 - g ec/vI (14)

where v is the specific volume, and B and ¢, two arbitrary

ccnstants.

In so far as the above account is a fair summary of the
status of the theory of liquid viscosity, one is led to the
conclusion that, at present, there is no statistical theory
of transport processes in liquids which is at the same time
absolute, practically usefvl, and free from mathematical
uncertainty. On the other hand, while the elementary theories
give the temperature effect as observed, thc various inter-
pretations given to this effect can hardly be reconciled,
and it is difficult to decide betwecen them., Ilowever, many
of these theories have also the feature that the viscosity
coefficient varies as the square root of the isotopic mass,
when the other factors are nearly constant as they certainly
must be for isotopes of the same element at higher temper-

atures. Hence measurement of the viscosity of separated



isotopes would further provide a critical check on their

adequacy.
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THEORY OF TIiE EXPERTMIMNT

The damping of a slowly oscillating sphere containing
a viscous fluid can be treated as a problem in the laminar
flow of incompressible fluids. A very brief summary of the
metaod, originally treated by HelmholtzzG, later modified
by Verschaffeltal, Andradel, and others, will be given.
The general equation of motion for a viscous fluid may
be written in vector notation as
dV
ot

vhere V is thie velocity, G the body forces (gravitational

1
+ -J.V-\-; = G -?Vp - 'YVXVX;/' (15)

force in the present case), <f the density, p the pressure,
and Y = Vl/e the kinematic viscosity, where 1 is the
viscosity coefficient.

We make the following assumptions:

1. the liquid moves in concentric spherical shells
about the axis of rotation 2Z, each infinitesimally-thick
shell behaving as if it were solid;

2. the components of velocity in the £-Y plane are

of the form:

Vy = =¥ Y(r,t) vy =X V’(r,t)
where r is the distance from the center of the sphere.
Furthermore assume

Y(r,t) = ¢(r) e ®t
where A 5 - /3 + 1Y

21
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with B = 8/t and ¥ =2/t
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