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INTRODUCTION -

To the layman, the nature of liquids is readily characterized by
whether a liquid is wetting or non-adhering, lighf,or heavy, '"'thick" or 'thin",
These are, of course, extremes of state where the obvious is apparent.
However, twofold variation in many liquid properties will often pass

unobserved,

In spite of many outstanding contributions, the theory of the liquid
state has, so far, defied advancement to the point where liquid properties
such as viscosity may be predicted from interactions at the atomic level, A
large amount of viscosity data exists for many of the common organic and
inorganic liquids, but these do not lend themselves to studies relating atomic
species and viscous flow. In this respect, the relatively simple structure

of liquid metals appears most suitable,

Established physico-chemical methods in the field of viscometry
are capable of yielding precision data for ordinary liquids. The extension
of these techniques to liquid metals at elevated temperatures introduces
special difficuities which, in general, have severely limited the accuracy of
the results obtained. Much of the present confusion and disagreement arising
in this field originates from the misapplication of theory and the use of

unsuitable procedures in experimental work,

Consequently, on the basis of several years of experimentation
at the Mines Branch, a critical appraisal of theory and method has been

attempted to place in a correct perspective the major problems associated

with accuracy and reproducibility of viscosity measurement,
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DEFINITION OF VISCOSITY

From the hydrodynamic standpoint, the motion of an ideal fluid
recognizes no internal constraint. In this sense, all fluids are imperfect --
it was postulated by Newton“) that resistance to flow within a fluid was pro-
portional to the velocity. Extension of this simple hypothesis to the laminar
nature of flow within liquids, where the sliding of one portion of a fluid over

another or over a solid interface is considered, leads to the well known pro-
position that:

'""the shearing force F exerted by the fluid per unit area
of a plane, parallel to the velocity v, is proportional

. . dv
to the velocity gradient ™ measured normal to the

plane."
In mathematical terms, this is:

dv
F-ndx.

The constant of proportionality, 5, is known as the viscosity coefficient.
Unit values of F' and -g-}-:— give the CGS unit of viscosity as g cm“1 sec-1
(known as the poise), This simple hypothesis is the basis of virtually all
viscometry; indeed, the numerous methods of experiment, some of which.
are to be considered here, rely on this definition, One reservation is per-
tinent to Newton's law: if the velocity gradients induced by motion are of
such magnitude that a critical point is reached, laminar flow gives way to
a turbulent state whereby the definition of viscosity is no longer true, This
aspect will not receive detailed consideration in this paper, but should be

borne in mind when reviewing the experimental methods behind some pub-

lished results.




GENERAL EXPERIMENTAL PROCEDURES

Many suspicions held by some early workers, regarding the
validity and reproducibility of liquid metal viscometry, were gradually dis-
pelled as the approach to experiment became more precise. For a large
number of liquids, where the viscosity is confined to the fractional poise
range, an exponential relat1onsh1p is found to exist between the viscosity
and the temperature of expenment Liquid metals might be expected to
behave in a similar manner, owing to their relatively simple atomic
structure. In general this is found to be true. However, a number of
irregularities have been observed which bear no general comparison with
other fluids, Subsequent interpretation of these observations has tended to
obscure, and indeed contradict, some established ideas of metallic liquids,
Before proceeding to discuss some aspects of viscosity, it is relevant that
these controversial observations be mentioned, especially as their origin

may well arise from unfavourable experimental procedures.

( 1 ’ )

A few investigators have obtained results which show a
marked rise in viscosity as the freezing point is approached. This trend is
claimed to be indicative of a structural re-arrangement of the liquid prior

to solidification. McLaughlin and Ubbelohde(s), in developing a cluster

theory to explain large pre-freezing deviations of viscosity for large complex
molecules such as the polyphenyls, indicated that the data of Yao and Kondic(z)
substantiated their theoretical'arguments. Again, Yao(4) has claimed to

have measured similar effects, shown in Figures 1 and 2, which are more
pronounced on the heating cycle than on the cooling cycle. From this obser-

vation, he suggests that reference viscosity data, usually implied at the

freezing point, should now be quoted at 50 centigrade degrees of superheat,

As will be explained in detail later, it is believed that many of
these conclusions are not justified, in that they arise from insufficiently
accurate techniques, misinterpretation of data, and an unsound theoretical

background. A common error has been the use of a calibrational method




taking as the viscosity standard a liquid metal whose viscosity is not
adequately known. Itis not surprising, under these circumstances, that

good agreement is reached between authors when both have used the same
data for standardization, but this does not confirm the validity of such results,
neither does it prevent incorrect conclusions, In view of thes;; irregularities,

the need for greater accuracy in experiments is very apparent,

Experimentally, the magnitude of viscous constraints within a
liquid can only be measured in a dynamic system, where a solid interface
is essential in creating a controlled velocity gradient. Of the many methods
available, the following cases are considered worthy of attention in the

liquid metal field:

1) Fixed interface, such as the bore of a narrow tube: capil-

lary method, where energy is supplied to the liquid through
an auxiliary medium, usually by gas pressure or its own

hydrostatic pressure.

.2) Moving interface of constant velocity: rotational method,

where energy is transferred to the interface throughout

the experimental cycle.

3) Moving interface of variable velocity: oscillational method,

where the momentum gained by the interface through an
initial transfer of energy is gradually dissipated by the
liquid damping.
Many of the experimental difficulties of viscometry are common
to the above-mentioned methods, and these will be reviewed before pro-

ceeding to more specialized details.

It is important to consider whether a given metallic liquid will be
inert, will undergo contamination by solution of a second element (either
from the sample container or from the gaseous media above the sample), or

will form a separate stable phase, which in general will float on the surface




of the liquid. Where the latter exists, the solubility of the foreign element

in the liquid is usually small. In practice, there should be no contaminants

present, However, even the best technique may only hold these effects to |
a minimum level,

A foreign layer floating on the surface assumes a varying degree
of importance, depending on the method. If the moving interface is immersed |
within the liquid, giving rise to an exterior connecting link emerging through
the free surface, as in some arrangements of the torsional and rotational

methods, interference with the suspended system does arise where such

(6)

contaminating layers are present On the other hand, the open crticible
used with the oscillating method is not subject to the same consideration, h
provided the film does not become coherent to the extent of behaving like

(7)

an additional surface. Hopkins and Toye claimed to have used a powdered

carbon layer upon molten zinc without increasing the liquid damping.

The influence of constitutional changes by direct solution is more
difficult to éstimate. In general,. small additions of a solute to the pure
liquid have been considered to influence the viscosity to a degree not
detectable within the accuracy of a good technique. The work of Toye and
Jones 8) would appear to modify this view to the extent that if smaller
additions of solute rapidly introduce an invariant point such as a eutectic,

the viscosity may change extensively.

All liquid metals demonstrate a high chemical affinity for many
of the electronegative elements, especially oxygen. Good vacuum techniques
should be employed in the design of liquid metal viscometers intended for
serious work. Simple gas purging methods are definitely not adequate in r
dealing with the problem of desorption during the melting cycle. Where
the oxide is thermodynamically very stable, the equilibrium partial pressure
of oxygen at which the oxide becomes unstable requires the use of extreme
vacuum techniques to reduce the residual oxygen pressure of the system

to a safe level. For liquid aluminum(é) it was never found possible to obtain

a completely oxide-free surface on a vacuum-melted ingot.




Liquid metals possessing appreciable vapour pressures necessitate

a gas atmosphere. Hydrogen or the inert gases are usually employed for
this purpose. Fractional contaminants such as oxygen and oxygen=-bearing
compound gases must be removed by the usual methods(g). Some measure
of the protection enjoyed in a given apparatus can be judged from the

appearance of the frozen sample,

As previously mentioned, viscosity is very temperature dependent.
The viscosity of liquid zinc is 0, 0377 poise at 432°C compared with 0, 0293
poise at 510°C. Thus, whatever design the hot zone takes, thermal gradient
verification will be necessary to determine the amount of control and length
of zone possible, The most accurate form of temperature control is obtained
by the thermostatically controlled liquid bath. The use of silicone fluids
and binary salt mixtures as heat transfer media Permiis a control of better
than 0.5 centigrade degree up to 500°C., However, the use of such baths

depends on the method selected and on other design features of the apparatus.

The convenience and flexibility of electric heating are not without
their difficulty. Toroidally-wound heaters require individual control of
the power applied to separate portions of the resistor, to manipulate the
thermal gradient over a range of temperature. A non-inductive winding
must be considered for the torsion method, to prevent magnetic effect
supplementing the liquid decrement, Low-resistance heaters employing
high current are always associated with magnetic damping problems. Up to
1000°C a careful technique should realize a relative control, during measurement,

of better than 0, 25 centigrade degree and the absolute temperature should

be known to within 2 centigrade degrees,

Finally, the questions of density and metal purity deserve attention,
Many viscosity formulae involve the liquid density. This means that in
measuring the viscosity to an accuracy of 1% by the oscillating cylinder
method, the liquid density should be known to better than 0, 2%, taking into

account the errors that arise in other variables. Accurate density values




are often not available for pure metals in the literature, and the uncritical

acceptance of inaccurate density values has been a source of error in vis-

cosity determinations in the past,

The problem of metal purity has virtually disappeared, in that
99.999% weight per cent material can now be obtained for a large number
of metals, Many measurements prior to the last war were carried out on
99. 5% material, and even in recent times supposedly pure metal data have

been reported without quoting the purity levels.

OSCILLATIONAL VISCOMETERS

In the high-temperature field of viscosity the oscillational
method is probably the most important, Its extensive use, compared with

other methods, arises from the simplicity of the general features of the

apparatus, facilitating the use of vacuum techniques for reducing contamination

problems to the lowest level. Depending on the variations of this method
selected, it is possible to operate experimentally with a bulk sample of the
order of 30 cc. Consequently, a thermal zone, which ideally should be free
from temperature gradients, may be restricted to a height of some 7.5 cm
and a diameter of 5 cm, which is an attractive design feature.

Historically, oscillational viscometers found their origins in

(10) and Maxwell( ! 1), and

the early work of such investigators as Meyer
accompanied the development of capillary viscometry of this era. However,
it was soon apparent that the theory of the torsional apparatus was complex,
severely curtailing its further development. Of the many early attempts

to analyze the theoretical considerations involved, that of Verschaffelt(lz)
represents a most significant contribution to advancing the theory. Founded
on Verschaffelt's work(lz), the careful and precise experiments of Andrade
and his co-workers(13' 14)

viscometer to realize results accurate to 1% for the case of a spherical

container,

clearly demonstrated the ability of the oscillational




To overcome the practical disadvantage of spherical vessels in

loading the solid samples, Hopkins and Toye”)

analyzed the case of a-
torsional cylindrical crucible possessing a free liquid surface. The loss of
one degree of symmetry, compared with a sphere, was found to increase the
complexity of the solution whereby the final working formulae became tedious |

(15)

and cumbersome. Recently, Roscoe has made significant improvements
in the theoretical analyses of the above authors, By employing the theory

of complex variables a more direct solution has been derived, free from
fractional errors originating from approximations made to produce a working

formula.

Theoretical Considerations

Irrespective of the type of pendulum employed, the approach to
the theory of the method remains identical. If a given symmetrical torsion
sjrstem of moment of inertia I is permitted to oscillate about the vertical
axis of suspension, the resultant motion will be simple harmonic, provided
the maximum value of the angular displacement a in time t is not excessive.
However, if a damping restraint is applied to this system in the form of
viscous forces developed within a moving liquid, the usual differential equation
governing harmonic motion will become:

2

Id o +Lda
dt

> + Ga =0, ... 1)
dt

where G is the restoring couple acting on the system, The damping influence
must be rational to the extent of modifying the motion so that it remains
harmonic. Inasmuch as the viscosity of liquid metals lies within a relatively
narrow range, namely 0, 005 poise to 0.1 poise, all liquid metals possess

a sufficiently restricted viséosity to fulfill this criterion. Experimentally,

this should receive attention and should be verified where a good technique

is required.




A solution gi_ven by the differential equation 1) for the case of
an oscillating body may be expressed as
gt

a = Ae T cosZw-,%-,

where T is the time of one complete oscillation and 6 is the logarithmic

decrement, expressing the decay of the motion,

At this point, the four measurable quantities I, G, § and T are
related to the density p and viscosity 7 , by a procedure which involves

the elimination of the variables @ and t. The damping factor in equation 1)

may be shown to be of the form L—g—:f- » by considering the couple exerted
on the suspended system due to the viscous forces in the liquid. Hence, the
value of the complex quantity L. depends on the geometfical shape of the
pendulum, which may either be immersed in or contain the liquid. A further
value of L can be extracted from the equation governing the restoring force
of the suspension system. Equating the real and complex parts of these two
values permits the viscosityn to be derived by a method of successive
approximations. In reviewing the experimental application of the torsional
method it is possible to consider the relevant material in two parts. First,
the above ideas related to practical viscometry give an absolute approach.

Secondly, the simpler approach of utilizing liquids of known fluid properties

to establish apparatus parameters permits a calibrational method.

Absolute Measurements by the Oscillational Method

(a) Spherical Boundary Conditions

A full treatment of this method applied to a sphere of radius R
oscillating in a fluid, which experimentally may be considered infinite, has
been given by Verschaffelt(lz). Viscous forces in the liquid were attributed

to hypothetical spherical shells of liquid moving with the same time period T

and decrement § as the rigid pendulum, However, the maximum angular




displacement and relative movement of each shell were not regarded as
constant, whereby the zone of influence due to the moving liquid terminates

at a practical distance from the surface of the sphere.

Placing the relevant quantities in Verschaffelt's final expression,

the following relation is obtained:

1 1
3.5 I T
4R T\T
where A= -Zi'ﬂ’-, pP= g%+ 12 2 ]
(gR+1) +h R
T .3 1 2 .
the quantityg=(-g,?)z(1-%A +8—A R cee..4)
and h=(@)Z1+1a +ia 2, ) 5)
nT 2 8 3 » . . . * s e 0

The time period, To, is usually defined as the period of oscil-
lation in the absence of liquid damping. However, To measured under these
conditions does not experience the buoyancy or load effects of the liquid
sample on the suspension system, which exist during the measurement of T.
Thus it is, in fact, the time period of the torsional system produced by a
hypothetical liquid of the same density as the liquid sample under experiment

but void of internal friction properties.

Because of the appreciable magnitude of the densities of liquid
metals, the use of the calculated To becomes increasingly important, as
indicated by Andrade and Dobbs(M). The solution of the above equation in

n% is not direct, due to the pseudo-quadratic form introduced by the
quantity p, which in fact contains 1 . However, as p is always of the order
of 1% of the term 2 + p for liquids, an approximate valuei of » may be used

to calculate p, permitting the equation to be solved for n°. This value is




used to recalculate p until the initial value of 1 agrees with the final value

_to the required accuracy,

Exper-imentally, the verification of Verschaffelt’s“z) analysis
was confined, except for one determination for water at room temperature,
to the viscosity of liquid gases. This was unfortunate in that the cryogenic
problems encountered gave rise to large temperature variations and

evaporation difficulties, which curtailed the accuracy of the final results.

The work of Verschaffelt attracted little interest in the liquid
metal field until the measurements on the viscosity of the alkali metals were
initiated by Andrade(13’ 14) and his co-workers., In his original analy}sis
Verschaffelt outlined the conjugate case of a spherical pendulum oscillating
in a fluid, i.e., a spherical vessel filled with liquid permitted to oscillate
in a damped harmonic form. By considering the Navier-Stokes(lé} hydro-
dynamic equations, Andrade and Chiong(l3) derive the same expression as
Verschaffelt(lz). ‘This solution takes the same form as 3), except for some

changes of sign, which leads to:

2.2 N2
S o
42 -q) T
3(2 16 T2
where M= -qu > t1}, ceel )
2ra Rp \T
o
1 2

and q=

where the solution of 7 is expressed in the solved quadratic form. The
ability of the formula to yield é.bsolute viscosity data was demonstrated by

the application of this method to a simple but unique spherical viscometer

employing spheres of several sizes for the test fluid, water.

|
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By measuring each of the parametersI, 6, R, T and To to-an
error of less than 0.1%, viscosity data over the range 2°C to 65°C gave
excellent agreement with figures from the International Critical Tables,
The degree of uncertainty was reported at less than 1%, It may- Be noted,
however, that To was found by direct observation of the empty oscill#tingl
sphere. A simple calculation shows that for a liquid such as water, the

error introduced is small,

Chiong(”), employing the same apparatus, extended this tech-
nique to the viscosity of sodium and potassium over the range 60°C to 360°C,

maintaining the same degree of care and precision.

Andrade and Dobbs(M) returned to this work on the alkali metals,
completing determinations on liquid rubidium, cesium and lithium, These
experiments realized a further improvement in accuracy where the To con~- -
dition was satisfied. The origin of equation 6) lies in equating the real parts
of two expressions for the damping factor L., If the imaginary parts of LL
are equated, an alternative expression is obtained from which #n may still be .
obtained. This is given in an approximate form as

. syr?oT %
% = 240 — ceees. 8)
4'ro R (r Tp)?

which is sufficiently accurate for the calculation of T(;.

The factor T - To for liquid metals is of the order of 0.1, being

the difference of two quantities which are measured to within 0,1%. The

resulting possible error of 10% does not permit the calculation of 7 to a

reasonable degree of accuracy. However, noting that T + To ~ 2T, to a

first approximation

T = T ceeeees 9)

W""»ﬁﬁ?’:i T




It is found, by calculation, that these approximations are justified,
as the errors mtroduced into T are lower than the exper1menta1 accuracy
of T, Values of 7 must be selected to within a few per cent, and, in practice,*

these may be estimated from the experimental 1ogar1thm1c decrements.

The significance of using the calculated T in preference to To

observed, can be adequately shown by figures taken from the work of

Thresh( ), usmg an osc111at1ng solid sphere surrounded by liquid, In Table 1,

the large difference between To observed and To ucalculated is very apparent,
Further, the magnitude of this difference increases when the buoyancy force
originates from liquids of higher densities, These remarks are particularly
pertinent where a bifilar suspension is used to support the pendulum, but
evidence does exist that this type of behaviour can occur to some degree for

the case of a single suspension wire,

TABLE 1

Comparison of Time Periods Obtained from

Oscillation Viscometer

i

T e

T To (calculated) To (observed)

Liquid tin 11,322 11, 248 9.556
Liquid cadmium 12,770 12,692 9.556
Liquid lead 13.755 13.657 10.835
Liquid bismuth 13,446 13,373 10.835

In this series of papers, the success of establishing the torsional
method has depended on giving the original analysis adequate experimental
treatments. Among these may be mentioned the operation of the viscometer
in high vacuum to remove frictional effects of a gas atmosphere; prevention
of contamination by enclosing the metal in a sealed container; verification
of the harmonic nature of the damped oscillations; and the removal of the

(tan 0) - 8 correction by employing a curved scale, in place of a flat scale,
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in measuring the liquid decrement. Recently, measurements have been

extended by Culpin(ls) to indium, ':tih. maghésium and calcium, ”us.ing the

same basic technique, Liquid bromine was selected to confirm the operation
of the apparatus; Excellent agreement may be observed with early work |

on bromine, using absolute capillary viscometers,

(15)

Due to the work of Roscoe , further unique improvements

have recently been realized in the wérking formula for the hollow sphere,

(13)

By re-arranging the final equations of Andrade and Chiong , the expression

for the damping L is retained in the compléx form and expressed as a con-
verging series, In extracting the real and imaginary parts of L in this form,
it is necessary to consider the fractional terms of the series. A solution

by successive approximations is still retained but appears to be of somewhat

‘simpler algebraic form, This is given as:

o A S L L R R s LR P LR R R G P R e A Tw e e F il PR A o e N

(3IA 2 |

4

7" = ZR Z » : « s o0 10)
mpT

: 2 2

where Z=a ____+___2_ ; p=(—lr-p-) R; 7 ve.. 11)

b (o) p 2 nT )

/ 2p

14

: ' 3.2 1,2

b4 =1 - 1A -=A; = 1A +—A .

; aO 2' a.z 1 +2 8

i

The important feature of this equation lies in the absence of To’ eliminating
the special methods required for its derivation during computation of n. As
before, an assumed value of ngives p, hence z, from which a corrected
value of nis derived. Itis found that only a few iterations for the loop

n—p— Z—nare required to give the final accuracy.

(19)

Roscoe and Bainbridge verified this formula by a precision

measurement on the viscosity of water at 20°C, The accuracy in the value

1. 0025 centipoises was estimated as better than 0. 1%, confirming the




figure 1. 0019 centipoises obtained by Swindells, Coe and Go'dfrey(zo),

employing a precision capillary viscometer,

Although this relatively new method offers many advantages to
liquid metals, probably the most important limitation with regard to the
h1gh temperature field has been in the fabrication of spherical vessels from

suitable refractory materials,

2
Returnmg to Yerschaffelt' ;(12) original approach this has found

little apphcatmn in the liquid metal f1e1d Polyak and Sergeev(u)

designed
an apparatus based on Verschaﬁ‘elt's formula Measurements were carried
out on aluminum and alummum alloys which appear to be very hxgh for metals
of low dens1ty Most of the inertia of the apparatus comprised that part of
the torsion system h_angmg in the furnace zone, creatmg a degree of tem-

perature dependence on the moment of inertia,

Serious ob_]ectmns may be put forward regarding madequate pro-
tection of the 1;qu1d from contamination, The use of fluxes to prevent or
dissolve surface filrhs on the melt cannot be considered a great improvement.
The uncertainties created by contammat1ng surface films, part1cular1y in
the case where the torsion pendulum passes through the liquid surface in
the form of a small connectmg shaft, have been realized from early experiments
in this field, - In this method, the main expenmental variable is always found
to be the decrement, 6. Errors introduced into & by surface films may be
reproducible or 1ncons1stent g1vmg large errors in the final value of 7,
which to a first approx1mat1on varies as & 2_ In re-examrnmg this problem,
Thresh(6) construeted a torsioual viseonieter employing a spherical solid
pendulum fabricated from standard ball bearings The essent1a1 parts were
totally enclosed to perm1t the operatxon of the viscometer under h1gh vacuum,
Thus, metals of low vapour pressure were melted in the absence of a reactive
gas atmosphere or accumulated gases a.r1smg from desorptmn at the con-
tainer walls durmg heating. The cr1ter1on estabhshed for the acceptab111ty

of the data obtained was that the 11qu1d sample should possess a clean surface,
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This fact was assessed from the solid sample removed from.the apparatus

at the end of the viscosity determinations.

Part of this work was devoted to relative measurements of the
o damping, 6, on liquids regarded as free of oxide contamination, followed
' * by experiments on liquids known to be contaminated. In the case of pure

tin, a stainless steel bob protected by a thin coating of colloidal graphite was

used to determine the liquid damping.  Decrement recordings under high
vacuum were obtained from liquid tin retaining an appreciable 'layer of oxide

upon the surface by melting under an argon atmosphere of 99. 9% purity. A

second determination on metal liquified under high vacuum revealed only a
small trace of oxide to be present, Figu;e 3 clearly illustrates that, in the
case of liquid tin, the contaminating layer induces an appreciable de gree of

scatter about the smooth decrement curve of the liquid with a clean surface.

_ Similar experiments with aluminum were made, using a graphite
sphere. ;I'he results shown in Figure 4 were, in fact, the difference between
melting high'-purity aluminum from stock material for the first trial in the
viéc'otheter and reprocessing the same ingot after a surface cleaning by
scratch brushing. The stock ingot indicated the presence of athir’x filna of
eurface oxide, which appeared complete except for the collapsed area of

-'the piped region down the centre. This oxide film was just sufficiently thick
to suppress the high reflectivity of the clean metal surface observed in the
ingot pipe. The subsequently remelted aluminum indicated the presence of
a cleaner surface condition, While not perfect, only 1solated areas of oxide’
could then be observed. At this stage, attempts to 1mprove upon this sltuatmn
by further remelting proved futile. The values of the decrement obtained

- demonstrate, again; how the presence of an oxide film can introduce scatter
into the final data. An additional feature may be observed, presumably due
to the tenacious. character of the aluminum oxide film, in that the viscosity
of the contaminated liquid is apprec1ab1y h1gher than that given by the cleaner

melt, This difference is approxn'nately 8%, signifying how a much thicker

film could give rise to completely false data.




(b) Cylindrical Boundary Conditions

The outstanding advantage of the cylinder over the sphere from
the practical standpoint has long been recognized. Exploifation of this feature
has always been séverely curta.iled by the complexity of the mathematical
aspects of the problem,

One of the first attempts to analyze the case of a hollow cylinder
filled with liquid oscillating on a torsion wire was made by Meyer(w).
Although a solution was obtained for the condition where the height of the
liquid was small compared with the diameter, it is apparent that the final
calculations involve a large degree of computation, In a simplified form,

the relation can be expressed as:

215
r* Hxr - 5) + KHR>

where K = =f(n,», H, T).

Mutzel(zz)

utilized the analysis to measure the viscosity of some aqueous
-solutions, ‘From his final results, complete verification of this method could

not be claimed.

Further theoretical considerations were given to this problem

(23) (24)

many years later by Okaya and Hasega'wa , and Okaya . In considering
the oscillations of a closed cylindrical vessel containihg a liquid, a concise
working formula was not fbund possible, A somewhat indirect method of |
checking was employed, in that the measured decrement was compared with
that derived from the analysis, using a viscosity value obtained from thev
literature. Marginal agreement was found, this being of the order of a few

per cent,

A further treatment of this problem was attempted by Shvidkovski
and others(zs), seeking the means to determine the viscosity of liquid steels.

The basic hydrodynamic equations were considered in conjunction with the

%




Newtonian viscosity influencing the damping. on the walls of the container.
These were compared with the relation governing the action of a damped
harmonic system. However, the cr1ter1on of brmgmg the workmg solunon

into a manageable form cornpelled the use of approx:.matmns. where

=n6T3A(—]—3—2-). Ceene. 13)
a¢ v .
such that A= . L _l_-l
2MRT (w)zJ
_ 2
Toz 256'1‘0 '
and B= |1+ ;
, 2 ;
] T 6T
_ _ & Tn) 1 2 1 |
where d-l-——47r +(‘7W)2R+—HRZJ2 , and
' n

Jll JZ
vessel

are the positive roots of J (Z) = 0; M the mass Of 11qu1d within the

The mathematical assumptions employed sfipulate that the ;/.alue
of T must be small, i,e., experimentally not greater than four secondé’. |
This, in turn, brings about greater maximum velocities within the shearing
liquid, leaving sofne doubt as to whether a damped harmonic system is
maint;iined. Further, their final working e'qu'étior’x is subject to the To
requirement and no alternative procedure is available for the calculation
of this figure, The calibre of the" experimenta.l work utilizing this equation
is such that this method cannot be verified as being absolute.

A most significant confribution to the evaluation of absolute
viscometry by this method was put forward by Hopkins and Toye(7). Pro-
céeding in # manner similar to that of Andrade and Chiong(13), ‘the Navier-

Stokes(16) equahons are considered again to establish the equat1on of

motion of a particle of l1qu1d in the movmg fhud layer. The dampmg
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factor L experienced by the crucible, as derived by the above authors, is

more conveniently expressed as that given recently by Roscoe(ls),

3 J_(ibR) s tanh[ + bR %—
where L =.27(bR H—-—-— + 2b R e .o 14)
(bR) 2 2 3 -

n=1 J (Jn+b RZ)_Z-

Hence, R is the radius of the crucible, H is the height of fluid contained in
the vessel, Jl(ibR) and Jz(ibR) defin.e‘ Bessel functions, of the first type
of orders one and two, and j1 ------ J ‘are given by the positive roots of

Jl(ibR) = 0. The notation used by Hopkms and Toye denotes

m =ib; a =R and c = H,

where b is still given by equations 4) and 5).

" The two factors comprising the quantity L arise from the damping
on the crucible wall-and bottom 'surfacé. '_I‘he greater the ratio -g—, the

larger is the contribution of the first factor to L.,

From the above form, Hopkins and Toye(7) proceed to extract
the real parts of both factors by adopfing'a series of approximations; the
most serious difficulty arises in defihing the quantity # from the complex
number m, where the real and imaginary-parts of m are considered to be
of equal value. This is identical to neglecting the series term in equations

4) and 5), whereby equations 4) and 5) assume the same value,

The final working solution is given as

16 T2

2T\ 2
o

1
[chaz - K(M)]n-ﬂ’caz\/’?.#.'#(“)ﬂz+ + 1} = 0. ceee. 15)

T




The last term has been reduced by a factor of two to keep the usual definition
of 6 cansistent with the time period of one oscillation T, where g = —% In
equation 15), the quantity K(u) arises from the term governing the liquid
damping on the bottom surface. Here, the hyperbolic function can be taken

as unity without introducing significant error, and the real I;art of the denomi-
nator cé.n be extracfed independenflj of the radius, a, permitting its tabulation
as a function of ¥, Similarly, the damping from the wall of the vessel can

be computed as ¢{u). These two fu.nctions, If-(—;‘) and ¢(u),are reported by
Thomas(s) in an appendix to a recent paper gy Toye and J ones(a). Again,

the form of equlation 15) is not completely quadratic in n%. because of the
extra term in 7° occurring in the middle factor. Hence, an assumed value

of n permits an initial v?.lue of # to be computed. K(j) and ¢(n) are now

observed, from which ."E may be found. This procedure is repeated until 7

is obtained to the required accuracy.

This analysis is readily extended to the case of a closed cylinder
full of a given liquid. Such a cylinder can be regarded as two open cylinders,
one inverted upoﬁ the other, where the height is now % This, in fact, |
requires the real part of L, to be multiplied by a factor of 2. Algebraically,

the term K(p ) is increased twofold in equation 15).
| ' (15)

, The unique ifnprovements realizeg-i_ By_ Roscoe for the case
of the oxcillating sphericgl veésel were 'extendéd, in the same paper, to the
hollow cylindrical vessei.r By considering equation 14), it was still found
possible to express both factors comprising L in the form of a converging *

power series of bR. Two equations result from this approach, the most

important being
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and p, a_ and a, take the same values given for the sphere, For a given

crucible, the ratio g can be regarded as constant, simplifying the form of

Z, This equation, though solved by successive approximations, may be

observed not to contain To' This feature alone can be considered a major

improvement from the experimental standpoint The T condition, outlined

in the case of the sphere, is still applicable to the cylmdncal vessel. Ideally,

the restoring force of a single torsion wire is dependent only on its length,

diameter, inertia and rigidity, and not on the suspended mass. Though the

rigidity is known to be temperature’ sensitive, the results of Hopkins and

(7).

indicate that the suspended mass of liquid influences the time period,

Toye

For example, the following table lists their variation of time permd with

liquids of varying density:

TABLE 2
Variation of Time Period with Liquids of Varying Density

(Hopkins and Toye)

Crucible Content Density'(g/cm3) Time Period (sec)

Empty - 19,81
Water 0.997 19.86
Zinc 6.494 - 20.26




By calculation, the ratio —% is found to be of the order of 1. 005,
T .
o

'I‘o observed and To calculated being denoted by T:- and Tz. This figure is

based on determinations recently made at the Mines Branch(26), employing

a closed cylindrical crucible as the oscillating vessel, Data obtained on pure
. 15) :

zinc, using Roscoe's(,= 3) analysis, permit the. measured value of T to be com-

pared with a calculated value of T0 using Roscoe's equation 20, In the case

of zinc, from Table 2, --'I;— = 1,023, which is some 1.8% above the calculated

T
o

value (1.005), Calculation shows that by increasing the quantity —,I-.'I;-.from |
_ o o

1.005 to 1.023 in the formula presented by Hopkins and 'I‘oye(7), the viscosity

is increased by some 3.5%. In fact, these 'ol'aservationAs suggest that adopting

T . o o S
~F_2e unity would introduce less error than employing 'I‘o. Roscoe's new

apgro'ach provides the means for overcomin‘g this type of appreciable error,

though‘in theory an expression to derive T(c) is possible by equating the
imaginary parts of L in Hopkins and Toye's original paper. At this point,

it is relevant to briefly mention these affects related to the bifilar suspensioﬁ
wire. As in the case of a solid sphere, the presence of liquid mezals intro- -
duces large and unrealistic diﬁ'efences between Tz and T<C>' Quoting from

2
recent work by Thresh( 6) on zinc, these quantities are found to be

15,164 seconds and 12,946 seconds, respectively.

Before leaving these various procedures for computing viscosity
data for the Cyiindrical crucible, some mention of the ability of one method:
to yield comparative data with another is»very relevant, For example, is it
possible to compé.re‘the results yielded by the Andrade and Chiong(13) approach
with those of Roscoe(ls),- for the spherical vessel for a given set of data?
Fortunately, Andrade and Chiong have quoted a full set of data, which is
more than adequate for verification purposes, On recalculating the viscosity

c o .
of water, where To has been found and utilized instead of To , and removing

a small fractional error in 7 , agreement to better than 1 part in 1000 is
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obtained between the respective methods, Similarly, data on zinc have been
employed to compare the formula of Hopkins and Toye(” to the working
solution of Roscoe., with the proviso that Tz can be computed from Roscoe's
equation 20. The degree of concordance is still observed to be commendable
at 1 partin 200, Itis iﬁteresﬁng to observe this agreement, as Hopkins

and Toye's formula was never verified against a reliable liquid standard.

Where experimental techniques involve a free liquid surface,
further uncertainties are introduced in the derivation of the viscosity. Theory
demands that the surface be and remain horizontally planar during the fluid
motion. In practice, several possibﬂities may exist, If one considers the
relatively large free surface area associated with a liquid in the open crucible,
some form of meniscus effect may be expected to prevail where the liquid
touches the crucible wall, Depending on the degree of 'contamination present
on the liquid surface, a non-wetting behaviour will tend to persist, In crucibles
of appreciable size (R~ 2.5 crﬁ), this effect will still extend to the centre
of the vessel, giving a convex surface. This creates a measure of uncertzinty
in the value of H, which is usually computed from the mass of the initial
charge and the density at the experimental temperature., Consequently, where
the value of the contact angle between the liquia metal and the vessel, measured
within the liquid, is greater than 90°, the computed height of liquid, Hc’ will
always be greater than the height of liquid, Hm’ in contact with the wall of
the crucible, Subsequent viscosity values based on Hc will be somewhat
lower tl(lg;x)values derived from Hm' Recently, Armbruster, Azon and
Bastien have examined some experimental aspects of’ this error by con-
ducting duplicate viscosity measurements with the open cylindrical vessel
at given experimental conditions for two values of H. This phenomenon was
expressed as a fractional quantity, h, by which Hc was modified in the final

calculation of 7, Figure 5 shows how the fallacious shift in the viscosity

varies as the ratio HC/R of the liquid is increased.
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From this graph, the correction factor h may be derived, modi-

. ., (25
fying SCthdkOVSkl'S( ) original expression as follows:

_ . 38 1 (s)\|.2R 5 3 (s
where ”‘A'4w[ 4(2#)]+H+h‘%3-'czr§l 64(2#)‘]’

such that A, B, and C are fractional coefficients and n the number of

horizontal surfaces undergoing viscous damping.

The extent of the meniscus correction would be expected to
follow, to a first approximation, the height to which the liquid rises
under the curved free surface. Some estimate of the meniscus height or
depression may be obtained from tables derived by Porter(zs) from the

0
(29) and Rayleigh(3 ).' In Table 3 some

work of Bashforth and Adams
approximate values are calculated showing the variation of the meniscus

height for various liquids with respect to the contact angle for a crucible

of radius 1.5 cm.
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TABLE 3

Variation of Meniscus Height in Various Liquids

'

with Variation in Contact Angle

Capillary JZ Carbon
Constant pg Benzene . . Tetrachloride ~Water Mercury |
6.72 343 | 1a.88]| 6.97
Contact Angle Value of h (mm)
0° 4.1 2.8 5.9 4.1
20° 3- 2 z. 2 4. 7 3- 2
40° 2,3 1.6 3.4 2.4

Thus, for a given contact angle and tube diameter, the height bf
the meniscus is essentially controlled by the capillary constant, which in
turn depends on the ratio of tﬁe surface tension, 7y, to the density, p, of the
fluid,
X

e 217, the meniscus rise under certain conditions could be appreciable,

This indicates that, for certain metals such as aluminum where

Some correlation between Table 3 and Figure 5 may be observed,
in that water gives the highest meniscus rise and the largest positive deviation
in the viscosity of the four liquids. However, the experimental observations
on benzene and carbon tetrachloride appear to be much smaller than anti-
cipated. Practically, the contact angle remains the elusive variable, Par-
ticularly for liquid metals, the contact angle varies for different container
materials, and depends on the surrounding chemical conditions and the
Presence of foreign material on the liquid surface, Itis highly probable,
however, that in most liquid metal viscosity work, where this correction
should have been applied, a sufficient degree of contamination has been

present to suppress the meniscus to the point where the correction is insig-

nificant,
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Associated with the above considerations, the possibility of
capillary rise effects exists, at least in theory., The computations of Richards
and Carver(31) clearlj show that for érﬁcible diameters of the order of 3 cm
for water, the capillary rise is about 0. 01 cm, For the ratio H/R = 3, this

increase would introduce an error of greater than one part in a hundred in7.

Probably the simplest procedure to define the value‘ovaH ina
more précise manner lies in the use of a closed cylindricai vessel. Previous
objections from the theoretical aspect now appear to have been removed,
leaving only the problem of the precision engineering of ceramic vessels

where materials such as graphite cannot be used.

Calibration Mé.thods |

A large part of the viscosity data assembled in the liquid metal
field has been measured by calibrational procedures applied to the torsion
method, This trend has arisen from the fact that the relatively simple
experimentél approach is counterbalanced by severe theoretical complexities.

The concept of calibration appears to have been applied in three ways:

1. Calibration of arbitrary shaped pendulums with organic
liquids to derive a completely empirical relationship.

2, Calibration of approximate or simplified formulae
originating from some form of theoretical first

principles.

3. Calibration of a working equation, which is exact in its
first principles and subsequent derivation,

These three ways are now considered in some detail, together with relevant

types and shapes of torsion pendulums:

1. This approach would appear rather unsatisfactory in that all
geometrical factors relating to the pendulum are disregarded and a measure

of postulation is employed to recognize the significant experimental

2 .
variables, Stott(3 ) attempted to find the viscosity of liquid tin by proceeding
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in this way, using a thin bevelled disc of alumina as the pendulum. He
assumed that the quantities §, , T, and I were relevant and appiied the
theory of dimensions to deddce possible relationships. Although his cali-
bration curve was regular ahd continﬁous. agreement with other published
data on tin was not found. On the other hend, recent experiments by

(33)

Cavalier have reahzed a measure of success by calxbratmg a small open
crucible with a series of selected orga.mc hquxds of known physical properties.
Although the properties of these liquids are known accurately, the density

and viscosity of liquid meta.ls are such that little or no overlap can be found

on the calibration curve, As is seen from Fxgure 6, Cavalier found that the

simple relationship

o

n= ceve.s. 18)

3
was possible, where only one calibration constant, a had to be derived.
Some degree of uncertainty is noted on the calibration curve to which meniscus
effects and changing contact angles due to slight evaporation must have con-
tributed. Perhaps the greatest difficulty in such simplified procedures lies
in detecting unforeseen variations, especially those due to temperature
(since most calibration is carried out at room temperature), and in pre-

dicting the effect of these on the accuracy of the results.

2. Alarge amount of experimental effort has centred around the

approach of calibration, using simple formulae. Particularly in Germany

(4) (34), Roeder

this technique has been favoured by Yao °, Koeniger and Sahm

35), and Gebhardt(36) and his co-workers Theilmann and

and Mo rawietz(

(37)

Wimmer

Whatever criticism is levelled at calibrational methods, especially
with regard to their approﬁmate nature, further injustice is often realized
by a relaxation in the approach to the experiment, it being widely assumed

that the calibration with a known liquid will compensate for all errors of

theory or technique. In the first place, the formula adopted for experiment

——
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should possess a hydrodynamic background. ' The more fundamental this
is, the greater is the complexity of the working solution, For example,

{10,37)

Meyer's solution for the hollow cylinder will involve finding three

(36)

calibration constants, whereas Gebhardt's formula, baséd on

38)

Knappwost's( considerations, requires only one. Several 11Quids should

be used to calibrate at room temperature, due regard being given to purity.

If three constants are involved, seven or eight measurements of § wi‘th

liquids of known » and p are not excessive. The method of least squafe's
should Be used to fit the experimental constants to the data relating the
physical properties of the liquids. Tiie question has been raised as to whether
it is hydrodynamically correct to calibrate a system for use with liquid metals
by employing liquids possessing appreciably different properties and structure.

Stott(3 2

came to the conclusion that this‘technique is nét valid. This issue
is further obscured by the lack of confidence in many of the accepted values
of 1 and p existihg for liquid metals today. Further, it is common practicé
to calibrate -using organic or inorganic fluids in combination with liquid metal
data. 'Unfortunately; one cannot place the accuracy of liquid metal data,
quoted in.the International Critical Tableg, on the same level as the data for
other fluids which have been subjected to very rigorous and extensive
experinientation and in fact have become well established, A numl:(>er of

39)

2 .
investigators, among them Yao and Kondic( ), Fisher and Phillips ’

(36), have calibrated with pure metals such as tin or zinc,

(40)

Gebhardt et al,
using Sa}uerwald's data; they have proceeded to measure the damping of
these liquids over a temperature range and they claim to have derived per-
tinent viscosity data for such metals." it is not surprising, therefore, that
many sets of data show agreement with the rather restricted values of

. Sauerwald. The most suitable approach éppears to lie in testing the cali-
bration with.a fluid at room temperature, followed by tests on mercury to
verify the application of the technique to other liquid metals. At the present

time, mercury can be regarded as the most reliable liquid metal standard.

where viscosity and density are concerned. .
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In conclusion, whatever formula is used and the acceptability of : Q'

its absolute error recognized, the experimental procedure should be adequate.

to the extent that the apparatus should yield reproducible results on a given '
liquid.

3. Though many of the comments related to the above section

are still pertinent, a fundamentally correct formula is eminently desirable

(7)

where calibration is anticipated. Hopkins and Toye' ’, in their absolute

measurements on pure zinc, demonstrated that agreement could be achieved

between the absolute results and the data derived from calibrating the same

crucible. For this purpose, their final equation becomes
1

2
3

2 1
+1)= AnT + B(pnT)® + C (—"pD , e 19)

o -——Tz
T
o

where A, B, and C are found by observing § and T on given liquids. Sub-

sequent data, when inserted in this equation, give rise to a cubic equation in
1
ne

Experimental Arrangements

Many liquid metal measurements have been reported using some

variation of the oscillational method. A recent review by Bockris, White

(56)

and MacKenzie has listed in detail the geometry of apparatus layout.

Consequently, the present discussion is limited to design and correction

factors.

The choice of the parameters I, T and f(R, H), where f(R, H)

denotes inner vessel dimensions, should result from consideration of the

Working viscosity formula together with the equation governing the time
inertia . .

period of the suspension system. If the “mass ratio of a torsion system

is held constant for a given crucible, the increase of I will suppress the

corresponding value of §. Thus a balance must be struck between the damping
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due to the fluid and the inertia of the suspension system. d must be large
enough to permit accurate measurement, but not so large as to suppress

the number of oscillations taking place during recording. The magnitude

of T can be adjusted by manipulating the dimensions of the torsion wire,
The final choice of wire diameter depends on the largest mass, including
sample, which the system will experience. This factor is important because
of the necessary correction for internal friction in the wire, which is found
to be dependent on the wire diameter. Hence, § should be of the order of
0.01 to 0.07, being measured over at least 50 oscillations with the motion
harmonically damped. With I about 2, 000 g/cmz, the total inertia will not
be subjected to excessive corrections arising from dimensional changes

in that portion of the system withih the thermal zone. To maintain
reasonable accuracy in-measurement,. the minimum valﬁe of T appears to

be about 8 seconds. Values of the order of 2 seconds have been used(4' 21, 25'),

but these appear questionable because of the maximum shear velocities in

the liquid approaching the onset of aperiodic motion.

Observations leading to the calculation of § involve obtaining
the extremities of a consecutive number of amplitudes of motion. The usual
lamp and scale technique gives considerable error during actual measurement,
where the position of an image momentarily at rest must be assessed by eye.
If the mirror-to~-scale distance is increased to improve the accuracy of visual
observation and reduce the (tan ¢) - ¢ correction for a flat scale, the number of
observations now possible is curtailed. Recording photographically, together
3)

with an engine-engraved curved scale , appears to be the most convenient

method. Telescopic techniques are comparable with regard to accuracy but
need longér time periods, i.e. T 2> 20 seconds, to reduce éxcessive eye
fatigue. The evaluation of I is usually carried out by designing the suspension
unit to include a known inertia, which in some arrangements can be varied.

Andrade and Chiong(13) successfully employed two identical cylindrical

inertial masses, which could be positioned alohg radial arms by the use

of special gauges. Inertia rings(lz’ 19, 26), though less flexible, do not
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(19)

call for delicate adjustment. Roscoe has demonstrated that only one
ring is necessary in place of the usual three. Here, two decrements are _
obtained on a given liquid at a fixed temperature, one with and one without H

the inertia ring. From the relevant viscosity equation, the value of the

unknown inertia is calculated.

Metal shot has been used by Hopkins and Toye(” where the
change of T with a known increase of I is related to the time period equation l
of the suspension, In bifilar torsion wires this method is not valid, as all |

changes in inertia must be made with the mass constant. !

The recorded logarithmic decrement arises from the total P
frictional effects exerted on the suspension system. From design aspects,

the primary damping due to the liquid should comprise the largest portion

of the total decrement. Extraneous frictional effects are found to arise from ‘

i the following causes:

1). internal friction in-the torsion wire,

?3 : 2) damping due to the gas surrounding the oscillating
] ‘system, and | |

3) damping caused by magnetic effects arising from
induction in the furnace windings,
Standardization of a given apparatus should always include a
| quantitative measure of auxiliary friction corrections. It is never possible
to eliminate these effects, even by superior design, and the exact value of

1) and 3) cannot be separated from that of the liquid damping. In the past

there has been a tendency to accept the wire decrement value, irrespective

of its magnitude, -rather than to suppress it to the smallest level possible.

(14)

Andrade and Dobbs lowered the residual decrement of 0, 004-in,

, -6
o diameter tungsten wire to the order of 600 x 10 ~ by heat treatment under
the protection of hydrogen. A value of 200 x 10 , amounting to correction

6)

of less than 2% in 7, was oBtained by Thresh( , using a filament which had

been vacuum heat treated under tension. At this order of magnitude the

dependence of the wire decrement on the time period cannot give rise to
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measurable uncertainty, inasmuch as this correction decrement is always
found whether the crucible is empty or is carrying a solid sample; thus,

there may be some further slight correction for the change of state.

In general, the frictional effects of gas are determined by oscil-
lating the empty crucible in the relevant gas atmosphere. Ideally, this
correction is required with.out a contribution from the inner walls of the
confainer, and this condition can be approached by using a crucible full of
solid charge,. Roscoe(ls) derived theoretically an expression which permits
the gas resistance over the outside of the crucible to be calculated. As this
is essentially a gas viscosity effect, the density of the protective gas is
important. Therefore, hydrogen and helium are to be preferred to nitrogen

or argon., In contrast to liquids, the viscosity of gases increases with

increasing temperature; thus, a survey is necessary to find the variation

of the gas resistance over the range of experimental temperatures,

The frictional effects of gas (Correction 2) can always be avoided

by the use of vacuum techniques. From experiment, it is found that a vacuum
-5
of the order 5 x 10 mm Hg must be attained before the residual decrement

can be regarded as free from the influence of the gas atrrosphere. Liguid

metals possessing an appreciable vapour pressure can be handled readily in
a sealed vessel(14) if practical conditions permit. Where refractory materials

are essential for the container, an enclosed crucibie can be used with advantage

to reduce the evaporation surface. By incorporating a small expansion
chamber for the liquid, which in turn is connected to the apparatus atmos-
phere by a small evacuation hole (0. 030 in. diameter), evaporation of the
metal is restricted to the level where damping measurements under short

periods of vacuum are “permislSible(lB. 26)

Residual damping due to furnace currents must be verified at
some temperature below the melting point for a given metal. Preliminary

tests with the crucible empty are useful to discover whether this correction

exists over the temperature range envisaged. By the use of a non-inductive




heater design, this correction can usually be avoided at temperatures up to
700°C. Carbon resistor furnaces for high-temperature work are pProne ‘to
this problem, due'to the use of high currents. The experiments of Culpin(la)&

outline the measurement of current damping in detail.

The basic design of torsional viscometersis simple. As an

example of present-day technique, the apparatus currently in use at the

Mines Branch is shown in’ Figure 8, The complete apparatus operates under

-6
a vacuum of 5 x 10 ~ mm Hg, serviced by pumps at the base of the unit. The
suspension system design is such that the top portion of the apparatus may
be elevated along the vertical axis of oscillation, permitting a sample to be

changed at the mouth of the furnace zone with the least amount of disturbance

to the suspension wires.

Some measure of the reproducibility of the apparatus is shown
in Figure 7. This logarithmic decrement-temperature plot was derived

from five zinc samples of different extraction with a purity of better than

99. 99%, i

Three silica-encapsuled iron-constantan thermocouples st;addle
the thermal zone where the maximum temperature variation is within
1 degree centigrade. Besides pre-calibration against liquid metal freezing
standards, a further check is provided by using an incremental stepwise
heating cycle through the melting point of a given pure metal. After an
equilibration period of four hours just below the melting point, the charge
is raised through an interval of one degree. The first sign of the molten
state is an immediate change of time period, and this is the most exact
means of detecting the change of inertia (due to liquation) in a dynamic
system. Hence, by raising the furnace temperature one degree every four
hours until the change of state is detected, the melting point of the liquid, °
as determined by the calibrated thermocouple, can be confirmed to within
one degree. In this connection, it is of interest to refer back to Figure 1,

Here, Yao(4 interprets the decrement values of the lower curve together with
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corresponding values of temperature from the top curve. Hence, all values
to the right of line a are associated with the liquid state. Examination of
the time period variation shows distinctly that the end of melting lies at
approximately 42 minutes, i.e., the intersection of line b. Thus, from

the decrement aspect, the melting point should also have been taken as the
point where line b intersects the decrement cusp and not where line a
intersects the apex., This would mean that the abnormal deviation bbserved

in this region is not a genuine liquid metal phenomenon,

This behaviour demonstrates that, where the system is under-
going heating, particularly if a change of state occurs, the thermocouple and
its environment can be expected to reveal hysteresis effects. In the ideal

case, with very slow heating, the lines a and b of Figure 1 should become

superimposed.

CAPILLARY VISCOMETERS

In strong contrast to the oscillational method, capillary vis-
cometry, originating from Poiseuille's law(41), has been well established
for at least a century. An extensive volume of experimental work exists on
numerous liquids at about room temperature. This background would have
appeared to favour the use of this technique for such metals as tin, lead,
and zinc. However, little interest has centred around this approach in the
liquid metal field and it has virtually fallen into disuse, This is somewhat
regrettable in that the technique has been developed to yield results of about
the same accuracy as with oscillational viscometry. Recent experiments

20)

on water( have yielded agreement within 0.1%. Thus, in theory, low-

temperature liquid metal viscometry is possible by two methods capable of

measuring data with agreement to 1 or 2%.
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Theoretical Considerations

When a given liquid is permitted to flow through a capillary .
tube of radius r and length 1 such that a known volume V passes in a time t
under a pressure difference P, the physical properties n and p are related
to the experimental parameters by | |
n=-g—:r-1£t-—-.' e, 20)
This relationship, due to Poiseuille(4l), is subject to one limitation, Flow

through the tube must be Newtonian, thus excluding extraneous phenomena -=-

e. g. turbulence, under which the postulated law of viscous flow is void.

Where the fundamental considerations are limited to a tube of

finite length, two major corrections arise modifying equation 20).

1) Kinetic Energy Correction

‘Equation 20) impli€s that energy applied by the pressure P is
corhpletely accounted for in overcoming the viscous forces arising from the
shearing layers of fluid., In practice, the liquid entering the éapillary' must
be accelerated to the velocity of the main flow stream at the expense of part

of the static pressure. This conversion to kinetic energy was expressed

42 43
mathematically by Hagenbach( ) and Couette( ), wizo modified equation 20)
to
4
e anit ' , e

where m is a constant, to which various workers have given the value 1.00
to 1.17. This correction is dependent on the density p. Thus, at increasing-
rates of flow, its influence will be more significant for liquid metals than
for, say, organic liquids, Though various theoretical values exist for m,
evidence exists to show that it varies for different tubes. By a graphical

method of Knibbs(44), it is possible to estimate whether m is constant for




NI B St T O

T S N b

P R I e S T e PSR TS S NE SENAEA R s

a given tube and to determine its value, Equation 21) may be manipulated

and written as

Pt:a"“—:}" ciee. 22)

where a and b are known constants. Thus, by measuring the corresponding
values of t which.arise when P is varied at a given temperature, Pt can be
related to 1/t for a specific tube, A straight line denotes the constancy of

m, whose-magnitude follows from the value of the gradient.

2) End Correction

This correction is not readily apparent from the theory and has
only been recognized in experiments. Its origin‘ is found in the extra work
required to bring about a re-arrangement of the velocity distribution at the
entry and exit points. This entails a converging of streamlines to flow
within the tube, followed by a divergence on emerging at the other end. In
magnitude it is found to be proportional to r and can be expressed as a hypo-

thetical increase in the length, 1 + nr,

The corrected expression for the viscosity now becomes

_ ,rr4Pt _ _mVp 23)
“8V(1 + nr) 8nrt{l+nr)- e

Again, the measure-ment of n has been the centre of much interest., Values,
quoted lie between zero and unity. One-of the most reliable figures appears
to be given by Bond(45) atn = 0.57. Experimentally, n may be determined
by using two tubes of different lengths, 11 and 12. where Ty =r, and m, and
m, have been measured on the same liquid. By considering a given flow
rate for both tubes, n ) - n,r, may be neglected, leaving an expression

involving only m, - m,. For a 10-cm-long tube of internal radius 0.025 cm

and n = 0.5, the error due to this cause can be limited to considerably less

than O, 5%.‘




Calibration Methods

The rfzcognition of the property of viscosity as an important
means of quality control within industria; fields has created a demand for
assessing the viscous behaviour of fluids in a simple relative manner, as
opposed to the more involved absolute approaéh. A large literature back-
ground exists on this topic, and calibrated capillary tubes are readily
available for ordinary liquids. With suchr»tubes, the values of V, r and 1,

are fixed, and equation 23) becomes:

ﬂ:APt-—?P. . ... 24)
Thus, the constants A and B are the object of calibration in the use of this
relationship. Although some procedures over narrow ‘ranges of viscosity
can neglect the kinetic energy corrections, this is not so for liquid metals.
To verify the constancy of m in equation 23), the variable pressure, P, in
the absolute method is attained-by the use of an external pressure head of a
suitable gas. In relative viscometers an alternative is permissible because
m is taken into the term B: the hydrostatic head can be relied upon solely to

. create flow in the tube. The former technique gives the advantage of greater
flexibility for one instrument, but the magnitude of the viscosity of liquid
metals lies in such a restricted range that the static head method will
suffice, If the static head is not measured by special means, its propor-

tionality is taken to depend on p and equation 24) becomes:

B
'I:p(At—T)-

Experimental Arrangements

Of the early investigators in this field, the classic work of

Sauerwald and his co-—workers(40" 46, 47) demonstrates a notable attempt

at correlating theory and measurement. The geaeral itayout of his vertical
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capillary is shown in Figure 9. Two contacts are used to define the volume
of liquid flowing in a measured time. One problem inherent in measuring this
volume depends on the design of the uppézj capillary. The usual method of
observing the passage of a meniscus past two fiducial marks requires the
measuring bulb to be tapered at the entry and exit portions of the capillary,
Although direct observation of the liquid is still possible for low-temperature
liquid metals as with ordinary liquids, the curved part of the volume bulbv
surface gives rise to a changing contact angle and to capillary effects as the
liquid traverses this region. Ewing, Grand and Miller(48) observed that
static head values for liquid sodium and potassium contained within a 3-cc bulb
could not be measured in such an apparatus, because of continued fluctuations
of the meniscus through surface tension. The use of contacts in a region
where this measuring bulb is of constant cross-section avoids this feature

at the expense of losing sensitivity in the determination of the time of flow,
Further, a clean liquid surface is essential if tailing of the liquid on the
contacts is to be avoided. Even in a well cleaned system, detailed con-

sideration must be given to contact geometry and vibration, in relation to

the rising convex liquid surface. _ _ _ .

Sauerwald(47) and Lewis(49) attempted to limit contamination by
employing hydrogen as a gas atmosphere. However, one difficulty of the
method arises from the fact that a purging stream of gas cannot be main-
tained over the liquid surfaces with ease. Also, the reduction of any reaction
products formed during melting demands appreciably higher temperatures,

and introduces the problem of sweeping away the water vapour formed.

In the ideal case a thoroughly outgassed vacuum system is

essential in this technique where any possible blockage in the fine capillary
must be completely avoided. With respect to the capillary, in general only
glass or silica materials will be available. This restricts the application

of the apparatus to liquids which do not react with these. Because the vis-

cosity depends on the fourth power of the radius, bore inaccuracies present

one of the severest problems in capillary methods. This situation has
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become easier in recent years, due to the appearance of pre’cvision bore
capillary tubing in some grades of glass. Thus, in selecting a capillary = =
suitable for liquid metal work, stock material can be used where the maximum
error in the radius will be about 1%. Microscopical examination can be

used to decide on the initial selection with respect to uniformity of bore and
imperfections of the inner surface. Subsequent measurements using gravi-"

(60)

metric and electrical resistance methods' . will give the mean radius to

the order of 1 part in a 1000,

Silica capillaries display a much larger tolerance margin and
call for careful selection from batch rriateria’.l. Construction of the ap:paratus
must be carried out with meticulous care to maintain the definition of the
length, 1. A gradual change of diameter from the capillary to the volume
bulb will mean an uncertainty in the end point of the length, Alternatively,
attaching the bulb below the upper end of the capillary introduces the pos-

sibility of severe distortion of the capillary channel.

The driving pressure is measured by the usual manometric
techniques. In practice, the constant external gas pressure applied to one
liquid surface must be corrected for the hydrostatic head created throﬁgh
the existence of two liquid-free surfaces at different heights. As these
heights vary during the experiment, the mean value of the effective pressure
must be found. Derivations of this mean value have been considered by

(50) (51) (52)

Simeon , Bingham, Schesinger and Coleman and Lidstone . Where

the measuring and receiving vessels are of circular cross-section, the mean

effective pressure, P, is given by

| (h, T h,)eg
po—2 L~ 26)
: H h1 i
loge H'E h2

where H is the applied pressure, and the initial and final hydrostatic heads

of liquid metal are h1 and hZ', respectively.
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If the kinetic energy must be taken into consideration, equation 26)

is not adequate, and, according to Herschel and Bulkiey(sa), the mean
effective pressuré can be stated as:
' Sl o2 ' \
P=pg(H+-Z'CH), ciaeea. 27)
h, -h
where ‘H =" 1 2 .
)
log }';'2— + yl - Y,
EY 1
=- e - = e -
' (11,"' Chl) 1, v, (1 -!-Chz) 1,
o 2R4
and C = EE.L_.
2.2
1671
4
Lewis( 9), using a viscometer similar to Sauerwald's(47) design, examined

the above éorrections with respect to tin. By considering values of hl'

and h2 pertinent to his own apparatus, the difference between equations: 26)
and 27) remains negligible down to H = 9 cm, provided K< 0.5, For mercury
and tin, this maximum value of K was found to be 0. 18 and 0. 02 respectively.
Thus, the use of equation 26), instead of equation 27), in equation 21) was

verified,

54) and Ewing, Grand and Miller(48)'

Investigators such as Spells(
have utilized calibration techniques on liquid gallium, sodium and potassium.
Spells demonstrated in a unique manner how a calibrated horizontal silica
capillary was ideal for viscosity measurement on very small volumes of
liquid. A fixed quantity of liquid was permitted to flbw from a measuring
bulb under its own hydrostatic pressure, through the capillary to a similar

receiving bulb, The gallium was retained under vacuum throughout the

experiments, to avoid the highly tenacious films formed with reactive gases.

Even though temperatures reached over 1000°C, fluid re-setting and time




observations were done manually, Because the liquid was flowing under its

own head, by keeping the volume constant, or calibrating to allow for its

g

expansion and emﬁloying similarly shaped volume bulbs, calibration was

made according to equation 25).

Preliminary calibrations with benzene gave a few results that

were some 4% below the results obtamed by cahbratmg with mercury. This.

was attributed to the marked dxfference in phys1ca1 propertxes between the

two standards .

Ewing, Grand and Miller(48) designed a modified Ostwald capillary

viscometer to handle reactive metals such as sodium and potassium, This

apparatus appeared very flexible in that the charge could be distilled into

the apparatus, which had been previously outgassed, and the whole appa.ratué

then transferred to the constant temperature bath for the flow measurements.

At this stage the unit operated as a closed system under the pressure of

55)

purified nitrogen. An arrangement similar to that of Maas and Boomer

was used to manipulate the liquid to the correct height. An expansion bulb

permitted an excess pressure to be generated at the lower liquid surface,

Equalization of the pressure throughout the apparatus commenced the flow

cycle. The schematic layout of this well desighed apparatus ‘is shown in

Figure 10. Some details of the pressure head measurement are worthy -of

mention., Even though the densities.of sodium and potassium were similar

to that of water, the calibrating liquid, a method for assessing the mean

effective head was followed by noting the values of the hydrostatic head

required to hold the liquid meniscus at several fixed levels in the upper

measuring bulb. Further measurement of the time required to reach these

levels under free flow allowed the mean head to be derived by a graphical

method. It can be seen from equation 26) that in this case, i.e. H = 0, the

mean effective head is not the average of the initial and final hydrostatic

heads. Excellent agreement was noted for sodium when compared with

(17)

Chiong's data from the oscillating sphere, but there was some conflict

in the data for potassium.
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Thus it appears that the capillary method still has a contribution
i to make in the low~temperature liquid metal field, since the order of accuracy

is comparable to that of the oscillational method.

. ROTATIONAL VISCOMETERS

¥ . The rotation of a curved interfa;:e, in the form of a sphere,

disc or cylinder, has attracted little attention in the liquid metal field. What

: interest there has been has centred around the case of a revolving cylinder.

: Theoretical considerations leading to a viscosity equation are quite simple,
but experiméntal difficulties arise when the ideal case of an infinite surface

is related to a cylinder of practical length., In comparison with the oscillation
method, the main advantage attributed to rotational viscometers is that they

| “ are suitable for a wide range of fluids.

L Theoretical Aspects

ig Consider an infinitely long cylmder of radius a revolving about
! its axis in a viscous fluid with a constant angular velocity . Then, the total
K couple G exerted by the fluid of viscosity # on the surface of a fixed coaxial

cylinder of radius b and iength h is given by

G = 41rnh9(——1- ; ——1—) R 28)

[P

a2 b2

A A

The experimental interpretation of this simple relation is one
of relative motion. This means that either cylindrical surface may be per-
mitted to rotate, although the measurement of the couple at the fixed radius

calls for differing pfocedurés.
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Experimental Arrangements

Where the inner cylinder rotates, one arrangement permits the
application of a known torque from masses falling under the action of gra.v-lty
When a steady state is reached, the rate of rotation is measured. Saito and
Matsuka.wa.(57) have used an apparatus embodying this design for liquid
aluminum, These authors report the interference of oxide layers on the
surface of the melt. The mveatigations of Rait(se) suggest that the friction

effects found limit the use of this method to slags and glasses,

In general, the measurement of the torque is achieved by sus-

pending the fixed cylinder on a torsion wire and observing the angular dis~

placement 4.

Thus G = K9. ‘ 29)

By suitable choice of the torsion wire, and by variation of a - b, a large

viscosity range can be accommodated,

One severe limitation from the Practical application of equation 28)

lies in the end correction, where finite cylinders must be considered. -

As no suitable end correction has been developed mathematically,

elimination can be approached in two ways:

(1) use of mechanical devices such as guard rings;

(2) use of differential methods by varying the height of liquid.

Considerable importance has been attached to the use of guard
rmgs, which were originally adopted by Couette(43). Essentially, these are
comprised of fixed cylinders positioned coaxially above and below the ataiionary
cylinder., The rotating shell of liquid is now prevented from influencing the
top and bottom portions of the suspended cylinder. This approach has not
been applied to liquid metal viscometry, doubtless because of the experimental

problems involved, It is of interest to 6bserve that one of the few absolute

o e O o P ) e i

T —
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viscosity determinations reported for this technique verifying equation 28)

(59)

employed guard rings. The work of Bearden on the viscosity of air used
a motor-driven inner csrlinder surrounded by a suspehded‘outer cylinder,
pfotected by guard rings. The agreement with data obtained by a capillary

method was excellent,

With regard to the differential methods, from equations 28) and
29) it follows that '

K¢
Q -

(3)

ﬂ':

Jones and Bartlett ™' calibrated a rotating outer cylinder vis-
cometer with water and rape oil and found that § was directly proportional

to the angular velocity at a given temperature. Contrary to this observation,
Yao and:Kondic(Z) abaﬁdoned this approach on finding 6 non-linear with respect

to angular velocity.

-Jones and Bartlett(3) now consider the end effects as an apparent
lengthening of the inner cylinder, and the components of the top and bottom
end effects are assessed by measuring ¢ at different liquid heights, keeping -
! constant. Under certain dimensional conditions the end effects were
independent of the liquid medium. This type of apparatus, employing a_
liquid zone some 16 cm high and 12 cm in ﬂ_iameter, presents a severe p'ro—

blem where thermal gradients are considered.

As yet, the rotational method has made little contribution to

liquid metal viscometry. No doubt this neglect originates from the complex

nature of the design and assembly anticipated in this approach.
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Figure 3. The Variation of Logarithmic Decrement

with Temperature for Pure Liquid Tin,
Showing the Influence of Contamination.
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