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SUMMARY

The viscogity of a liquid plutenium-iron eutectic alloy,
which contains 9.5 atom per cent iren and melts gr 411°C,,
was determined up to B089C, at Mound Laboratory by an oscil-
lating cup viscosimeter. This type of apparatus employed
a right-clrcular cylindrical cup ceontalning the liquid under
investigation attached to a torsion fiber. The dampening
effect of the liquid upon the normal osclllations ¢f the pen-
dulum was & function of the viscosity of the liquid. The
amplitudes of the oscillations of the pendulum were measured
by a photeographic technigue. The periods of the osclllations
were determined by an automatic timing mechanism. The
reliability of the viscosimeter was demonstrated by following
the expected function of the viscosity of liquid lead and

bismuth cver a larger temperature range than wag previously

Teported,




It wae necessary to emplovy two different pericds for
the pendulum before the viseosity ¢f the plutonium alloy
could be caleulated over the reported temperature range.
The viscosity of the alloy increased as expected with de-
creaging temperatures, from 6.l14 centipoiga at B808OC. to
22.4 centipreise at 433°9C,, and the activation energy for
viscoua flow was determined to be 5237 calories per mole.
Both tha viscosity values and the activation energy are

large valueg for ligquid metal aystems.




ISTROLULT EON

Cne concept of a fast-breeder nuclear nower plent has
proposed the vuse of nlutariuw or an alloy of plutcnium as
a liquid fuel [1]. The plutomium-iron eutectic alloy con-
taining 9.5 atom per cent iron has a vwelting point of
411°C, (Figure 1) {2]. ingineering design of a reactor
using this Liguid fuel systen requires knowledge of the
vigcosity of this alloy. The method of measuring the vis-
cosity of ligquid metals and the data obtained at Mound
Laboratory for the plutonium-iron eutectic alloy up to

enn®C, are presented in this paper.



APPARATHS

The cacillating cup viscosimeter was selected because
of the following advantages:

1° It is & simple system to operate;

29 The molten metal under investigation is contained

in a4 sealed cup;

3° 1t ie an absolute method which does not need to

be calibrated at -high temperatures.

The oscillating cup viscosimetar ig a torsion pendulum that
conaists of a right-circular cylindrical cup which is filled
with the liquid gnd attsched to a torsion fiber. The normal
gacillations of the pendulum are dampened by the drag of

the liquid on the side-walls of the cup and the time per
cycle is increased. The amplitudes of the oscillations =nd
the times of the cycles of the empty and filled cups are
measured.

The oscillating pendulum is the main part of the visco-
pimeter (Figure 2), The pendulum consists of a mono-filament
torsion fiber and the inertial system. Molybdenum wires of
elther 0.005% or 0.010 inch diameter and eight inches long
are used as the torsion fibers.

The inarcial system (Figure 2) consists cf the cup con-
taining the fluld, a atainlese steel supporting rod, a disc
with lines accurately gcribed every 0.5 millimeter aleng

its periphery, a steel inertial bar, and a mlrror formed by



polishing a 1/4-inch wide section of the central aluminum
shaft., A pin-vise centered in the top of the shaft engages
the torsion fiber. The upper end of the fiber is attached
to a microchuck, which is anchored to a large brass cJisk.

BEach cup ls fabricated from tentalum tubing, 5/8 inch
outslde dismeter and 0,020 inch wall thickness, with the
inner surface of the wall honed te a microfinish. The top
cap, 0.040 inch thick, and the adapter for the shaft are
fabricated from a single piece of tantalum rod, The top
cap is attached by inert gas-arc welding before the hole is
bored to accommodate the shaft so that the axis of the shaft
coincides with the axis of the cup. The bottom closure plug,
fabricated from tantalum rod, is a recessed cap, 0.047 inch
thick on the bottom with 9.020 inch side-wallg machined to
be a tight fit in the rubing. The bottom closure plug is
welded in place after the crucible is filled with the alloey
fto be measured.

The assembled suspenelon syetem is placed in the vis-
cosimeter apparatug so that the upper end of the torsion
fiber is firmly held while the inertial system oscillstes
freely (Figure 3}, The cup containing the fluid is in the
isothermal region of the furnace while the remainder of the
suspengion system is above the furnace srea. A thermal
radiation shield, containing a hole only slightly larger

than the shaft diameter, is placed on a water-cooled brass



plate at the top of the furnace area. The top assembly is
covered with a glass envelope, 4-1/2 inches outside diameter
with 1/4-inch walls, A brass cap covers the upper end of
this tube, Within the furnace area, the cup is centered in
a 1-3/4 inch stainless steel tube, which is connected by
copper tubing to a high vacuum system.

All of the demountable joints of the apparatus are
agsembled with the wuse of neoprene rubber "0"-ring seals.
Water-cooled plates protect the rubber seals adjacent to the
furnace arez. With these seals a pressure of 5 x 1078 mm,
of mercury lg maintained within the apparatus. While it is
not egsential for the oscillating system to operste at a re-
duced pressure, the reduced pressure operation is more con-
venient for the following reasons:

1° The effect of air-drag on the guspension system

is ¢liminated;

2° Convection currents, which tend to disturb the

suspension system, are not formed;

3° The oxidaticn of the tantalum is reduced,

The temperature of the sample is determined by means of a
nickel shielded chromel-alumel thermocouple placed at the
height of the liquid but displaced radially to a position
adjacent to, but not touching the cup. Since the cup and
the thermocouple are heated only by radiation, and their

poaition, size, and emissivity charscteristics are different,
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the terperature indicated by the thernoccuple ig different
from that of the liguld metal. 1t was necessary, therefore,
to calibrate this thermoccuple againat a second therwncouple
which was placed in liquic metsl insice of the cup under
condlitions identical to those encountered during a deterwino-
tion.

Ihe terperature control of the furnace is achieved by
means of a Foxbore potentiometer controller whose sensing
thermocouple is placed in the furnace windings. & weriable
transformer with a differential centroller is used to regu-
late the voltage available to the 220-volt, L0OCJ-watt
resistance wound electric furnace., By pesitioning the con-
tact arm of the variable transformer go that the heating
and cooling cycles are ¢f equal length of time, the tem-
perature variations in the apparatus are controlled to within
plus or minus one degree Centigrade.

Since a2 possibility of the spread of radicactive rate-
rial exists if a sealed cup leaks during an experiment, the
entire viscosimeter is placed inside of an alpha handling,
gloved, stainless steel box two feet deep, six feet long,
and six feet high, containing two full-height clear »lastic
windows, The apparatus in the box is wounted on a heavy
framewcr : resting on foundation rock to eliminate exterpal
vibrations which disturb the bscillating motion of the

rendulum,



The oscillation of the torsion pendulum is initigzted
by an electromagnet whose magnetic field exerts a tangential
force on the ferromagnetic inertial bar locsted om the sue-
pension system. The alectromagnet is energlzed periodically
to gradually increase the amplitude of each succeeding cscil-
lation up to an amplitude of 50 degrees when the 7.025 inch
diameter fiber is weed and 13 degrees when the 1,012 inch
diameter fiber is wsed. This method of initiation avoids
the occurrence of nonlinear effects which are encountered
when the oscillatione are initiated by orienting the penculum
to its largest amplitude and releasing it.

The amplitudes of the oscillatlons of the suspenslon
gystem, obsexrved by the motlon of the graduated disk, are
recorded photographically with & motlion picture camexa sighted
through a telescope eguipped with a vertical cross-hair. By
the use of a measuring system on the optical projection the
smallest divislon of the aluminum disk is divided into 188
subdivisions and can be read to within %2.5 subdivisions.
$ix successive oscillations are recorded per series. The
mathematical solutions of this problem require the calcula-
tion of the logarithmic decrement, which is the Naperian
logarithm of the ratic of successive amplitudes in the same
direction from the midpoint of the oscillations, the log-
arithmic decrements repcrted are the average of at least two

independent series of emplitude readings.



An automatic timing system ia used to determine the
pericds of the oscillations. A beam of light, reflected
from the mirrer of the suspension system, actuates a photo-
electric cell at exactly the midpeint of the oscillation.

The signal from the photoelectric cell starts z timing
mechanism which continues untlil automatically stopped after
the desired number of ogclllationa. The timing mechanlem

iz a 60-cycles-per-second oscillator which is counted on a
gcalar unit. The standard deviation in measuring a period
of 1l seconds amounted to €,0002 second for ten measurements.
As a result of fatigue, or possibly creep in the wire, the
perlod is reproducible to only 0.005 second over a period of
geveral weaks.

The moment of inertis of the suspension system with an
empty cup 1s determined by measuring the periods of the
oscillations with and without two identical inertial weights
which are accurately positioned, one on each arm of the iner-
tial bar of the suspension aystem. The moment of inertia of

the suspension system is calculated as followa:

I = 1¥t§2 (1)

tw -LtE

where Iy = moment of inertia of the suspension system
with an smpty cup.
I, = effective moment of inertia of the inertial

veights on tha inertial bar.



period of oscillation of the suspension system
with an empty cup.
period of oscillation of the suspension system

with the inertial weights on the inertial bar.
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EXZPERIMENTAL PROCEDURE

The plutonjum alloys were prepared by weighing together
the reguired amounts of each element, heating in a vacuum
induction furnace te a sufficient temperature above their
liguidus to achleve good mixing, and casting into cylindrical
rods. The compositions reported for these alloys were de-
termined by chemical analyses from samples of these castings.
These rods were machined into right-circular cylinders about
9.350 inch in dlameter and two inches long, equivalent to
about nine cubic centimeters of liquid when the gample melted.

The plutonium alloy was loaded into a cruclble in an
open uncontaminated fume hood by slipping the rod intc the
crucible, using a funnel made of metal foil to prevent con-
tamination of the open end of the crucible. The crucible
was flushed with helium gas during the loading operation,
and the end cap wss immediately inserted to its full depth.
The crucible was sealed by inert gas-arc¢ welding the end cap
in place. By this handling technlque, the cutside of the
c¢rucible showed no direct alpha contamination after sealing.

The sample in the viscosimeter was subjected to an inl-
tial extended heat treatment at elevated temperstures to
completely wet the tantalum surface with the liquid before
a determination was made. These heat Creatments were as
follows: 24 hours at 8009C, fer Sample No, 1, Table 1, 24
hours at 700°C, for Sample No. 2, and 12 hours at 600°C. for

Sanple No, 3. The temperature waa decreased then to the
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next lower value and the syatem equilibrated for six hours
before a new determination waa made. The temperature was
decrespsed in this wanner until the solidus was appreoached
excapt in the case of Sample No. 2, where the meagurements
were made at 750 and 800°C. after the lower temperature de-
terminations were made but before the solidus had been
reached. The schedule was continued without interruption
to prevent solidification of the alloy during a determination.
The crucible was usually distorted by the alloy upon

cooling to room temperature. Examinstion of the alloy after
an experiment showed it to be clean metal, and the tantalum
crucible showed no detrimental corrosion. The alloy rod was
removed from Sample No, ? and inserted in a new c¢rucible teo

form Sample No, 3.
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RESULTS AND DISCUSSION

It 1s necessary to know the relationship between the
kinematic viscosity, the logarithmic decrement, and the
physical dimenslons of the system to use this apparatus as
an absclute method for measuring viscosity. This relation-
ship is made difficult by the fact that the physical effects
of the liquid on the pendulum change with the viscosity. In
the case of a liquid of low viscosity with the pendulum mov-
ing rapidly, the vast majority of the liquid does not move
with the cup. K;stin and Newell [3] have called this the
"large-cup" sltuation for which the logarithmic decrement
increases with an increase in viacosity, and the period is
only slightly increased over that of the empty cup. As its
viscosity increases, the liquid becomes more like a solid,
so that more of the liquid moves with the o;cillating cup.
Since a 80lld does not have a logarithmic decrement, the
logarithmic decrement for a viscous liquid decreases as the
viscosity increases. The moment of inertia of the system in
this case iz increased by the amount of fluid moving with
the cup cauvaing @ large increage in the period. Thisz latter
situation 1g called the amall-cup" behavior,

A graphical presentation of the physlcal parameters
lnvolved, Figure 4, was suggested by Mr, K, C, Jordan of
Mound Laboratory, although it had been considered by Prigs [4]
and Beckwith and Newell [{5]. The symbols used are identified

a5 follows:
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By = logarithmic decrement of the suspenslon with
a full cup.

8g = logarithmic decrement of the suspension with
an empty cup.

ig = woment of inertia of the suspension system
with an empty cup.

Ip = moment of inertia of fluid,

= viscosaity.

Ty, = period of ogcillation of the suspension system
with & full cup.

p = denslty.

R = radius of the cup.

Actuglly, there is not one curve but a family of curves
for each valus of the ratio Ig/Ip. In an attempt to consoli-
date this family of curves into one line, the quantity £{1g),
where "“f" represents the fraction of £luid which 1s respon-
sive to the movement of the cup, has bean used. Its value
varies fxom zero on the left to one on the right. Since it
ig a difficult quantity to evaluate, it is much more con-
venient to use one of the mathematical scliutlons of the system
to determine the viecosity rather than the graphical presen-
tation. It is necessary to note, however, that none of the
treatments give satisfactory viscosity values near the maxi-

mum of the curve.
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Several mathematical trestments have been given for the
oscillating c¢up viscosimeter of the "large-cup"™ behavior
gince the apparatus was first proposed by “eyer in 1851 [5].
The first covplete treatment which yielded a sinplified
solution for the problem was given by Andrade and Chiong (7]
for & sphere filled with the fluid. Their treatnent was
modified to include a right-clrcular cylinder enclosing the
fluid by Hopkins and Toye [8), Toye and Jones [9], Roscoe [17]
and Shvidkowskii [11)., All the viscosities reported in this
paper were calculated by the equations derived by Roscoe.

In contrast to the geveral investigstors who have con-
sldered the "large-cup" viscosglimeter, only Priss has glven
a satisfactory solution for the "gmall-cup™ viscosimeter,
which has proven to be reliable for viscous oils.

For nonassoclated liquids the varlation of viscosity
with temperature {12, 13] has been zhown to follow the

relationship,

- AEEIRT (2)

where § = viscosity coefficient.
A = a constant.
E = activation energy for viscous flow.
R = the gas constant.
T = temperature in degrees absolute.
it can be seen that a straight line should be generatec when

the logarithm of 71 ie plotted against 1/T,
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The relliability of the apparatus was determined by
measuring the viscosity of ligquid lead and bismuth over a
range of temperatures (Figures 5 sand 6) in stainless steel
crucibles of identical size to the tantalum cruclbles. It
can be seen that the viscoslty values determined by the
present method f£ollow the expected dependency of tewperature
over a larger temperatufe range than the literature values
(14].

Sample No. 1 of the plutonium-iron alloy was inserted
in the viscosimeter. The physical dimensions of the system
are shown in Table 1. At the bighest temperature for this
sample, 7079C,, the logarithmic decrement is almost three
timea larger than for liquid lead at this temperature, which
corresponde to nearly 2 six-times inereage in the viscosity
of the alloy as compared to lead, Table 2. The ligquid density
values reported in Table 2 were determined by Knight [15].
The logarithm of the viscosity of the alloy increased as a
first-order dependency of the reciprocal temperature as the
temperature decreased to about 550°C. Below this temperature
it wag impossible to calculate meaningful viscosity values
for the alloy by using either the mathematical scolution of
Roscoe or the graphical interpretation (Figure 4),

A second sample of alloy was prepared with a slightly
different composition than the first sample (Table 1).

Although this sample was taken to 808°C, it reacted in a
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similar manner to the first gample in that a high viscosity
was found and the logarithm of the viscosity increased as

a first-order function of the reciprocal temperature as the
temperature decreased te 604°C., (Iable 2)., Below 5020°C. it
was impossible to interpret the experimental data.

It is necessary to return te Figure 4 fo understand why
it was not possible to lnterpret the data for Samples Vo, 1
and 2 at the lower temperatures. For liquid lead and bistuth
in 2 system of the present dimensions the abscissa values
are in the range of 0.2, For the plutenjum-iron alioy with
itg much larger wvigcosity, the abeciegsa values are 9.45 and
larger, which are near the maximum of the curve, Sinece it
is known that caleulated viscosity values are not reliable
near the maximum of the curve, it ig necessary to change the
dimensions of the system 50 that the Pu-Fe alloy abscissa
value would be in the range of 0.2. This change was accomw-
plished by using a torsion wire with a period onme-fourth ss
long as the previous fibers for Sample MNo. 3} (Table 1),

The viscogity values determined by Sample Wo, J agreed
with the previous determinations within one per cent at
557°C, and four per cent at 555°C., Table 2, In addition,
the logarithm of the viscosity increased as a first-order
dependency with the reclprocal temperature as the temperasture

decreased to 433°C,
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The viscosity values Exom the three saries of wneasure-
ments are presented graphically in Figure 7 where the strai ht
line has been Jrawn as a least souares function of all 17
values. It should be noted that this alloy is much more vis-
¢cous than most liquid metal systems previously reported, The
activation energy for viscous flow of this alloy is 5237
calories per mole which is also greater tham that reported
for most liquid metal syatems.

This plutonium-iron alloy has proven to have unlque
characteristics arong liquid metal systems. Conseguently,
thiz research is being extended at Mound Laboratory to in=-
clude the viscosity of plutonium metal and other plutonium
alloys. 1In addition, investligation is continuing to extend

the range of applicability for the oscillating cup viscosim-

eter,



TABLE 1
PHYSICAL DIMENSIOQNS FOR EACH SYSTEM

Moment of Yalybdenum
Inertia of Radius of wWelght of Atom Fiber Pericd with
Sample z-mpty CUE Cup at 25°C., Pu-Fe Alloy Per Cent  Digmeter Em?t}f Cup
Ho. em {gm,) ——tgme) . __Irom (in.) sec.)
1 412,70 0.7413 150,602 10.43 0.005 11,049
4 498,80 90,7132 139,55 9.81 0.905 11.023
9.81 0,010 2.715

3 409,27 0.7424 139.26

-6‘1-
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IARLE 2

UEFPENDENCE OF VISCOSITY UPQW TRMFLRATURD

FOR Pu-Fe ALLOY

Logarithmuic
Run Tempersture Decrement Period DJensity Viscesiry
Number °C, (5p - 5,) Seconds gm./cc. Centlpoise
1 707 3.084301 11.244 15,63 7.35
2 654 $.087085 11,254 15.72 A, 84
1 603 2.096385 11.273 15.80 12.2
1 553 0.093535 11,298 15.83 11.4
2 808 0.069602 11.304 15,37 6.14
2 759 0,071501 11.308 15,53 6.57
2 106 0.074228 11.310 15,63 7.31
2 656 0.076533 11.32¢  15.72 .71
2 604 0.078925 11.332 15.ac G5.64
3 587 0.052195 2.720  15.80 19.3
3 555 0.055281 2.724  15.38 11.9
3 332 0.058353 2,723 15.32 13.4
3 511 0.053846 2.731  15.76 14.7
3 454 0.062538 2.73%9 16.20 15.5
3 474 0.0647680 2,767 16.02 18.5
3 651 0.067860 2.755 16.76 20,8
3 433 0.065834 2.757 16,13 22.4
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