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THE VISCOSITY OF URANIDM METAL AND SOME 
URANIDM-C HROMIUM ALLOYS 

James Single Finucane 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Nuclear Engineering, College of Engineering, of the 

University of California, Berkeley, California 

ABSTRACT 

An oscillating crucible viscometer capable of precise viscosity 

determinations above 1000°C was constructed. The operating details 

were developed and the viscosity of uranium metal and two uranium-

chromium alloys was measured • 

·.· 
)'. 



I. INTRODUCTION 

The purpose of this investigation was to develop an experimental 

system capable of measuring viscosity of materials at high temperature, 

and to apply that system to determine the viscosity of liquid uranium 

metal and uranium chromium alloy systems. It is hoped that the extension 

of the temperature range over which precise viscosity data are available 

will facilitate the understanding of the liquid state. 

The viscosity of uranium metal is of interest for several reasons. 

As indicated above, any data on the transport properties of such a simple 

system as a pure liquid metal may yield greater insight into the structure 

of liquids. This is especially true for liquid uranium which has the 

highest viscosity yet reported for a pure liquid metal. The transport 

properties of liquid uranium would also be used in hazards analyses of 

melt-down of metal fueled reactors as well as for studies of the feasi

bility of non-aqueous fuel reprocessing systems. 1 The transport proper

ties of the uranium chromium alloy were measured since this low melting 

eutectic (melting point is 860°C) would be a leading choice for a 

uranium-based molten metal reactor fuel~ 
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METHODS OF VISCOSITY DETERMINATION 

The viscosity of a Newtonian fluid is defined as the proportionality 

constant between the shear stress and the velocity gradient. Experi-

mentally, the viscosity may be measured only in a dynamic system. Of 

the variety of techniques which have been employed to measure this 

property, we will discuss J:tere only the capillary, rotational, and os

cillatory types.. Furthermore, this discussion will emphasize development 

of an absolute viscometer of high precision capable of handling reactive 

materials up to a temperature of 2000°C. The high temperature and the 

necessity of maintaining the sample free from contamination leads 

directly to the conclus"ion that a vacuum environment is necessary .. 

In the capillary method the fluid is forced through a narrow tube, 

the driving force being supplied by gas pressure or its own hydrostatic 

head. Although this method has been shown to yield precise results, the 

.need for a rather large temperature zone inherent in an open flow system 

and the mechanical complexity resulting from the vacuum environment leads 

us to seek an alternate method. 

The rotational viscometer has a central cylinder rotating at a 

constant angular velocity surrounded by the fluid and a second cylinder 
I 

concentric to the first. The torque on the outer cylinder is measured~ 

The mathematical solution for a ~ylinder of infinite length is direct but 

for a finite cylinder, the solution must be approximated. In addition, 

the difficulty of measuring _the torque and maintaining and measuring the 

angular velocity limits its application to high temperature reactive 

materials. 
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Oscillatory viscometers lend themselves well to high temperature 

systems. Morebver, our design, in which the sample is contained in a 

completely sealed cylindrical crucible J permits the use of samples which 

have a high vapor pressure as well as being chemically reactive. The 

theoretical difficulties which have long inhibited the use of this method 

2 have been solved, and we have devised a rather simple system for measuring 

all necessary parameters~ 

A more detailed and descriptive discussion of these and other methods 

of measuring liquid metal viscosities appears in reference 3. 
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THEORY OF THE OSCILLATING CRUCIBLE VISCOMETER 
' 

An oscillating clyinP.er viscometer consists of a torsion pendulum 

of known moment of inertia which is supported by a wire along the vertical 

axis. In operation, the pendulum is given an initial angular displacement 

and subsquently performs simple damped harmonic torsional oscillations about 

its axis. The decay of the motion of the whole system results primarily 

from the viscous damping due to the liquid within the cylindrical vessel. 

If we measure the period and the decay constant of the oscillation and 

know the mass and density of the liquid and the radius of the cylinder 

and the moment of inertia of the pendulum, we may then calculate the vis-

cosity of the liquid, as will be shown by'.the following derivation, based · 

4 upon the development of Hopkins and Toye. 

In essence, the Navier-Stokes equations for the liquid are solved 

with the boundary conditions appropriate to the torsion pendulum. The 

solution and the equation of motion of the oscillating system excluding 

the liquid are then solved simultaneously to yield a single equation in-

volving only known quantities along with the viscosity. The viscosity 

may then be calculated. 

In cylindrical corrdinates, the Navier-Stokes equations for an 

incompressible Newtonian fluid are: 

cv · dv · v ¢ 6v 
2 

~)= v 
P r + r + r - L+v dt v r 6-;- -; . d¢ r z 

d (d2v dv v <J2v ;,v ;,2 ) 
F - ~ + T) ,...._..L_ + 1 r ..1:.+ 1 r 2 ¢ vr 

r r dr2 r dr 2 2 <J¢2 2 "'&/) + -2-
r r r dZ 

(la) 
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(lb) 

(lc) 

and the continuity equation is, 

(ld) 

We assume that the only body force acting on the system is gravity, that 

there is no functional dependence on the azimuthal ang:J_e ¢, and that the 

radial and vertical components of the velocity are zero. Then the 

Navier-Stokes ·equations reduce to: 
2 

Pvr¢ = ~ 

F = -g = ~ z ' Oz 

(2a) 

(2b) 

(2c) 

By inserting the definitions for the kinematic viscosity (v = ~/P) 

and the angular velocity ('1/1 =!. v.+.) into Eq. (2b), we may rewrite it as: 
r 'f". 
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(3) 

We now assume that the system has settled down so that the liquid 

and containing vessel have the same period and decay constant and that 

their motion is of the daill];led, siill];Jle harmonic type. The angular velocity 

is now separable in time and space so that we may write .t 

?jJ( r, z, t ) = <t>(r, z ) eat 

where 

a = ... ~ + i-y (4) 

In this expression ~ is the decay constant associated with the motion 

' of the pendulum, and -y is related to the period of oscillation of the 

pendulum by: 

'Y = 2rr/-r (5) 

where T is the period. 

Inserting this expression into Eq. (3), the eqt1ation for <t>(r,z) 

is: 

(6) 

A coordinate system is chosen with the origin at the center of the 

base of the cylinder. With the height of the liquid equal to H, the 

radius of the cylinder equal to a, and assuming the upper surface .of the 

liquid is a free surface, the boundary conditions are: 

¢ = ¢ at z = 0 and r = a 
0 

~ = 0 at z = H 
(7) 

where ¢
0 

is the amplitude of the angular velocity of the pendulum at t = o. 
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The solution of Eq_. (6), which satisfies the boundary conditions 

of Eq. (7); is:
4 / 

a<P
0 

J
1 

( ibr) . 2<P
0
a 

<P (r,z) = r Jl (iba) - -;- E 
2 2 2 2 2 - z-H 

[ 
1 ] J1 (jn r/a)b a cosh (jn +b a )2 ~. 

n=l 

where b
2 = a/v and the jn's are the positive roots of J 1 (z) = 0 in 

ascending order of magnitude. The damping torque on the pendulum due 

to the viscous drag of the liquid on the walls of the cylinder is 

expressed byt 

G = ~ eat~•3.{H(~)r=a dz{"(~)z.-; ,.3dr ~ (9) 

In terms of the angular veloeity of the cylinder; the damping torque is 

dS written as G = L dt, where S is the angle through which the cylinder has 

rotated from its rest position(*= <P
0
cxt). Then, evaluating the 

constant L w·ith referenee to Eqs• (8) and (9 ).1 we gett 

where, in general, L is a oomplex quantity. 

~ (1.0) 

We may now· write tlie equation of motion for the oscillating~ syst.em 

excl'ildingthe liquid as: 
2 

I~+L~+ffl=O 
dt2 dt 

(ll) 

where I is the moment of' '-nertia of the pendulum (excluding the contained 

liquid) and f is the restoring torque per unit angle of rotation of the 
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at Writing 8 = 8 e we get: 
0 

I ci + L ex + :f' =· o (12) 

Separating Eq. (12) into its real and imaginary parts using Eq. (4) 

yields 
2 2 . . 

I (f3 -'Y ) + f3 Re(L) - 'Y Im(L) + :f' = 0 

- 2 I f3 'Y - f3 Im(L) + 'Y Re(L) = 0 

(13) 

(14) 

where Re(L) and Im(L) are the real and imaginary parts of L, respectively. 

Now it is possible to calculate the viscosity using either Eq. (13) or 

(14) in con~unction with Eq.., (10); however, Eq., (14) has the advantage 

of not requiring a knowledge of the spring constant f of the torsion 

wire. Before attempting to formalize a procedure for extracting the 

viscosity from this set of equations, we will first simplify Eq. (10) 

by the technique recently reported by Roscoe. 
2 

Following Roscoe's procedure, we may rewrite Eq. (10) as a rapidly 

converging series of descending powers of ba of the formf 

2 4[1 2 9 
. + ba B' - -----. ·- + 8(ba)2 

7T(ba) 

(15) 

Equations (14) and (15) may now be solved simultaneously to yield the 

viscosity with a minimal amount of algebraic labors by using a relatively 

* modest computer program. 

* See appendix A 

,; •• I< 
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It is instructive at this point to rew·rite these equations 'in 

terms of dimensionless quantities, as has been recently d9ne by 

Wittenberg, Ofte, and Curtiss., 5 The development shown here is similar 

to but more general than that given in Ref. 5 in that the full geometrical 

complications introduced by considering a cylinder of finite length are 

treated. We will define three dimensionless groups by which we may 

characterize the behavior of the system. 

First, a "Reynolds" number is ·defined in terms of the density, 

radius, dynamic viscosity, and the period. 

2 2 pa a 
R =-=-

TJT V't' 
(16) 

We define a second dimensionless group, Q,, as the ratio of the moment 

of inertia of the sample in a solid condition to the moment of inertia 

of the empty pendulum. The moment of inertia of the "rigid" fluid is 

given by the product of one half the mass and the square of the radius 

so that Q, is written as 

1 2 I 
2ffia £ 

Q, =-y-= I (17) 

Finally, we define the ratio of the radius of the cylinder to the 

·height of the liquid as B: 

B = a/H (18) 

The dimensionless form of the constant L is written as the ratio 

4' 
2•L-r/Pa IDT or more conveniently as L-r/I£ where I£ .. is the moment of inertia 

of the solid sample. In this notation the dimensionless analog of Eq. 

(10) is: 
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+2B ~ 
n=l 

-f3+i'y a2 = 2ITR(i-6) 
v 

(19) 

(20) 

(21) 

is termed the logarithmic decrement of the oscillation in an interval of 

one period. In terms of these definitions, the dimensionless form 

of Eq. (14) is 

4rr6 + Q. [6 Im(F) - Re(F)] = 0 (22) 

where Re(F) and Im(F) denote the real and imaginary parts of F respec-

tively .. 

The parameters which must be known in order to calculate the vis-

cosity are: the radius of the crucible~ the mass and density of the 

sample, the moment of inertia of the pendulum, the period, and the decay 

constant associated with the motion.. The above six. parameters may be 

considered to determine the viscosity directly through the simultaneous 

solution of Eqs. (14) and (15 ).. In dimensionless terms, the geometrical 

parameter B [Eq. (18)] and the pendulum sensitivity parameter Q. [Eq. (17)] 

are determined, and the measured decay constant f3 and the period T fix 

the logarithmic decrement 6 [Eqs. (5) and (21)]. The value of R which 

is a simultaneous solution to Eqso (19) ~ (22), is found and then 

Eq. (15), in conjunction w·ith the measured period and crucible radius, 

yields the value for viscosity. 
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EXPERJNENTAL APPARATUS 

A. General Description 

The apparatus is described w'ith reference to the sectional diagram 

of Fig. 1. The temperature control is accomplished by varying the power 

supplied to the Brew tungsten mesh resistance furnace (A) which is 3 in. 

in diameter and 6 in. tall. The heater element is surrounded by a series 

of tungsten sheets (B) which reduce energy loss by radiation. The entire 

system is contained within a vacuum system (C) in order to minimize 

energy transfer by convection ·from the hot zone, to eliminate any 

viscous drag on the cylindrical crucible arising from the surrounding 

gases; and to prevent attack of the crucible by gaseous impurities. 

The torsion pendulum consists of three primary parts t (l) the 

crucible (D) which contains the sample on which the viscosity measure

. ments will be made; (2) a rod (E) which rigidly connects the crucible 

with that part of the pendulwn external to the heater; and (3) the 

external portion of the pendulum (F) which has a polished surface to 

reflect a beam of light by which the motion of the pendulum is monitored. 

A hole is drilled through the pendulum perpendicular to its axis of 

rotation into which rods may be inserted and fixed such that moment of 

* inertia of the pendulum may be varied over a wide range. (Since these 

inertia rods rotate about 4 in. above the heater which carries 400 to 

700 amps DC, it was necessary that they be of a non-magnetic materiaL. 

Molybdenum rods were used.) The small chuck (G) attaches the pendulum 

to the torsion wire. A picture of the entire pendulum is shown in 

Fig. 2. 

* See appendix c. 
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XBL 694-426 

Fig. l Sectional diagram of the experimental 
arrangement. 
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Fig. 2 Torsion pendulum 
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The torsion wire (H) extends from the pendulum to a second chuck 

which is attached to a rotatable holder ( J) which rests on a support 

plate (K). The holder is attached mechanically to a rotary feedthrough 

(L) by which the rotary motion of the pendulum may be initiated from 

outside the vacuum syste~ 

The temperature within: the furnace region is measured by an optical 

pyrometer (M) which is sighted through a right angle prism (N) into a 

hole, l/8 in. in diameterJ drilled through the bottom shield pack into 

the inner furnace region. 

The electrical power required by the heater is 750 amps at from 

zero to 25 volts.. To reduce changes in magnetic field intensity (which 

could damp pendulum oscillation, the 480 three-phase .Ac line voltage was 

transformed and full wave rectified to give DC... A f'il ter network was 

included to reduce the ripple on the DCJ but it could not be shown that 

this improved the performance of the power supply. 

B. Vacuum System 

The vacuum system consists of a 15 c.f'.~ Ki~ney fore pump and a 

200£/sec Ultek ion pump (P). The vacuum system has an ultimate pressure 

-8 after bake-out of 5Xl0 torr, while being able to maintain the pressure 

at 3Xl0-7 torr for operation with furnace temperatures up to 1500°C. 

The ion pump system was chosen in preference to a diffusion pump 

system to allow the mechanical fore pump to be turned off' before vis-

cosity measurements were to be made. This was necessary to prevent 

pump vibrations from interfering with the viscosity measurements. The 

entire vacuum system was mounted on a platform resting within a box of 

samd to isolate the system from building vibrations. 
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C. Pendulum Motion Recording System 

The recording system is illustrated in Fig. 3. The period of 

oscillation and the damping consta:qt associated with th'e motion of pen-

dulum are measured by aiming a beam or'light (A) at the mirrored surface 

, of the pendulum (B) so tbat the ref_'lected beam would sequentially strike 

a series of three photo cells (C). The photo cells were ~5° apart. A 

,.. stilal.l voltage is applied across each photo cell and the output of each 

cell ls fed into a high speed chart recorder. Additionally, a series of 

timing impulses is fed into the recorder so that the instant at which the 

light beam passed each photo cell could be determined to the nearest milli-
. ·.· . . 

second. The only assumption inherent in this technique is tbat the pendulum 

is in identically:the sa!l'E position every time a single photo cell fires • . ' ' 

Assuming a sinr1le damped sinusoidal form, we are able tp determine the 

* period ~ and decay constant ~ from the raw data. The period is calculated 

as the average time between successive firings of the individual photo-

cells. The decay constant is calculated as illustrated with respect to 

Fig. 4 for a time interval of twice the period. The damped harmonic 
' 

curve (a) represents the displacement of the light beam as a function of 

time. The position (b) represents the position of a single photocell. The 

firing times of the ph:tocell; 'We represented by t.. Relative amplitudes 
'··:, ""'' ,• ' .. l 

are calculated for times '1' and T + 2~ as cos [ ( t2-tl)7T/T J and cos 
0 0 

[ (t6-t
5

)7r/T] such • that the decay constant ~s given by:· 

cos [ (t6:t5)TI J\ 
1 

~ = 2~ 
ln 

, ~ (t2-t1)n ~) 
cos ~ 

* See . appendix B 
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A. 

Fig. 3 Schematic diagram of oscillation recording 
system. 

XBL 694-428 
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Fig. 4 Decay constant calculation method 

Time-

XBL 695-483 
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EXPERIMENTAL PROCEDURE 

A. Preliminary Measurements 

The mass of the material and the radius of the cylinder are measured 

directly as the sample is being prepared. The density is either taken 

directly from available data or, as in the case of the chromium-uranium 

system, estimated indirectly from data on the .solid material and on 

1 iq uid uranium. 

In these investigations we used torsion wires made of 302 stainless 

steel about 6 in. long and varying in diameter from • 006 in. to • 014 in. 

The inherent decay constant [t' of Eq. (4) with no viscous damping due 

-1 to the liquid] with this setup was determined to be in the range .0002 sec 

6 -1 to .001 sec • The value of this constant for each run was measured 

while the sample was in the solid state both before and after the run. 

6
. -1 

A system decay constant (viscous + inherent) of the order • 00 0 sec 

to 
. 1 

• 0160 sec- could be conveniently and accurately measured while ·the 
I 

pendulum performed 10 to 20 complete oscillations. The primary quantity 
I 

used to determine the decay constant was the change in time interval 

between two consecutive firings of a single photocell. Since these 

times could be measured only to the nearest millisecond, it was deter-

mined that the change should be at least 30 milliseconds. This in turn 
I 

led us to choose a period of at least 4 sec. In order to insure that 

the period and decay:..constant fell within these ranges, a parametric 

study to determine the best values for both the moment of inertia and the 

* torsion wire diameter was made for each sample run. 

The precise value of the moment of inertia was mea\sured as follows. 

The metal sample was melted at least once to allow· it to assume the 

shape and size of the crucible. With the system at room temperature and 

* See appendix C 

.. 



-19-

one of the inertia bars inserted symmetrically through the hole per

pendicular to the axis of rotation, the period was measured. The inertia 

bar was then removed and the period was determined again. The change 

in the moment of inertia may be calculated to better than 0~1% accuracy 

from the dimensions and the mass of the bar. Knowing the exact change in 

the moment of inertia and that the period varies inversely with the 

square root of the moment of inertia, we then calculated the moment of 

inertia for the whole system. Finally, the moment of the solid metal 

sample was calculated and subtracted from the value for the whole system 

to get the value needed for the viscosity calculations. With these 

preliminary measurements completed} the actual viscosity measurements 

were performed,. 

B. Viscosity Measurements 

The heater was turned on and the temperature within the hot zone 

was monitored until a steady temperature was reached. The initial 

setting of the heater power supply was adjusted to yield a temperature 

just below the melting point of the sample. The mechanical starter was 

then engaged and the pendulum was given an initial angular displacement. 

(The initial displacement was nominally limited by the yield point of 

the torsion wire; however, displacements of up to 90° from the equilibrium 

position caused no difficulty.) The recorder was ·then started and the 

inherent decay constant of the pendulum system without the effect of 

viscous damping was measured. The inherent damping constant was me
1

asured 

with a solid tungsten crucible at temperatures' up to l945°C and was 

found to be temperature independent. 

The temperature was then increased in steps, each time allowing 

thermal equilibrium to be reached before .the damping constant of the 
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liquid sample and period were measured. The increases in temperature 

were made in such a manner that one half :of the desired number of data 
I 

points were obtained while approaching the highest temperature and the 

rest were measured while the system was cooling back down. This proce• · 

dure was adopted to insure that a reaction between the sample and the 

container had not occurred and that the viscosity data in the low tempera-

ture range were reproducible. With the sample again solid, the inherent 

decay constant was remeasured to confirm the initial measurement. 

c. Sample Preparation 

The materials used in this work were obtained from the National. Lead 

Company. They consisted of depleted uranium and uranium-chromium pellets 

( .2'C!{a of if35) weighing about 5 grams each. The oxide coat was removed· 

from the samples by first pickeling them in hot concentrated nitric acid 

and then electrolyzing them in a dilute sulpheric acid solution using 

12 volts DC (the pellets were the cathode). This method was effective; 

the oxygen content of the samples after vacuum melting was always less 

than 25 parts per million. 

After the samples had been melted in a BeO crucible to form a rod 

3/4 in. in diameter and about 3 in. long, they were machined down to 

fit into the crucible. They were then weighed, inserted into their re- .· 

spective crucibles, and put into a container which was then evacuated. 

They were shipped in this condition to the Lawrence Radiation I~boratory 

in Livermore where the lids of the crucibles were electron-beam welded 

on under vacuum cnnditions. The samples were then ready to run. 

Spectrochemical analyses were performed on the samples and the 

results are given in the Table IV. All samples except the first one 

\vere analyzed after having been used in the viscosity measurements. 

... 
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Table IV 

Spectrochemical Analyses 

u 
Contami- Vacuum Melted U from Ta U from BeO U·2.2 w/o Cr from 
nant in BeO Container Container BeO Container 

* 

a 

b 

C:e;emL (;epm) ~EEmL ~p£m) 

Si 50 10 50 50 

* * * * Cu < 10 < 10 < 10 < 10 

* * * * Mn < 10 < 10 < 10 < 10 

* * * * Mg < 10 < 10 < 10 < 10 

* * * * B < 10 < 10 < 10 < 10 

* * Ni < 10 - 100 200 < 10 

Fe < 100 < 100 < 100 100 

* 2.2foa Cr < 10 < 10 < 10 

Be < 10 < 10 1000 10 

Na < 100 < 100 < 100 < 100 

Zn < 10 < 10 < 10 < 10 

Sn < 10 < 10 < 10 < 10 

Ti < 10 < 10 < 10 < 10 

Ta < .. 5%b < .r;J{o < • 'Y/o < . cyjo 

The spectral lines of these elements were observed but the intensity 

was less than the standard as given by the number. 

The 2.2 weight percent chromium was de.termined by weighing the separated 

chromium as Cr2o
3

. 

Ta was determined using the solution copper spark method. All others 

were determined by the carrier distillation method. The .5'/o was the 

low limit of the sensitivity of this method -- no Ta was detected in 

any sample. 

c The high content of Be in this sample resulted from allowing the sample 

to remain several hours at a~out 1600°C. 



RESULTS 

A. Testing 

This torsion pendulum system is an absolute system of viscosity 

determination. The testing of the system was accomplished by measuring 

the viscosity of a material for which accepted literature values of the 

viscosity were available. For this purpose tin was chosen. Tin is 

available in a very pure state and i.s inaetive with respect to reaction 

with crucible materials. The density of tin was taken from a paper by 

Kirshenbaum and Cahill. 6 The temperature was measured over the entire 

temperature range of the viscosity measurements (230°C to ll00°G) with 

a calibrated chromel alumel thermocouple., As an additional check on 

the temperature measurements, a calibrated optical pyrometer was used 

to confirm the values of the temperature above 850°C. The results of 

the measurement of the viscosity of tin are given in Fig. 5. whe.re the vis-

cosity is plotted logarithmically against the reciprocal of the absolute 

temperature. The solid line represents a least squares curve fit to the 

viscosity data for tin available from reference 7. The data points 

shown as open circles were measured during initial testing of the ·system. 

The data points shown as closed circles were obtained when the system 

was recalibrated after the completion of the uranium metal and uranium 

chromii.nn alloy measurements.o The activation energy calculated from our 

results was 1.44 kcal/gram atom which compares quite favorably with the 

value of 1. 52 kcal/gram atom calculated from the data given in "Metals' 

Reference Book, "7 as well as the value of 1. 4 kcal/gram atom reported 

8 for pure tin by Kanda and Colburn. 

i ,, 
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o Initial Cali brat ion 
• Co I i bration Confirmation 
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1000/ T°K 
XBL 694-425 

Fig. 5 Tin metal viscosity 
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B. Pure Uranium 

The viscosity measurements were carried out on two separate runs. 

The first S3ID.ple vras held in a molybdenum crucible with a beryllium oxide 

liner. This sample was measured from its melting point at ll32°C to a 

temperature of 1532°C. In order to isolate any possible effect of a 

reaction between the sample material and its container, a second sample 

of pure uranium was measured. This sample was contained in a crucible of 

pure tantalum. The density of pure liquid uranium was taken as that re

cently reported by the Mound La.boratory. 9 The viscosity results are shown 

in Fig. 6 and in Table I. Figure 6 also contains the Mound Laboratory 

dat f th . . t f . 10 a or e v1scos1 y o pure uran1um. The activation energy calcula-

ted from our data was 6.5 kcal/gram which is comparable with the value 

of 7.3 kcal/gram reported in ret 10; however, the absolute value of the 

viscosity measured by the Mound Laborato.ry averaged ~3% lower than the 

values reported here. 

c. Chromium Ura~i\.un Alloys 

The viscosity of two different chromium uranium alloy systems was 

measured. The density of these systems as liquid has not been measured 

. i 11 
and so it was estimated by a method reported by Pasternak. The den-

sity of uranium is 

p 

represented by the equation9 

19.083 - 16.0lXl0-
4 

± .016 

where the density is in g/cc and the temperature in ° C. This equation 

gives a value of 17.48 g/cc when extrapolated to l000°C, which indicates 

that the density of the subcooled liquid uranium at l000°C is 91.7% the 

room temperature density of the solid (19.06 g/cc) •. The percentage den-

sity loss of the eutectic was assumed to be the same as that for u, and 

so the density 
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Table I. Uranium metal 
I' 

Container: BeO 2 Mbment of inertia: 825.1 gr em 
Radius: .809 em 
Mass: 222.5 gr 
Height of liquid at 1128°C: 6.26 em 
11 mil torsion wire 

Temp °C Deca~ Constant Period Density Viscosity_ 
~XlO . sec-1) (sec) 0,/cc) cP 

1128 135~3 3-510 17.28 10.09 
1158 132.3 3.517 17•23 9-54 
1245 124.5 3.520 17.09 8.17 
1347 119.0 3-521 16.92 7.26 
1361 118.9 3.526 ; 16.90 7.25 
1532 3-533 

I . 
6.09 111.0 • 16.63 

Container: Ta 2 Moment of inertia: 723.7 gr em 
Radius: • 794 em 
Mass: 206.1 gr 
Height of liquid at 1131 °C: 6.03 em 
9 mil torsion wire 

Temp °C Deca~ Constant Period Density Viscosity 
(XlO sec-1) (sec) ~.1.5cl cP 

1131 116.6 4.693 17.27 10.00 
1136 115.8 4.696 17.26 9.83 
1150 115.0 4.696 17.24 9.64 
1179 114.7 4.695 ,17.:1:9 9-55 
1202 112.8 4.694 17.16 9.12 
1228 110.2 4.693 17.12 8.57 
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of the molten eutectic at l000°C is estimated to be 16.05 g/cc. (The 

room temperature density of the U-Cr eutectic was determined to be 

11 17.5 g/cc .) The temperature ~ependence of the density was assumed 

l2 to be that predicted by Strauss. The density of the intermediate 

composition alloy was estimated by assuming that density varied linearly 

with percent Cr composition from zero percent, represented by the density 

for pure uranium, to 5 wt.% chromium, represented by the estimated 

density for the eutectic. 

The results from the first sample, _which had a composition of 

2.2 wt.% chromium are shown in Fig. 7 and Table IL This sample was 

prepared by adding 110.4 grams of uranium metal to 94.9 grams of eutec-

tic (4.46 wt.% chromium) and the mixture was then co-melted in the 

crucible. The measured viscosities ranged from ll.9 cP at lOl8°C to 

7.5 cP at a temperature of l285°C. The value of 11.02 cP for this alloy 

at l007°C is .clearly due to a partial solidification of the sample. A 

least squares fit, as shown by the solid line through the data points 

gave an activation energy for viscous flow of 6. 7 kcal/grani atom.· 

The second sample shown in Fig. 8 and in Table III had a composition 
i 

of 4.1 wt.% chromiilln, which approa.ched the compositionof the 

chromium uranium eutectic alloy with a reported13 composition of 5.0 wt.% 

chromilllll,. The calculated activation energy for this sample v1as 8. 6 

kcal/gram atom. 
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Table II. Uranium - 2.2 weight percent chromium 

Container: BeO 2 Moment of inertia: 826.3 gr em 
Radius: .810 em 
Mass: 205.3 gr . 
Height of liquid at 1018°Ct 5.91 em 
11 mil torsion wire 

Temp. oc Deca~ Constant Period Density Viscosity 
(XlO sec-1) ~sec) grLcc cP 

1007 130.6 3.522 16.85 11.02 
1018 134.6 3·516 16.84 11.87 
1026 134.1 3.514 16.82 11.. 73 
1063 130.1 3.516 16.78 10.85 
1090 128.1 3.509 16.75 10.38 
1141 121.8 3.513 16.67 9.13 
1168 120.6 3.515 16.64 8.91 
1175 122.6 3.514 16.63 9 .. 38 
1180 119.3 3.514 16.62 8.66 
1236 115.5 3·514 16.55 7-97 
1285 112 .. 4 3.516 16.49 7.44 
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Fig. 8 4.1 wt.% chromium-uranium alloy viscosity 
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Table III. Vranium - 4.1 weight percent chromium* 

Container: BeO 2 Moment of Inertia: 814.0 gr em 
Radius: .812 em 
Mass: 202.4 gr 
Height of liquid at 933°Ct 6.07 em 
ll mil torsion wire 

Temp oc · DecaK Constant Period Density Viscosity 
~XlO sec-1 L (sec) (~rLcc) cP 

933 158.8 3.490 16.12 17.27 
1005 147.6 3.486 16.05 14.08 
1070 137.2 3 .. 489 15.98 11 •. 61 
1105 134.0 3.488 15.95 10.90 
1108 133.7 3.484 15.95 10.82 
1147 128.8 3.491 15.91 9.85 
1211 122.0 3.490 15.85 8.58 
1243 120.5 3.493 15.81 8.31 
1283 117.1 3.493 15.78 7-74 

9 mil torsion wire 

942 122.1 4.996 16.11 15.87 
1006 117.9 4.986 16.05 14.22 
1095 107.5 4.986 15.96 10.93 
1204 99 .. 0 4.986 15.85 8 .. 72 

6 mil torsion wire 

942 67.3 11.560 16.11 16.18 
974 66.3 11.551 16.o8 15.14 
982 65.7 11.551 16.07 14.55 

1016 64.4 11.539 16.03 13.31 
1046 62.4 11.533 16.00 12.11 
1071 61.4 11.542 15.98 11.08 
1131 59.0 11.526 15.92 9.58 

* Chromium content was determined by colorimetry using the diphenyl

carbazide method. 



DISCUSSION OF RESULTS 

Uranium .Metal 

Our results showed the usual exponential dependence of viscosity 

on the temperature. The experimental value of the activation energy 

for viscous Dow was found to be in good agreement with. the empirical 

t · · f h . 14 f l5 h . T bl V h correla 1ons o C apman and o Grosse as s own 1n. a e , owever, 

the absolute value of the viscosity was not predicted nearly so well. 

The only other reported experimental viscosity measurement on an 

actinide element is the determination of the viscosity of plutonium 

16 by Jones, et al. All of the measured viscosities of actinide elements 

are higher than the predicted values, and it may be necessary to 

develop a different correlation to adquately describe the behavior 

of the actinide elements. 

Table V 

11 (cP) E . (kcal/mole) mp VlS 

Grosse-Andrade 5.9 7-5 
Chapman 3-9 6.2 

Mound Laboratory 6.5 7-3 
Present work 10.0 6.5 

Uranium-Chromium Alloys 

The temperature at which each chromium uranium alloy began 

solidification agreed quite well with those predicted from the phase 

diagram13 shown in Fig. 9. The viscosity of the alloys was not greatly 

different from the viscosity of uranium metal at the same temperature, 
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but the addition of small amounts of chromium did allow· lower tempera

tures and hence higher viscosities to·be attained. The viscosity 

did have definite minima when isothermal lines w·ere plotted against 

composition as shown in Fig. 10. 

In the last set of measurements on the 4.1% chromium sample, a 

6 mil torsion wire was used. This was done to produce a low value 

of the "Reynolds" number parameter R. Our purpose was to determine 

if the "viscoelastic or non-Newtonian" behavior proposed5 for plutoni·um 

alloys was a general phenomena characteristic of very low flow rates 

and high vis~osities. The effect seems clearly evident in the data 

on the plutonium alloys for values of R less than 7; 5 howev~r, this 

effect was not noted in our work in which the value of R was as small 

as 5. 7. 

/' 
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APPEND:OC A 

The computer program contained in this appendix is designed to 

solve the transcendental equatio!l which results from .the simultaneous 

solution of the Navier-Stokes equation and the equation of motion of 

the pendulum. It consists of a main program ''VISCOS~·" a function 

subprogram "F," and a subroutine "ZERO." , 

The function F(x) is simply the transcendental equation [Eq • (14) 

with L given by Eq .. (15)] for the viscosity, written so as to have a 

value of zero when the correct value of the viscosity is inserted. 

The subroutine "ZERO" (z, A, B, F) takes as input function "F" of a 
I 

single variable and two values of 
1 

the variable (A and B) such that the 

. . I 

function evaluated at the two points vrill have opposite signs. The 

desired relative error and absolute error are set within this subroutine. 

Z is the value of the variable which is returned as the solution. 

The program "VISCOS'' sets the viscosity to zero and then increases. 

it in small steps, each time evaluating the function "F" and testing 

the value to find it has changed sign. When the function changes sign, 

the subroutine "ZERO" is called and the solution is fouhd. 

A description of the data input format and a listing of the program 

is given below·. 
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Data deck for· program 11VISCOS11 

Card 
Columns Format Description of ·Inforniat.f'on 

Nos. 

1 1-72 12A6 Information to be printed at the top of the 
page to identify the particular set of data 
being processed. 

2 1-10 Fl0.8 Moment of inertia of the pendulUm. (gr. 2 em ) • 

11-20 Fl0.8 Radius of the cylinder (em.) 

21-30 Fl0.8 Mass of the sample (gr.) 

31-40 Fl0.8 System decay constant c . -1) sec-

41-50 Fl0.8 Period of oscillation (sec.) 

51-60 Fl0.8 Density (gr/cm3) 



PRG~MAM OATAIINPUT,OUTPUfl A 1 
DlMEN:ilfJN CHAKI121, fl2dlt TTI2,31, rtJA(2,31, AMPI2,31, DECAYI3i A 2 
IH/10 6, !CHARI 11,1=1,121 A 3 
PRI;H 7, ICHAR!IItl=1tl2l A 4 
READ 5, NCYCL A 5 
NII"'GL= 3 A 6 
XNNMl=FLOAHNCYCl-11 A 7 
Pl=l.l415'126536 A 8 
TAU=O. A 'i 
00 2 J=1,NANGL A 10 
KEAD a, I Tl I,J 1,1=1,21 A 11 
R[AD 8, IHII,JI,l;,1,2l . A 12 
fAU=TAU+!TTI2,JJ+T!2,JI-TTI1,JJ-TI1tjll/6. A 13 

2 CONTINUE . A l4 
TAU=TAU/XNNM1 A 15 
XX=2.•PI/TAU A 16 
DEC~O. A 17 
00 4 J= 1, NANGL A UJ 
DO 3 1=1,2 A 19 
TDAII,JI=TT!I,JI-TII,'JJ A 20 
AMPII,JI=COS!PI•TDAII,JI/TAUI A 21. 

3 CONTINUE A 22 
TERM=AMPI2oJI/AMP(1,JI A 23 
IF ITERM.LE.O.J GO TO 4 A l4 
DECAYIJl=2.•ALOGITERMI/ITTI2,JI+TI2tJl-TTU,JI-TiloJIJ A 25 
DEC=DEC+UECAYIJI/3. A 26 

4 CONTINUE A 27 
PRINT 9 A 28 
PKINT 10, ((lflltJI,J•1,~ANGLI,(TT(I,JI,J=l 0 NANGlltiTDA!ItJI 1 J•l,N A 29 

1ANGlloiAMPII,JI,J=1,NANGLJiol=lo21 A 30 
PRIIIIT llo IDECAYIKI,K=l 0 3) A 3l 
PRINT 12, TAU,DEC A 32 
GO TO 1 A 33 

C A 34 
C A 35 
5 FORMAT I 121 A 36 
6 FORMAT 112A61 A 37 
1 FORMAT 11Hl 0 30K,l2A6,///J A 36 
8 FORMAf (Ft0.3,20X,F10.31 A 39 
9 FORMAT 131Xo41HIME,39X,16HfiM[ DIFFERENCE ,l5X,lOHAMPUTUD.ES,/,lXI A 40 
10 FORMAT IF8.3,2Ft0.3,5X,1.10.3,~X,3F8.3,5X,3F8.41 . A 41 
11 FORMAT I//,3X,3F12.61 A 42 
12 FORMAT (///ol3HTHE PEKIOD lS,20X,F8.5 0 // 0 24HSYSTEM DECAY CONSTANT A 43 

llSrlO~,F7.5l A 44 
END A 45- · 

XBL 695-484 
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APPENDIX B 

The computer program described in this appendix is written in Fortran 

language. The program, called "Df\.TA" is used to extract from the raw 

data the value for the period and the decay constant associated with the 

motion of the pendulum. The raw data are the times at which the light 

beam passes each photocell, measured to the nearest millisecond. 

In this experiment three separate photocells were used in each measure

ment and a decay constant was calculated independently for each. If the 

three decay constants did not agree with each other to within 1ujo of their 

value, the data were assumed in error and processed no further. If the 

three decay constants ·did agree, the average of the three was used in 

calculating the viscosity. 

It was convenient in processing the data to separate the times associ

ated with each photocell into two parts: an odd group (1, 3, 5 ..• ) 

associated with the light beam passing the photocell in one direction, 

and even gr-oup (2,4,6 ... ) associated with the beam moving in the opposite 

direction. Only the first two and the last two firing times of each of 

the photocells were recorded. 

A description of the data input format and a listing of the program 

are given below; 



Card 
Numbers 

1 

2 

3 

4 

5-8 

Colwnns 

1-72 

1-2 

l-4o 

1-40 

1-40 

.,.4o .... 

Data Deck for Program ''DATA" 

Format 

l2A6 

Fl0.3 
20X 
F10~'3 

Description of Information 

Information to be printed at the 
top of the page to identify the 
particular set of data being 
processed~ 

The number of complete oscilla
tions made by the pendulum during 
the measurement. 

The first and the last odd firing 
times of the first photocell. 

Same as for card 3 except even firing times. 

Same as for cards 3 and 4 except for the second 
and third photocells. 

\ 
\ 
\ 



PROGRAM VISCOSIINPUTtOUTPUTtTAPE2•INPUTtTAPE3•0UTPUTI A 1 
DIMENSION VISCP1100)t Ql1001t CHARI12) . A 2 
REAL MASStiNERTAoKINVIS . . A 3 
COMMON BETAtGAMMAtRtMASStiNERTAtH A 4 
READ 12t4) ICHARIIIti=1tl21 A 5 
WRITE 13t51 (CHARIIIti•1tl21 A 6 
READ 12•61 INERTAtRtMASSt8ETAtTAUtDENCTY A 7 

C INERTIA IS THE MOMENT OF INERTIA OF THE PENDULUMo R IS THE RADIUS A 8 
C OF THE CYLINDERo MASS IS THE MASS OF MATERIAL IN THE CRUCISLEo A 9 
C BETA IS THE SYSTEM DECAY CONSTANTo TAU IS THE PERIOD OF OSCILLA- A 10 
C TIONo DENSITY IS THE DENSITY OF THE MATERIALo A 11 

Pl=3ol415926536 A 12 
H•MASS/IPI*R*R*DENCTY) A 13 
WRITE 13t71 INERTAtRtMASStTAUtDENCTYtBETAtH A 14 
GAMMA=2o*PI/TAU A 15 
~Q=-1•0 A 16 
DO 2 I=1•100 A 17 
VISCPIII=FLOATIII A 18 
X=SQRTIVISCPIII/IlO~o*DENCTYll A 19 
QIII=FIXI A 20 
IF IQIII*OOoLToOol GO TO 3 A 21 

2 CONTINUE A 22 
3 XY=SQRTIVISCPII-11/IlOOo*DENCTYIJ A 23 

CALL ZERO IEXACTtXtXYtFI A 24 
QQ=FIEXACTI A 25 

C VISCP=DYNAMIC VISCOSITY IN CENTIPOISES IV! A 26 
C V=DINAMIC VISCOSITY IN POISE• GR/ICM*SECI A 27 
C KINVIS=VISCOSITYIKINEMATIC IN UNITS OF CM**2/SECI A 28 
C X= SQRTIKINVISI A 29 

~INVIS=EXACT**2 A 30 
V=KINVIS*DENCTY A 31 
VISCPX=lOOo*V A 32 
WRITE 13t81 VISCPX A 33 
GO TO 1 A 34 

C A 35 
4 FORMAT 112A6l A 36 
5 FORMAT 11H1t///tl2A6t///) A 37 
6 FORMAT 16Fl0o8t2Il) A 38 
7 FORMAT l/t31HMOMENT OF INERTIA (GR*CM*CMI t3XtF8o2t/t14HRADIUS ( A 39 

1CMI t22XtF8o4tlt24HMASS OF MATERIAL IGRI •12XtF6e2t/t12HTAU IS A 40 
2ECI t24XtF7e3tlt24HOENSITY IGR/CM*CM*C~l •12XtF6e2t/t29HSYSTEM A 41 
3 DECAY CONSTANT 11/SEClt9XtF7e5t/t36HHEitHT OF LIQUID IN CRUCIBLE A 42 
41CMI tF6e2l A 43 

8 FORMAT I///23HOYNAMIC VISCOSITY (CP)•t2XtF7e4) A 44 
END A 45-
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FUNCTIO~ F !XI B 1 
REAL MASSti~ERTA B 2 
COMMON BETAtGAMMAtRtMASStiNERTAtH B 3 
COMPLEX BRtX~tSUMltSUM2tA~PHA B 4 
PI=3o1415926536 B 5 
IF IX.EOoOol GO TO 1 B 6 
A~PHA=C..,o~x!-BETAtGAMMAI B 7 
BR=CMPLX!R/XtOoi*CSQRTIALPHAI B 8 
SUM1=lo-lo5/RR+o375/BR**?.+o375/RR**;+63e/!128e*BR**41 B 9 
SUM2=•125-2o/!PI*BRI+9o/!8o*BR**21-1•/!PI*BR**31-45o/(128e*BR**41- B 10 

l63o/(40o*PI*BR**51 B 11 
XL=CMPLX!2o*MASS*X**2t0oi*BR*ISUM1+2e*SUM2*RIH) B 12 
T1=-2•*INERTA*BFTA*GAMMA B 13 
T2=-BETA*AIMAGIXL) B 14 
T3=GAMMA*REALCXL) B 15 
F=T1+T2+T3 B 16 
RETURIII B 17 

1 Tl•-2•*INERTA*BETA*GAMMA B 18 
F=T1+1ol25 B 19 
RETURN B 20 
END B 21• 

SUBROUTINE ZERO IZtAtBtF) C 1 
ABSERR=1oE-20 C 2 
RELERR=1oE-20 C 3 
F'A=F!AI C 4 
FB=F!BI C 5 
TF IFA*FBeLTeOeOl GO TO 1 C 6 
PRINT 5t FAtFB C 7 
H=OeO C 8 
GO TO 4 C 9 

1 H=Oo5*(A+BI C 10 
T=ABSIH*RELERRI+ABSERR C 11 
IF IABSCH-BieLEoTI GO TO 4 C 12 
FH=F!HI C 13 
IF !FH*FAt 3t4t2 C 14 

2 A=H C 15 
GO TO 1 C 16 

3 B=H C 17 
GO TO 1 C 18 

4 Z=H C 19 
RETURN C ?.0 

c c 21 
5 FORMAT I 28HTHE ROOTS DONT STRADDLE ZEROt/ t33HTI-tE FLiNCT ION AT THE T C 22 

lWO POINTS IStlltEl3o3t20XtE13o31 C 23 
I:IIID C 24• 



APPENDIX: C 

' 
The procedure described in this section is used to find values for 

some of the controllable parameters (pendulum moment of inertia and 

torsion wire diameter) such that the measured variables (period and 

decay constant) have values which may be conveniently measured. In 

order to proceed with this parametric study, one needs estimates of the 
I 

values of the radius of the crucible, the mass, density and viscosity 

of the sample, and the period of the system with a torsion wire of 

known diameter. The moment of inertia may be given several different 

values by inserting different size inertia bars, Fig. ll. 

Since the period of oscillation varies inversely w·ith the .square 

of the wire diameter and dire-etly with the square root of the moment 

of inertia, one may calculate a set of possible values for the period 

from the available values of moment of inertia and wire diameters. These 

values along with the estimates for the other parameters are input to 

a program which yields the decay constant. (The program is nearly 

identical to program 'VISCOS" with the roie of viscosity and decay 

constant reversed. ) 

A typical analysis is shown below. 

I' 
' 



Radius of crucible = .812 em 

Mass of sample = 202.4 gr 

Density = 15.90 gr/cm3 

Viscosity ~ 18. cP 
I' 

Moment of inertia:- variable 

1 

.:.44-

Moment 

Diameter of 536 
torsion wire 

~x1o4 (mil) 'T 

6 10.3 112.9 

7 7.60 142.6 

8 5.82 172.8 

9 4.60 203.1 

11 3.08 264.1 

14 1.90 356.3 

* 

2 " of inertia (gr em ) 

805 1208 

'T j3Xl04 
'T ~x10 

11.5 69.9 14.1 39.7 

8.45 88.9 10.3 51.4 

6.46 108.1 7.90 62.8 

5.10 127.4 6.25 74.3 

* 3.48 165.9 4.18 97.6 

2.11 224.1 2.58 132.7 

This value of the period was measured. All others in this table 
were calculated •. 
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Fig. 11 Upper section of torsion pendulum with 
inertia rods 
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