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' TBE VISCOSITY OF URANIUM

AND TWO URANIUM CHROMIUM ALLOYS

by'J. S; Finuéanejand:D. R. Olander

Inorganic Materials Research Division of the Lawrence

Radiation Laboratory and the Department of Nuclear

Engineering, University of Callfornla, Berkeley,
Callfornla 94720 . _

ABSTRACT

" The v150031ty of 11qu1d uranlum and the 2.2 and 4.1 wt.%

chromium—uranium alioys have been measured with an
osc111at1ng cruciblile viscometer..
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_ INTRODUCTION

;fhe yiscosities'of uranium metal‘and uranium chromium

alloydsystems areﬁOf’interest fOr"several'reasons. Measure-
’ments of” the transport propertles of such a simple system
as a 11qu1d metal may yield greater 1n31ght into the
‘structure‘of-llqulds.:nThe transport propertles of llquid
uranlum have also been used 1n hazards analyses .of melt-
down of metal fueled reactors .as. we11 as for studles of
_ the.fea31b111ty of:nonfaqueous,fuel reproce551ng systems(l).
' The v150051ty of uranlum chrOmlum alloys were measured
..51nce the Jow me1t1ng p01nt of the eutectlc (860 C) makes“
thls_b;nary‘a potentlal_cholce for,a uran1nm-based molten
metal'reaetor'fnel.;? N ) |

"Thé éiscosity‘of'a NeWtonian fluid is-definedras
the . proportlonallty constant between. the shear stress
and the veloc1ty gradient and can be measured only in a
vdynamlc:system.. The technlques which have been employed
to measure thls property of liquld metals which 1ncludes
capzllary, rotatlonal and osc111atory methods “have

'been.rev1ewed by Thresh (2).

‘Oscillating cylinder viscometers lend themselves
well to high temperature systems Moreover, our design,
Vacuu
in whlch the sample 15 contained in a eomp;eteéy-sealed

cylindr;cachrucible, permits the use of samples which
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have a high vapor pressure or are chemically reactive.

'DATAeAﬁAL?SIS‘:'
?iThe'Viscometef“EOﬂsists of'a.tdrsioa pendulum
containing the liguid metal in a cylindrical crucible

' supporﬁedlby'a‘wire. 'Upon displacement'from the
equilibiium positidn ithé‘pendUlam performs torsional-'
osc111at10ns of the 51mp1e damped harmonic type about

"the axls. The angular dlsplacement‘ls given by:
J_'_ez(t) - g e Btcos(2mt/r) Y ¢ b

where T is the period of the oscillation. The decay
a'constantig'is-reiated tdithe~1ogarithmic decrement 5 byx*
&.éng o | . T | (@)
‘The period and decay constant are determined by the
viscous drag of the liquid on the cyllndrlcal walls and
bottom of the cruc1b1e (the upper surface of the 11qu1d
is'assumedsto contact a vacuum). The equatiOns of motion
,'for'the_dscillating cylinder have been solved by Hopkins
~.and Toye(3) : Expressed in terms of the dlmen51on1ess

,’parameters 1ntroduced by Wittenberg, Ofte and Curtlss (4)

the-solutlon may be written as (5):

‘416_+ Qs Im(F) - 2nﬁe(F)J’='0 A :;(3)-

‘*The logarithmic decrement is defined as the natural

'alogarithm of the ratio of the amplitudes on successive

'SW1ngs_to the same side of the equlllbrlum p051t10n
(i. e., s = ln[e(t)/e(t+7)] ) '



where

g @)

D §
m.is the mass of the 1iquid COhtained in the cylinder of
radlus a and I is the moment of 1nert1a of the empty system}

ReCF) and Im(F) denote the real and 1mag1nary parts

of the complex functlon F whlch 1s
':fj; 4A s ::v »_»g__,_;e~ : -pV:'f'.'
¥ »”‘»E'“['SI(U + 2Bs,z<m»1 R O

| The .terms Sl(l) and Sz(x) in Eq(5) have been shown

by Roscoe(ﬁ) to be well approx1mated by the SerleS.‘

.'Sl(l) “ 1ot ET s 1ggﬁ +oee (6)
L B A Al sk )

The dlmen31on1ess parameter B 1s the radlus—to 11qu1d

helght ratlo*'
,;llﬁiﬁeéﬁa/ﬁpe_ug. IR o @)

The parameter h is a complex quantlty dependent upon

f.R and 5._

*The Sl term accounts for the torque exerted by the fluid
on the cylindrical wall of the cylinder; the second term
in the brackets of Eq(5) reflects the viscous drag on the
cylinder bottom. For the values of the parameter B used
in. the present experiments (B~0.15), inclusion of the
second term .in the brackets of Eq(5) affects the computed
viscosity by ~5%. This term was neglected in. the
'development of ref 4. - .
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where5thetdimehsioﬁ1ess=gfoup'R'cohtainssthe kinematic
..viscosity of the liquid, v ¢

(10)

A
vT o ,_'.?,

The geometry -of the.system and the mass of the sample
determlne the dlmen51on1ess parameters B of Eq(8) and Q
of Eq(4).' Eqs(3), (5) and (9) then constltute a rela-
tion between 6§ and R the general shape of which is
;11ustrated by F;g.ﬁl of ref. 4. The measured decay
constaht“ﬁf(from which the inherent decay'constant'of7the
3:fempty system has ‘been subtracted) and the measured perlod
._ T flx the logarlthmlc decrement & by Eq@) Wlth 5§, B and
'Q spe01f1ed R 1s obtalned by trial-and-error solution of
Eq. (3) (on a computer) The kinematic-viscosity.of the
fluld ls then obtalned from Eq(lO) the absolute viscosity

can be calculated from the liquid density by:
-»d= Py o _ﬁ o g _ (11)
The density of the liquid is directly involved in

the anaiysis only as a means of estimating the liquid

height (and hence the parameter B) from the sample mass .

*The definition of R in Eq(10) differs from that of ref. 4,
where the period of the empty cylinder was used instead of.
the period with the liquid inside. The Ilatter does not -
enter the present analysis (2). . former

ok

There may be two values of R which offer a solutlon (4, 7).
Our experiments were all in the '"large cup" region, where
the decay constant increases with decreasing R.
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3nd Cruciblé radiﬁsl 'Since the'contribﬁtion.ofvthe last
‘term in the'bréckéts of'Eq(S) is sﬁéli,.errors in the
dénsity dQ not significantiy affect the aécuracy 6f the
kineméfic-viscosity. HoWever,~the accufaCy of the absolute
viscosity is no better than the accuracy of the liquid
density.. Theﬁestimated liquid height may also be in error

| . .
' because of the non-planar shape of the free liquid surface(2).



- EXPERIMENTAL APPARATUS

‘General Description

»ussfhe~a§paratu5xis showh iﬁlFig; 1. The tempéerature
contthsis-aecemplished-b&,varyihg theubower supplied to
the1Bpew.tungstenvmesh»resistance'furnace (A) which is:
3'in.~in.diameter;?né,6 in;:ihuheight.. The heater element
is surrouuded'bffa.series.of tungsten radiation»shields (B).
The enti:e sjstem.is contained within.avvecuum system'(C)
iu_order'to,minimize energy transfer by convection from
the.hot:zoue, to eliminate>any viscous drag on the cylindri-

cal cru01ble arising from the surroundlng gases, and fd

: prevent attack of the crucible by gaseous 1mpur1t1es..

The tersiou'pendulum.conSists'Of.three primary'parts:
the”crueihle-(D) which“coutains the Sauple; a'centerless
'greundgrefractory metal rod (E) which rigidly connects the
crucible with that-pert of the pendulum extefnal to the
heatef; and the external portionAof-the pendulum (F),
_wuich:ﬁas a polished surface to,reflect a'beam ofllight
by whieh.the moinn,of'the pendulum is monitored. A
hole is drilled thfdugh the pendu1um'pefpendicular to
its‘akissof rotatidu'into'Which rods may'be inserted and
fixed such that moment of 1nert1a of the pendulum may be

‘varied over a wide range. Since these 1nert1a rods
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rotate about 4 in. above the heater which,carrieS'égo-to

5 _
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 tor51on wire. A plcture of

'the entlre pendulum 1s shown 1n Flg 2.. The whlte p1ece

at the . top of the vert1ca1 rod is an alumlna connector

used to reduce the heat load on. the upper portlon of the

| pendulum.

The;torsion wire‘(H) extends from the pendqum to a

second chuck whlch is attached to a rotatable holder (J)

which rests on:a: support plate (K) _ Tors;on3w1res;made

"of 302 stalnless steel about 6 in. long and varying in

dlameter from_ 006 1n. to 014 in. were used The holder'

‘1s attached mechanlcally to a rotary feedthrough (L) by

jwhlch the tor51ona1 motlon of the pendulum may be 1n1t1ated

from outs1de the vacuum - system

The'temperature within the furnace region is measured

_ by an- optlcal pyrometer (M) which is 31ghted through a

right angle prlsm (N) into a hole 1/8 in. in dlameter

‘drilled through the bottom shleld pack 1nto the inner.

furnace region.

~

vThelelectricai.power required by the heater is 750

- amps atjzero to 25 volts.:=To reduce changes_in magnetic
- field intensity (which could damplpendulum oscillation)
the 480 three-phase AC line voltage was transformed and

full wave(rectified.to give.DCQ A filter network was
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included to reduce the r1pp1e on the DC but 1t could not
be- shown that thls 1mproved the performance of the power
a_supply.f |

The vacuuﬁ system oop51sts of a 15 c.f. m. mechanical
pump and a ZOOL/sec ion pump. (P) Theuvacuum.system.has an
ultimate pressure after bake-out of 5 x 10 8 torr, and |
maintains the Pressure at 3 x 10 -7 torr dur;ng operationr
with'fgrpace;temperatures_upato-lSOQfC,‘ |

o Thgfion.pumppsystem was chosen in preference to a
'diffasioﬁ pﬁmpusysteﬁito.allow the4mechahica1 fore‘pump
_to pe-tﬁrned off before viscosity aeasurements were tonbe'
made.l ThlS was necessary to ‘prevent pump v1brat10ns from
1nterfer1ng with the pendulum motion. The entire vacuum
system was mounted on a platform resting wlthinva box-of

sand;tq isolate the system from building vibrations.

Pendulum Motion Recording System.

”Tﬁe recording system is illustrated in Fig. 3. The
period*of oscillatlon:and the“decay'eonstant aSSOCiated
'with.tﬁe;motlon of pendulum_are measured'by aiming a beam _
“of light.(A) at thelmirroredlsurface of the pendulum (B)
| so that_the”reflected.beam sequentially strikes a series
of three photo cells (C) The photo cells are ~5° apart
A small voltage 1s applled across each photo cell and the
‘ oqtput_of eaoh cell_ls fedolnto a_hlgh speed chart recorder.

In addition, a series of timing impulses is fed into the
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trecorder so that the 1nstant at whlch the llght beamjﬂ
»vpassed each ‘photo cell could be determ1ned -to the neatest
mllllsecond. 'The'only assumptlon 1nherent in this tech-
_nique*is that the pendulum 1s in 1dentlcally the same o o
positidn“everyxtime a single photo cell fires. Assqmlng
that thehangular displacement is given by.Eq(l);:the;petiod -
.endjdéceYVCOhstantfa’cah be determined from the raw data.
The-pefioa isfceICulated*es the'average.time between'sueees—
'sive.firihgs*of“the*individua17phote ceiis- The decay eon—
stant“is calculated'as 111ustrated w1th referenceﬂto Fig. 4.

A The damped harmonlc curve (a) represents the:gzsplacement
of the llght beam as a funct1on of t1me The position (b)
represents the locatlon of one of the three photocells.

The flrlng tlmes of the photocell are represented by
t;...té.f If damping over the 1ntervals tg‘tl and té-ts

‘is neglected the curves. in Flg 4 can be con51dered
symmetrlc about the peaks.‘ In this case the helght of:s
the peaks are proportlonal to cos[(tz—tl)v/T]and cos
[(ta—ts)v/T] respectlvely,_andvthe decay constant is

-glven.by-_

o eT cos[!tg;tg)w] - SRS l.';(lzé .

Generally, the decaylcenstant is calculated by comparing
the_firing time'intefvaIS‘for peaks separated by more than
two perioas. In this Case;'the "2" in Eq(12) is replaced

by the number of cycles separating te-ts and tao-ty.
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’_ 1f the asymmetryAQf the peaks caused by damping of

: the-bscillatiqns is taken intovaCCOQnt;vitl¢én be shéwn
thatgthe:éXact Value of B differs from'the'value given 

"by'Eq(IZ) by the factor

. Xse = X3z
1 + 47

where'X'=_y/tany; y =VnAt/T;‘anddAt = tér— t1 or tg - ts.

For the case of gr<<1, the above factor can be expressed

_by»'

- cos?y

1+ (8] | By

sin€y

-Awhere hefe y = m(ta-ty) /7. In the experiments reported

hefe{f(sf/zw)<0.01. The bracketed term in the above
expression is always less than 2/3. Therefore, the
approximate decay constant formula, Eq(12), is valid to

within 0.7%.
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* EXPERIMENTAL PROCEDURE

Preliminary Measurements . = _ | *

The 1nherent decay constant (g w1th no v1scous damping
| due to the 11qu1d) was measured wh11e the sample was in the
SOlld state both before and after each run. It'was found
to be 1n=theurange-.0002 sec™ to .0016 sec™*. ‘A system -

decay eonstanth(risoous“+ inherent) of the order .0060

-1

vdsec 'to'.'O].ESO'sec"l

1 could be conveniently and accurately
measured while the pendulum performed lO to 20 complete

- oscillatlons. The prlmary quantlty ‘used to determine the
decay constant was the tlme 1nterva1 between’ two consecu—
'tlve firings of a 51ngle photocell (i. e., ta-ty g;¢t6 -tg
in F1g~-4) . Since these tlmes could be measured only to

' ‘ J(ﬁeunce ‘
the . nearest mllllsecond the minimum acceptable dnberwval
e bd’ween ((t;—t) and  (t-ts)

A Was set at 30 milliseconds. - These restralnts.requlred a
lperiod,of at least 3 sec. In order to insure_that'the
period and decay constant fell within'these ranges, a para*
metric study to determlne the best values for both the |
vament of 1nert1a and the tor51on wire dlameter (based upon
_anjapprox1mate valuevof the v1sc051ty) was made for each
' sample run. | | B

hlheimoment of inertia wasvmeasured as follows. The
.metalhsanple was melted at'least oncelto allow it to

 assume the shape and size of the crucible. With the system
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ét‘foomjtemperatureianq_ohé—éf'fhe iﬁeffia bérs_insertéd
 syﬁm§ff3¢a1iy thféuéhfthé]holé;pefpéndiéulaf fo_the axié
6f.rofétion, the:peridd'wéélﬁeaSUréd.V:Thé>inertia bar Wés,
then.rémoVed-and the périod Was determined again. The
chahgéiig_the moment of i#ertia:may be ﬁéléulated to beFtern
than ov._ri%' from the 'dimens'i_dns_‘;,axiq the mass of the bar.
Kaning thé'exact*éhange in thé mOment'bf inertia and using
-the-faéf that the period yafiés-inversely with the square
root-pf.the'momenf éfFiﬁertié,.the.mOmenti6f<inertia for
-thé“thle-syStem was'dalculated{y;FinQIiy{ the*moment'of
the“36lid'meta1”3ample was calculated-and subtracted'fromb
"'the~951ué'for~fhe whole ‘system to obtain the value-néeded

for the empty system.

Samplelﬁrepération
',Thefmaterials uSed in this work wére obtained'ffom
thevﬁﬁﬁiqnal Lead Company. -They_cohsistéd.of depleted
.'uranium'(O.ZZ%'U235)'and uranium~chromium pellets '
weighihg abdut 5 gréms eéch. The oxide coat was removed
from‘fhé'samples by_first'piékeling in hot concentrated .
7nitfic_acid and theﬁ-éleéfrblyzigg in_a &i1ute sulphuric
acid:soiﬁtioh_hsing 12 vbits DC (the pellets were the
cathqde)} | - |
iAftér a_sufficiénﬁ nUmbér.of peliets had been melted"

in-avBéO crucibie tévférﬁ’airodv3/4 in. in diameter and

ébout_B in. long, the ingot‘was machined down to the
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| diménsions of the}crucible.  The oxygen COnteht of the
-samp1é¢ aftér vacuum meiting.in BéOJCrucibles-was élwayéu
‘less than 25 parts per ﬁillibn. rThe specimén was then
weighed, inserted into arcrucible, énd put into avcontainer
which was then evacuated. It was shipped in this condition

to the Lawrence Radiation Laboratory in Livermore where the

R s : _
'1idg of the crucibles were electron-beam welded on under
Vacuum conditions.

-1spéctrochemica1 analyses were perfofmed on the samples
and the results are given in the Table . All samples
except the first.One.Wére analyzed'after_undergoing the

viscosity measurements.
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" Table I¥

U

Contami; 'Va9uum»Me1ted U;fggm;Ta VUoﬁgg;?BeO. U~2.2=g49?25 from
nant in BeO . . Céntainer BeO Cénfdirer
o . (ppm) (ppm) (ppm) >%ppm)
Si 50 10 . 50 50
S Cu < 10* < 10" < 10" < 10"
Mo < 10" < 10% < 10" < 10"
Mg < 10" < 10" < 10" < 10
B < 10" < 10" < 10" < 10"
Ni <10t =100 - 200 < 10
Fe < 100 <100 < 100 £ 100
cr <10 < 10" <10 . 2.2%°
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 Db @ b b =@ b
-3

‘The sbédfral lines of these elements wéfé“bbserved but the

'ihtehéity'was less than the standard value, which is listed.

the separated chromium as Cro03.

b

‘The 2;2gweight percent chromium was determined by weighing

Ta was determined using the solution copper spark method.

The low limit of the sensitivity of this method is 0.5%.

,Nd’Té_was"detectedvin anyvsampie,

N

‘the sample to remain several hours at about 1600°C.

ettt

Thé high content of Be in this'sample resulted from allowing

B
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df‘fiseosity Measurements.j'

bThe heater was turned on and the temperature ‘within
the hot zone was monltored unt11 a steady temperature was
reached.' The initial setting of the heater power-supply
was adjusted to yield a temperature just below the melting
point 6f’thev5ample The mechanicai*starter was then
endaged and - the pendulum was glven an initial angular
'displeeement; (The 1n1t1a1 dlsplacement was nominally
iimitedﬂpy the.yleldvp01nt of-thevtor510n wlre;-however,
_ displaqements:of up to‘909,from the,equilibrium.position .
Caused,no difficulty.)‘;Thevrecorder'wes then:started'and
the inherent decay constant»of-the.pendulum system without
theyeffeet of viscous damping.Was_measured; The inherent
damping;eOnstant was'measured‘with afSoiid tungsten'crucible
_atvtemperatures-uprto 1950°C and was found tovbe,temperé-

'ture’independent.

'Theptemperature WaS”then‘inCreaSed in'steps, each time
Ide110w1ng thermal equilibrium to be reached before the decay
'sconstant and perlod of the liquid sample were measured.

Tne temperature.was increased in such aimanner'that one
'half ef the desired number,of.data points were ebtained
while.approaching-the'highest~temperature end the reSt'were
measured while the system was cooling pack down. This pro-
—cedure was adopted to insure that a reaction between the
sample and the containerfned,not occurred and'that.the :

- viscosity data in the low temperature range were repreduCibie.
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'RESULTS .
'Testing

The tor51on pendulum system is an absolute method of
v1sc031ty determlnatlon. The testlng of the system was
accompllshed by measuring the v1scos1ty of a mater1a1 for
whlch accepted 11terature values of the v150051ty were |
avallable. For th1s purpose tin was chosen. "Tin is
ava11ab1e in a very pure state and does not react w1th the
BeOvcruc1b1e. The‘den51ty of tin was taken frOm
Kirshenhaum and*Cahill(S) The temperature was measured
over the entlre temperature range of the viscosity
measurements (230°C‘to 1100°C) with a calibrated chromel
alumel‘thermocouple; As an‘additional check_On the temper-
'atureimeasurements;'a calibrated optical’pYrometer was
used‘to confirm the values of the‘temperature abOve. |
850°Cgp”The results of the measurement>Of the viscosity
of tin are given in Fig. 5. The solid line represents a
least squares curve fit to the viscosity data  for tin from
reference 9. The data points shown as open'circles were
measured durlng initial testing of the system The data :
-p01nts shown as closed clrcles were obtalned when the
system was recalibrated after'the completlon-of the
uranium metal and uranium chromlum alloy measurements.
Thelactivation energy calculated from our data was 1.44

kcal/gram atom, which compares quite favorably-with the

‘value of 1.52 kcal/gram atom calculated from the data
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g1ven 1n ref 9 as: well as the value of 1. 4 kcal/gram atom

(19)

reported for pure tin by Kanda and Colburn

Pure Uranium .-

The uranium- v1sc051ty measurenents were carried out on
two separate runs. The flrst sample was held'ln a molybdenum
| Cruciblefwitnua beryllium onde*iiner'amiits viscosity was
.measured:from the‘helting boint“at 1132°C'to a'temperature
of 1532°C. In order to 1solate any p0551b1e effect of a
reaction between the sample ‘matérial and 1ts contalner,'a
_second;sample of pure;uranlum was measured in‘a tantalum
‘crucible.- The'denSity:of'pure liquid uranium was taken as
that recently reported'by the Mound.Laboratory(ln The.
v1sc051ty results are 'shown %n Flg 6 and in Table I,

a line represen
Figure 6 also conta1n§1the Mound Laboratory data for the

(12)

'latedpfrom our data was 6,5 kcal/gram whlchzls comparable

v1sc051ty of pure uranium. The activation energy calcu—
with the value of 7.3 kcal/gram reported in ref. 12; however,
the absolute value of the v1sc051ty measured by the Mound
Laboratory.averaged»“35%.lower than the values reported

here. The cause of this discrepancy is unknown.

Chromium Uranium Alloys

The v1sc031ty of two dlfferent chromlum uranium alloy
systems was measured The,dens1t1es;of these liquids have

not been measured,but Were'estimated by a method reported
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'ﬁy PéSternqulg) The dénsity of uranium is represented by
the equatiod? | B

b= 19.083 - 16.01 x'iof4T |
| whére the_density is in g/qc ahd the temperature in °C.
This equation iﬁdicafés'that thé dénsity'of,thevsubcooled
iiquid'ufaniumVaf 1000°C ié 91;7%;the'fqom'témperéture
dénSitY'¢f~the’solid;(19,06-g/cé); The foom"temperéture _
dehsify.of:the U;Cf;eutecfiCIWasidetévmined tb}be 17.5 g/cc}La
Twhich bowthica prract ob the wlue cllealafed b an ded mixture. :
_Assgmingithe*raﬁio'pliq(1000°C)/ps(2§°C) of the eutectic is
the same'as_that;for pufe'uranium, the dénsity-of‘the,moltén
eutectic at 1000°C is estimated to be 16.05 g/cc. The
température dependence of the 1liquid density was assumed
to be'that predicted. by Strauss§14) Théldensity of ther
~intermediate composition alloy waS'estimated by assumiﬁg
tha;-aépéity vagiea'linearly:With percént-Crﬁcompoéition
' from zefo percent,,repfeseﬁted byAfhe density«fofvpure

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

density for the eutectic. //Z// -
"Thefzgz wt.% chromium alloy'was,'prépafed by adding

a 11b;4'gram ingot of uranium metal to a 94.9 gram ingot
of eutectic (4.46 wt.% chroﬁium)-and co-melting the mixture
in.thé crucible. The results are shown in Fig. 7 and
. Table III. The_méaSured‘Qiscosities ranged from 11.9 cP
at 1018°C to 7.5 cP at a temperature of 1285°C. The

value of 11.02 cP for this alloy at 1007°C is due to a.
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‘Table III Uranium - 2.2 weight percent chromium

Contairer: 3e0 - :

soavatmeri seb <% 2 | | o
Momert of inertia: &20.3 gr cm . . o - -
Radius:. .810 em - : ’ B :
Mass: 205.3 gr . o

Heignt of liguid at 1018°C:. 5.91 em

11l mil torsion wire : : '

emp. °C - * Decay Constant . DPeriod - = Density =~ = Viscosity
: (x10" sec=t) (sec) © gr/ec cP

1007 - 130.6 3,522, 16.85 - 11,02
1018 o o13k.6. - 3.516 0 16.8k 11.87.
© 1026 S 13k 3.5k 16.82 11.75
- 1083 - - 130.1 5.516 . 16.78 10.35
11050 : 128.1 2,509 . 16.75 10.%3
11 - 121.8 3.513 16,67 .13
1168 120.6 3.515 16,6k 3.9z
1175 : 122,6 . 3.51k 16.63 g.32
1180 - 119.3 3514 16.62 8.55
1236 115.5 - 3,514 . 16.55 7.57
] 7. Lk

1285 12,k 3.516 0 16,19
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partial_solidifiéationsqf the sample. A least squares fif,
aé showh by the_solidlline thfdugh the daté ﬁoints gave
'an aétivation energy for viscous flow of 6.7 kcal/graﬁ
afsm.,.' o | | o |
>Thé“second samp1e shown in Fig;48 and in Tablé-t;z"jjr
‘had a composition of 4.1 wt.% chromium, which is somewhat
1ower" than the composition of the chfomium-uranium
eutectic alloy (5.0'wt.%13)._fThe caléulated activafion

- energy- for this sample was 8.6 kcal/gram atom.



© 11 mil torsion wire

.

Table DK, Uranium - U.1 weight‘percént chromium

- Container: BeQ

Moment of Inertia; 814,0 gr ent
Radius: .812 ecm o v
Mass: 202.k4 gr . ' .
Height of liquid at 933°C: 6.07 cm

. Tenp °C . Decay Constant Period Density Viscosity
S (X10% sec™t)  (sec)  -(grfec) c?
933 ... 158.8 3,490 0 16,12 ' 17.27

- 1005 . 1bh7,6 - 3,486 0 16.05 14.03
1070 g 137.2 3,439 . 15.98 . 11.61
1105 . 34,0 . - 3,488 15.95 10.90
1108 133.7 3. 48L 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 15.76 TeTh

9 mil torsion wire

gk 12,1 ko9s 1611 15.87.

1006 . 117.9 0 L4986 16.05 14,22
1695 . 107.5 4,986 15.96 10.93

w20k o 99,0 . 4.986 15.85 . 8.72

6 mil torsion wire

k2 67.3 11.560 16.11  16.18

9Th 66.3 -~ . 11.551  16.08 = - 15.14
982 ' 65.7 © 11.551 16.07 1k.55
‘1016 64. k4 11.5%9 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

.Chromiumrcontent waé.determined by colorimetry using the diphenyl-

carbazide method.

-
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 'DISCUSSION OF RESULTS

“_UraniumnMetal

eeThe'exPerimental“Value:of'theVaCtivation energy for

v1scous flow was found to be in good agreement with the -

@7)

emp1r10a1 correlatlons of Chapma ( )and of Grosse as

#Y

shown in Table V. The absolute value of the viscosity,
‘ehowever,;was.not predicfeefneerly«ggAwell.. The“oply' |
reported.experiﬁental viscosity measﬁrement on another
act1n1de element is the determlnatlon of the viscosity of .

(18)

: plutonlum.by Jones, et al The measured viscosities of

uranlum_and p;utonlum‘are both_higher than the predicted

values,-aﬂé—ét—mayebe—neeess&ry—%e~éeve}ep—a—diéferent

Table ¥ Y.

I

.nmp (cP) E_.. (kcal/mole) .

vls
Grosse-Andrade 5.9 7.5
' Chapman 3.9 6.2
Mound Laboratory(12) 6.5 . 7.3

Present work  10.0 6.5

graniumtchrOmiumAAlloxs




of the alloys was not greatly dlfferent from ‘the v150051ty

'vThe viscosity

‘of uranlum metal at the same temperature, but the addition

t{ 3 . 1

of small amounts of chromium dﬁd permit lower. temperatures

and_hence-hlgher_v150051t1es'to*be attained. The viscosity

o _ g
isotherms shown in Fig. ¥0 exhibit minima at low tempera-

tures. The minima occur at compositions less than the

He cs"'wa{cJ Jeh,\,flfi are f’/‘é“ b/) Gt W FC 9[-3

eutectic com osition. Since af.
' n P Fhe 1732°C curve of /" ¢35 beloered ko /,'\e s /

fc Wa.,’/'.'~*§.' /‘70). Fhe > % imemimwin e

Wittenberg et al(4) observed abnormal pehavior in

.visoosityAmeasurements-of.two“plutOnium alloys for large

perlods and hlgh v1sc051t1es FrOm the dimensionless

'grouplng-of Eq(l10), this comblnatlon of parameters is

eQuiveleht to a small value of R. The abnormal effect,
which was attributed to non-Newtonian characteristics of

the liquid metal, was observed for R<~ 7. To investigate

whether the U-Cr system exhibited similar abnormalities,

a set of measurements was performed on the 4.1% sample with

a 6 mil diameter torsion wire (Table 1:1;1) Although R

values as low as 5. 7 were attalned in this experlment
Mmenswy ol

the eempeted v1sc051tles were indistinguishable from

those w1th much shorter periods and R valueS'con51derab1y

greater than 7.
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Figure Captions

Fig. No. . caption
1 Diééram_of the Experimentai arrangement
v 2 Torsibn‘pénduium. L |
3 Diagfaﬁ of oscillation recording system
4 Decay constant calculation méthod
S Viscosity of Tin | |
6 Viscosity of uranium
7 Viscésity of thev2.2 wt.% chromium-uranium
alloy |
8 - viscosity of the 4.1.wt.% chromium-uranium
-alloy |

g'v*“*““*“—Uf&ﬁi&ﬁ“ehfemiﬁm~p§&se—éiag%aﬁb_
0 9 .~ Viscosity isotherms in the uranium-chromium

system

I
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A, Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




