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Inorganic Materials Research Division,
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Department of Chemical Engineering, . Lo
Un1vers1ty of Callfornla, Berkeley, California

ABSTRACT
January 1966

The rate of extraction of a rare earth fission product,'lanthanum;lho, and
its precursor and Baluo from thé uranium - 5 w-% chromium eutectic by

molten magnesium at 1000°C has been measured by the falling liquid drop

| :technique. Use of the low melting U-Cr eutectic (MP 859°C) instead of

pufe uranium (MP 1132°C) permits operation at temperatures well below the
boiling poiht of magnesium, Magnesium and the U-Cr alloy.form an essen-
tially immiscible two phase liquid-ligquid system. Fission'products’were
introduced in the U-Cr alloy by light neutron irradiation. The relative

abundance of Laluo was determined by scintillation counting of its 1.6 Mev

gamma photopeak., The .relative abundance of Baluo was determined by follow=-

ing the decay of Laluo activity after extraction.

Measurements were made on U-Cr drops of 2-4 mm diameter. The overall
mass trénsfer coefficient for ILa, based on the U-Cr phase was détermined
to be .00L1T£30% cm/sec. Drop velocity was determined by measuring the
time interval between the output of collimated scintillation counters
placea along the extraction column. The measured velocity was about
T0 cm/sec, 13% higher than predicted by £he correlation of Hu and Kintner.

Equilibrium experiments showed the distribution coefficient for Ia

(on a concentration basis) between U-Cr and Mg to be 0.14 at 1000°C,



and that for Ba to be about .0035.

The results of the kinetic and equilibrium measurements indicated
that the mechanism of solute lanthanum transfer is molecular diffusion

through a stagnant drop with external resistance.

Diffusion coefficients in liquid metal systems have been correlated . ——

-'by absolute rate andlcorresponding states thecries,
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I. INTRODUCTION

A, The Role of Liguid Metal Extraction in Nuclear Technology

239

Nuclear power reactors generate heat by fissioning U235 or o

. Fission or splitting of one of these isotopes is.triggered by a collision

with a neutron and results in the formation of.two nuclear fragments called

"fission products" or "fission product elements". Fission products have

: mass.numbers from 72 to 158. Almost all of the heat released in a nuclear

reactor is due to the recoil kinetic energy of fission products. Theyv

are almost always radioactive. For several reasons, which will be outlined
below, it.is necessary to withéraw a fuel element from the core of a
reacfor at some point in time before all the UQBS has been cohsumed and

to reprocess that fuel element. The most important step in reprécessingv

is the_separation and recovery of U235 from the fission products. New

fuel elements may then be fabricated from the recovered U235.

There are three reasons why:reactor fuel must be reprocessed:

1) Radiation damage must be repaired. When an atom of U255 fissions,
the‘fission.product fragments recoil with great velocity. By colliding
with atoms in the metallic léttice they are‘slowed-down and their
kinetic energy converted to heat. In this process the metallic |
lattice itself suffers damage which may advefsely affect its thérmal
conductivity and strength. Evenbthe shape of a solid fuel element
may be altered, | "

2) The presence of fission-products in the metal laftice may ad-
versely affect its strength or other metallic pfbperties. This is
because many fission proqucts are non-metals and some, sﬁéh as césium,

-have larger atoms than uranium.
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3) Many fission products absorb neutrons (havé a high capture cross-
section for neutrons) and compete with U235 fbr neutrons thus adverselyl*
affecting the reactor's neutron economy. This effect is called
ﬁpoisoning" and is particularly serious in thermal reactors because
many fission products have large resonances in their absorption cross-
sections for thermal ﬁeutrons. Aside from resonance éffects, most
absorption cross;sections follow a 1/v relationship to neutron energy.
For a fést reactor, (one whose fuel is fissioned by fast neutrons )
poisoning is a much léss'serious problem,
Reprocessing of reactor fuels is conventionally accomplished by
aqﬁeous chemistry. In the usual aqueous reprocessing schemes the metal
is first dissolved in nitric acid then an organic extractant such as
tri—n-butylpﬁospﬁate (TBP) is used to separate uranium from fission prdd-
ucts.‘ Separation of uraniﬁm from other fiésionable material (e.g., Pu?39 .
whichrié formed when U258 captures a fast neutr;n) is achieved by céreful
adjustmentlof the valence states of the twb metals; Aqueous techniques
are capable of échieving é high degree of removal of radioactivevfissioﬁ -
pfodubts. The degree of removal is.quantitatively described by the term
"decontamiﬁation factor", which is the ratio of fission products present
per unit weight of fuel before processing to that after processing. De-
conﬁamination.factors of 106 - 108 are common in aqueocus processes and
are higﬁ_enough to permit direct handling of the reprocessed fue} during
refﬁbrication. : | |
During the past fifteen years, a number of laboratories have investi:i—>
gated”reprocessiﬁg techniques in which the fuel element is not dissolved

but is maintained in metallic form. These processes make use of chemical

reactions which oceur at high temperatures and are designated'"pyrometallurgical -
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processes'. Some of the laboratories in the United States where pyro-

v mgtallurgical processing has been studied are Hanford, Los Alamos, Argonne
National Laboratory, the Ames Laboratory at Iowa Stéte College, Oak Ridge
National Laboratory and Brookhaven National Laboratéry.

There are a number of techniquesaL which fall under the heading of

pyrometalluréical processing.

1) Direct distillation: Pu and some fission products caﬁ be distilled
from uranium at 1600°C.

2) Fused salt exfraction: Because the chlorides and fluorides of
many fission producté are very stable, these fission products can be
removed from molten uranium by extraction with a molten salt phase
_containing UFH or MgClg. |

3) Oxide slagging: If ﬁranium.is melted in crucibles made of céftain
refractory oxides those fission products whose oxides are‘stable will
be removed. Levensonloo has describeé a pilot scale processing plant
for the remote refabrication of fuel elements which operates in conjunc-
tion with Experiﬁental Breeder Reactor-II (EBR-II) as a closed fuel
cycie. Molten uranium at 1300°C is processed in zirconium oxide cru-
cibles under a dry aréon atmosphere. The EBR-II Fuel Recycle Facility
is located at the.USAEC reactor testing station in Idaho.

k) ILiquid metalvextractioﬁ: Some molten metals such as silver and
magnesium are immiséible with molﬁen uranium and can extract fission
produéts.by‘solvent action, _ ",

The remainder of this section will be devoted to a consideration

' of the adv&ntages,‘disadvantages and applications of liguid metal extrac--

tion.



L.

It is not expected that pyrometallurgical processes will achieve
decontamination factors as high as in aqueous processes. .The objective in
a liquid metal reprocessing scheme is to remove a sufficient portion of

63

the fission products to prevent "poisoning". Baker and Leary ~ estimate
that decontamination factors of 10 to 100 will be adegquate, but remote
refabrication of fuel elements will be necessary. The melting and recast-

ing steps will repair radiation damage to the lattice structure of solid

" metal fuels. Of course in a liquid metal fueled reactor this latter

problem does not arise.

Besides the achievement of high decontamination factors, aqueous
prdceSses have other advantages. Most impoftant is their proven.reLiabiliﬁy.A
Aqueous processesAare ideally suited for use in centrally located re-
processing plants to which sbent fuel elements can be shipped for ﬁreatment._
Baker and Leary:65 have compared some of the relative merits of aqueous

and pyrometallurgical processing., One big drawback in the aqueous processes

- is that organic extractants undergo radiation damage by highly.burnt-up

fuels. Iong cooling times are therefore reguired before such fuels can be

processed. This means that more fuel must be kept in the "fuel cycle"

increasing fuel inventory charges. Liquid metal extractants are not subject

to radiation damage from intensely radioactive fuel. Pyroprocessing

planté are compact, do hot involve the 1argé capital expenses of aqueéus
plents and are @herefore well suited to on-site processing. Pyromefallurgical'
processing is bf course especially sﬁited to use with liquid-ﬁetal fueled 
reactors, J |

4 '
Howe6 has outlined some of the advantages and disadvantages of

liquid fuels. Among the advantages are freedom from radiation damage to

[ &
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ﬁhe crystal lattice typical of a solid fuel, better heat transfer, simple
preparation, and the possibility of less compliéated cheaper reprocessing{
Some problems associated with liquid fuels are those of corrosion, pumping .
radioactive fluids, and the necessity for compact heat exchanger design.
One liquid metal fuel which has received considefable attention is a -
solﬁtion of U255 in bismuth. Bismuth's low absorption cross-section for
thermal neutrons and low melting point make it ideal for this application.

Hammond and HumphreysﬁL of the ios Alamoercientific Laboratory have
proposed a direct-contact core system having a molten plutonium alloy
fast réactor core. The core would be circulatéd, cooied, and processgd
by direct contact with liquid sodium. The blanket would consist of U2385
 The prdposed core alloy'is 67.5 a-% Ce, 25 a-% Co, and 7.5 af% Pu ‘and has
a MP of 420°C. (The alloy melts at approximately 420°C at 25 a-% Co
and over a wide range of Pu-Ce composition).’ |

Aksodiumvjet pump provides the energy for circulating the fuel. After
very short contact times (local heat fluxes of several million Btu/hr-ff2
‘ére expected) the immiscible liquids are centrifugally sepafated, the fuel -
returns to the core, and the‘hqt sodium goes to a heat exchanger where_it
is‘cooled by a secondary sodium loop before returning to the jet pump.

Many experimental probléms remain to be sol&ed before such a system ‘
can operate economically. Some of them are fuel carry-over, coolant
carry-back as well as experimental determination of the limits of fuel
pumping (which may limit the entire system to relatively smail core sizes).
Some experiments already performed indicate that tantalum will be required
for the core container.

Hammond expects that the proposed system can overcome high initial =

cost by offering a low operating cost. A fluid core system also offers




some inherent safety features. There are no problems of fuel element
meldeown of of void formation in the.coolant.

zBidwell,75'also working at lLos Alamos, has considered thé chemical
behaviér of fissioh products which might be expecfed in the "dynamic core"

fast reactor. He'predicts that the rare gases and the alkali and alkaline-

earth metals will be sodium extractable, as weli as the halogens which form

sodium soluble sodium halides. The fission products would be separated

' frOmvthe sodium coolant by cold trapping or distillation. Rare earths,
the transition metals and the refractory metals_are assumed to remain

in the fuel. Bidwell calculates thé.t 5% to 35% of the extractable fission
broducts ére removed during each paés through a dynamic core.

It is expected that such é system can operate to a very high burn-up,
l.€e, until an amount of plutonium equal tQ the original inventdry has |
vbeen consumed. During this time it would bé necessary to add 110% of
the.original amouht of Which 5% would_éompensate for poisoning. The

ultimate limiting factor may be the precipitation of insoluble metals in

the fuel or an upset of the neutron economy due to loss of delayed-neutron .’

?recursors to the sodium extractant. Bidwelllol considers . the latter
“problem in a sepaiate article.,

B. Object of Present Work

_:This thesis is:an experimental study of the kinetics of iiqhid metal
extraétion of fission products from uranium reactor fuéls. The iiquid-
liquid contacting procedure that was used is commonly called "dropvextrac--
tioﬁ". Molten drops of a neutron-irradiated alloy of uranium and chromium
were allowed to fall through a column of molten magnesium which is )
essentially immiscible with molten uranium.. Both the amount of a rare:

" earth fission product, Laluo, and Balho, which were extracted from the

Chss A

B P
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drop by the magnesium solvent and the velocity of the falling drop were
measured in order to determine the rate of extractidn.
The purpose of the experiment is to determine mass transfer co-

efficients for the system. The equilibrium distributions of Laluo and

Baluo between the molten uranium-chromium alloy and magnesium phases were
alsc measured. |

The mass transfer coefficients determined‘in this study have applica-
tion to the design of equipment and procedures for reprocessing metallic
fuels for nuclear reactors.

- Because this thesis deals with mass transfer in molten metal systems,
and because diffusion is important in mass transfer, a survey of the
available molten Tetal diffusion data was undertaken. The results of
this survey and a discussion of two techniques for predicting diffusion

in molten metals are presented.

The remainder of this chapter is devoted to a discussion of the U-Cr,

Lo

, 1 Lo -
Mg solvent pair and the La B Bal 0 solutes, and to a brief summary of

‘the problem of containment of these corrosive'liquids at high temperatures.>

In succeeding chapters the drop extraction experiments will be

described and the results of the experiments will be discussed.

C‘, The Immiécible U-Cr HEutectic — Mg Systém
One of the mutually immiscible systems which has beeﬁ investigated
as a result of interest in pyfometallurgical processing is the uranium-
magnésium system. Some of the equilibrium data for this system will be
67

reviewed in the next chapter. Barney and Keneshea ' equilibrated uranium

and magnesium in tantalum crucibles at 1150°C. (Uranium melts at 1132°C. )

‘Beécause this temperature is well above the boiling point of magnesium, it

was necessary to carry out the equilibrations in mild steel bombs.
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In order to avoid the necessity of operating the expefiment under : i}
pressure, the uranium-20 a-% chromium eutectic (MP 859°C) was used instead
of pure uranium. In this way a. liquid uranium rich phase can be contacted s
with a molten magnesium phase at temperatures well below the boiling point
of magnesium. Magnesium vapor pressure is about 300 mm of Hg at lOOO°C,

the experimental temperature. . ’ ' ‘ ;
The uranium-chromium system has been studied by Daane and Wilson76 ‘ ?

using x-ray, thermal and metallographic'techniques. (See also "Constitution
of Uranium and Thorium Alloys", BMI-1300 by F. A. Rough and A. A. Bguer.)102
The system forms a eutectic with a melting point of 859°C and a eutectic
composition of 20 a~% (5 w-%) chromium.

| The phaée diagram for the magnesiunm-uranium systém at 3 atmospheres
.has been established by Chiotti, Tracy, and Wilhelm.77 They found i%nited
matual sdlubility at temperatures up t911255°c. At 1135°C the mégnesium- J

" rich phase contains 0.14*0,05 w-% uranium and the uranium-rich phase B

contains 0,00k w-% magnesium;

The magnesium — U-Cr egtectic system has not been as thoroughly
studied a; has the Mg-U system. Some measurements have been reported
by Argonne National Laboratory.78- When the uranium-chromium eutectic was
equilibrated with magnesium at 9hQ°C,'the magnesium phase -contained
0.05 w=% U and 0.06 w-% Cr,

Figure 1 is a section showing the interface between the U-Cr phasé'
(bottom) and the magnesium.phase-(fop) oﬁtained in the present study.
The sample illustrated was heated to 1000°C under argon in a graphite‘ | ¥ ;
crucible. Magnesium has a silver éolor; the U-Cr surface has a sligﬁt :

yellow tint.
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D. The Transferring Solutes: Lalho and Baluo

The transferring solute directly measured in the experiment is the

rére-earth, lanthanum-140, Lalho is not produced directly in the fission

140

of U235; it is a daughter of Ba~ . which is formed with a direct fission

yield of 6.4% and subsequently undergoes B-decdy with a 12.8 day half-life

to Lalho Lalho in turn emits a B-particle and decays with a half-life

140

b u .
of 40.2 hours to Ce . The decay of La1 0 to Cel 0 is accompanied by

' : Lo
the emission of a 1.6 Mev gamma-ray. (More accurately, 99% of the Lat

to Celuo decays are accompanied by a 1.6 Mev photon, 1% of the decays are

accompanied by a 2.5 Mev photon. ) The decay scheme ié“symbolically repre-

sented by Eq. (1).

vlho .1k s~ _ . 1ko
567 lE.%d 7 57 Bz wRC 58 (1)

When U255 fissions, a wide range of fission-product nuclides is
formed. Most of these nuclides are radioactive. Those nuclides which
emit "hard" or high-energy gamma rays tend to have short half-lifes.

Lo

Because the precursor to Lal has a relatively long half-life, the

1.6 Mev y-ray from Laluo

will dominate the <y-ray spectrum of a sample of
irradiated uranium which has been allowed to cool for several days.
kFigure 2 shows the y-ray spectrum of a sample of the U-Cr eutectic whicﬁ
was irradiated in the Livermore Pool Type Reactor (LPTR) for 2 days
and allowed to cool for 2k days.

The peak due to the 1.6 Mev y-ray from Lalho is unmistakable. Two
other peaks are also apparent. One, at .5 Mev is due to the photon from

r~”.  Another peak at about .75 Mev is due to the .72 and .76 Mev

b R e
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..photons from Zr95 and the .77 Mev photon from.Nb95. ‘The spectrum of
irradiated uranium taken with a multichannel analyzer is shown in Fig. 2.
The count rate for any energy interval (0.1 Mev per channel) is an arbitrary
ﬁﬁmber depending not only on source strength but on the counting geometry.
The shape of the spectrum, however, depends only on the irradiatioh and
‘cooling times and reflects the relative abundance of various nuclides.
Details of the statistical treatment of the counting data, corrections for
self-abgorption of ~y-rays in the U-Cr pellet, and the geometrical correc-
tions required when measuring line sources (e.g., the Mg ingot) are
described in Appendices A, B, and C.

Since Laluo abundance (and therefore measured Lalho activity) is
in part controlled by the 12.8 day half-life decay of its precursor Baluo,
the fraction of Baluo extracted can also be determined by following the
decay of Laluo in the Mg phase. This can be qualitatively illustrated by
considering the two extreme cases. If the Mg contains only LaluO and no

Baluo, Laluo activity will decay logarithmically with a half-life of 40.2 '

L
hours. On the other hand, if the Mg contains only Baluo and no’Lal O,

then Laluo activity will initially increase from zero to some maximum

value and then decrease, the apparent rate of decay approaching the 12.8

day half-life of the precursor Baluo.
As derived in Appendix D, the Laluo activity as a function of time

after extraction is given by:

- t -
Ao e KBa 1 XLat
T (1-5) )
La

where F represents the departure of the Ia to Ba abundance ratio in either
phasé immediately after extraction to the ratio which would exist at

secular equilibrium.
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0
Nia kLa - >\Ba
F == - (3)
N Ba
Ba

Since all irradiated U-Cr samples were cooled sufficiently long enough
to reach secular equilibrium, F for the magnesium phase in the kinetic

experiments is the ratio of the extracted frac%ions of lanthanum to barium.

£ :
F e 22 ()
Ba
The notation is as follows: A is the decay constant = ;695 » 8. is

1/2
measured lanthanum activity at time t after extraction, a%a is the measured

lanthanum activity immediately after extraction, and f is the fraction

extracted,
0] >\Bat
Examination of Eq. (2) shows that a plot of (a /aL ) e vs
-(KLa-KBa)t ‘ e *
e will yield a straight line with an intercept of 1/F. Since

fLa in the kinetic experiments is ebtained by comparing the Laluo activity
of the Mg phase immediately after extraction to the original pellet activity,
knowledge of the ratio F permits fy to be computed by Eq. (k). As férv '
as is known, this is the first time that precursor abundance has been
determined by following the decay of daughter activity in pyrometallurgical
processing experiments. In a similar manner, the time dependence of the
Laluo activity of the U-Cr sample after extraction permits calculation of

an F value for the U-Cr phase by a plot of Eq. (2). In this wa&, the

lanthanum to barium abundance ratio in the U-Cr phase was determined in

the equilibrium experiments.

E. Container Materials

6
Fisher and Fullhart > have studied,some of the corrosion problems
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associated with U-Bi alloys and the U-Cr eutectic (possible molten fuels)
and the Mg-Th eutectic (a possible molten breeder blanket). Both static
vtests and dynamic isothermal tests in a rocking furnace were performed
with the following results: Tantalum is a satisfactory container for
the Mg-Th alloy up to 800°C and for the Bi-U solution (5-10 w-% U) up to
© 1100°C., Because tantalum surfaces oxidize above 300°C, a protective
sheath is necessary. Inconel was satisfactory as a sheathing material
for tantalum up to 1100°C. Tantalum was not satisfactory asla containér
material for U-Cr, U-Fe, or U-Ni alloys. Yttrium, with a sheath of Lu6
stainless éteell(high chromium content and less.than .2% Ni) was found to
be satisfactory for containing the U-Cr eutectic up to 1000°C. Yttrium
is not a good container material for bismuth or Bi-U alloys or for Al-Th-U
alloys. Fisher and Fullhart65 outline technigues for inert gas welding
and. fabrication of tantalum and yttrium crucibles. They emphasize the
~importance of using high purity tantalum.

Several materials were considéréd fqr holding molten magnes;um. Some
of them were stainless steel (type Mh6),bquartz, ceramic, and graphite.
:A small piece (about 3 grams) of magnesium was melted in é quartz test
tube over a Fisher burner. As soon as any part of the magnesium melted,
-a black spbstance was seen to form at the molten magnesium-quartz inter-
face. On cooling, the quartz test tube shattered, and the magnesium was
left with a hard shiny black coating. Molten magnesium quickly-burned
through a crucible made of mullite.

Graphite had been used by Culpinel’L to determine the viscosity of.
liquid magnesium by the oscillating hollow sphere method. When small
crucibles of test tube size made of graphite were used to melt magnesiun,

no reaction between magnesium and graphite was observed; after cooling,

¥

3

3

z

g.
3
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it was possible to pull thé solid magnesium plug out of the crucible. The
outer surfaces of graphite crucibles heated in a small resistance "clam-
shell" heater exposed to the atmosphere became powdery. Howéver, Qhen the
crucible was heated in the reducing atmosphere‘of a gas flame or was

. completely prétécted by an argon stream, no damage to the crucible surfaces
was noted. ©Since it was found possible either to drill érucibles of the
required length (about 30", 9/16" diameter hole) or to purchase graphite
tubing, graphite was selecfed as the container material for the magnesium
column in the kinetiq experiments., Small graphite'crucibleé were used

'in the equilibrium experiments.
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II. EQUILIBRIA&DISTRIBUTION COEFFICIENTS
- IN LIQUID METAL SYSTEMS

A. Previous.Studies

vMost previous studies of pyrometallurgical processing have conpentrated
on thé determination of distribution cbéfficients and decontamination

factors. The decontamination factor is the ratio bf solute éoﬁcentration'
in tﬁé origiﬁal unprocessed metal to its concentration in the final metél.l
Tt is a measure of solute removal by all methods: extraction, volatiliza~
tion, crucible and surface reactions. The deqontamination_factor fof a
particular fissionable metal-extractant metal-fission producg solute

system will depend on temperature, heating time, relative volumes of the
'tWo phases.énd geonetry. Distribution, or -equilibrium, cbefficients are
.fundamental thermodynamic properties of the systems studied and'deéend,

for any éiveh metal-metal-solute system, on teméerature and solute conqggw,,ﬁwj
-tration. The distribution coefficient is defined as the ratio of soluté-
concentration in the ektractantvphase to its concentration in fhg final -
metal phase at equilibrium on either a mole fraétion or a concenfration
basis. It is a measure of éolute removai by extraction only.

Voigt66 has reported the results of liquid metal extraction experi—
ments in which silver, cerium, and lanthanum were used to extract fission
pfodﬁcts and plutonium from uranium and the uranium-5 w;%'chromium eutectic
(MP 860°C). Voigt used three different materials as the working fuél: |
irradiated natural uranium, the irradiated uranium-chromium eutectic and :
artificial mixtures. The natural uranium samples were irradiated for
~various lengths of time and contained plutonium concentrations from 2 to.250

-ppm. - Some of the U-Cr used was irradiated for several months and then

‘cooled for several months producing plutonium at a level of 11 ppm.

.o
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Another portion éf the U-Cr alloy was irradiated for seven days and cooled
for seven days. In order to simulate a reactor fuel which has been
irradiated to a 2% "burn—dp" (i.e., 2% of the U255'fissioned), Voigt
prepared an artificial mixture of fission product elements and uranium,

Per kilogram of uranium, the artificial mixture called "fissium" contained
1.18 g of zirconium, 0.69 g of ruthenium, 0.76.g of molybdenum, and 3.40 g
‘Qf rare earths.

The extractions-wére carried out in an induction furnace to promote

stirring and used 150 g of uranium and an egual volume of extractanﬁ in
_ eachvexperiment. Graphite and tantalum crucibles were used.. After heating,
the samples were cooled slowly so tﬁaﬁ the two phases which had been mixéﬁ”/%#_
by induction_stirring might be cbmpietely separated by gravity. Afﬁer
solidification, the phases were séctioned in such a way as to avoid the
interface in either metal sample. Radiochemical methods were usedvto
.analyze sémples of both phases. From analyses of samplés of thg uranium
phase'before and after ektraction, decontamination factors were calculated.
Distribution coefficilents.are reported on a weight basis, i.e.; coﬁnting

rate per gram of extractant divided by counting rate per gram of final

metal.

Table I lists the results of extraction of irradiated uranium with
~silver. These experiments were done in graphite crucibles at 1200°C
for 20 minutes. Samples listed as having "medium" or "high'" fission
product-cbntent had been irradiated to a level'ofaPu conCentrafion of 18
and 230 ppm respectively. |

Table II lists the results of extraction of irradiated uranium with
thebrare_earth métals cerium and lanthanum. These equilibrations were

also -done at 1200°C for 20 minutes, but tantalum crﬁcibles were used
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Table I "Solute Distribution Between Uranium and Silver
(Voigt, Reference 66)

.. Decontamination factor Distribution. coefficient
“Solute fission product content fission product contgnt
C Medium High Medium High
Cs 29 1000 . : ~10
Sr : 14 420 ’ ele)
La 9 6.3 _
-Ce , 11 55 : 18 . 270
Zr 3.0 1ok
Te ' 2.6 .2, ,
Ru ~1 1.0k 0.02 : 0.03
Pu

3.7 5.1 4,6 | . 7.0

\

Table II Solute Distribution Betweén Uranium and Raré Earths
(Voigt, Reference 66)

‘Decontamination factor Distribution coefficient

»:SOlute, - fission product level fission product level

' R Medium High ‘Medium _ High

. Cerium ‘ .

Cs & 2120, 0.16 0.43

sro. 28 260 10.39 0.85
Ce - 6.9 9.8 11 23

Ru 1.17 0.18 0.17

Pu - 1.50 1.58 0.95 1.02

o : . Lanthanum | |

cs 56 | 280 026 0.20

~ Sr ‘ C3T . 17 bk o 0.09
Ce 15.7 6.4 4k , L1

1.15 1.19 0.h2 . 0.28

g F

1.28 1.22 0.65 . 0.56
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)

(Voigt ., Reference 66)

Extraction of U-Cr Alloy

Decontamination factors

Distribution coefficients

'gizgigz extractant extractgnt
* - Ag Ag*  Ce La Ag  hg*  Ce La
Cs 3.8 k.6 15 3.0 2.3 1.08 1 1.7
Sr 9.4 10.1 15 5.2 8.8 9.5 .5 1.1
Ba 9.7 50 5.2 7.9 _ 6 1.0
Y. 7.1 8.1 3k 3.5 8.1 9.2 63 4.6
La 8.6 210 L9 9.7 L75 6.5
Ce 2 8.k k3 3.0 18 12 9L b5
Zr 7.8 10.6 37 1.7 1.5 2.2 6.7 0.26
, No 1.2 L2 " 0.2 co0.01
| Mo 1.25 2.5 10,06 | 0.03
| Ru 1.2 1.6 1.k 0.0k 1.2 0.23
Te 1.5 75 5.3 3.2 98 2.0
" Pu 13.5 6.8 1ok 1,13 21 ‘8.3 0.64 0.52

* .
Higher content of fission products and plutonium

Table IV Extraction of Fissium

(Voigt., Ref. 66)

Decontamination factors

Distribution coefficients

extractant extractant
Ae Ce Ag | Ce
7 2,7 2.5 0.60.3 0.8+0.2
Mo 1 1 0.02+0.015  0.04%0,01
Ru 1 1.9 0.02t0.015 1.0£0,2
Nd 9 20

C3.7TE2: ; 30£20
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because graphite reacts with the rare earths to form carbides.
Table III summarizes the results of extractions of the uranium-

chromium eutectic with silver, cerium and lenthanum. These extractions N

~ were at 1050-1150°C for 20 to 40 minutes in tantalum crucibles.

-

Table IV. summarizes Voigt's results for extraction of hfissium".

Voigt blames the lack of reproducibility in the results on the
low concentrations of fission products. It ié believed that traces of
oxide, carbdde, or fluoride impurities in the uranium might affect the
measured distribgtion coefficients. For this reason, furthef experiments
were conducted on "fissium" invwhich the concentration levels correspond
to_é% burn-up as compared with a bﬁrn-up of only 0.03% in the irradiated -
samples of "igh" fission product concentration. |

_ Because the reproducibility of these experiments was also poor by

the standards of agueous solution chémistry,.resﬁlts are reported in Tables
V and VI as ranges of values rather than actual values. The experiments
were performed in tantalum crucibles in vacuum at 1200 éo 1220?C‘on 150 ¢

samples of uranium using an equal volume of extractant.

Table V Distribution Coefficients for Extraction
of Fissium - (Voigt, Reference 62)

L Extractants - Legend
Fission
Products’ Ag Ce La Letter Range .
Mo B C B B 0.003-0.03
Ru - B D D C 0.03 -0.3 -
Zr ‘D D D D 0.3 -3 '
Nd E E E 3 230 L
Ce D E
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Table VI Decontamination Factors for Extraction
' of Fissium (Voigt, Reference 62)

. Extractants Legend

Fission y

Products Ag Ce La letter Dec. Tac. % Removed
Mo P P P P 1-1.3% 0-23
Ru ‘P Q Q Q. 1.%-1.8 - 23-45
Zr S Q S S 2.5-5 60-80
Nd T 9) T 5-10 80-90
Ce S S U 10-50 90-98

' Voigt performed several experiments, reextracting fission products
with inactive uranium to determine whether or not equilibrium conditions
had been attained in the.original extractions. The agfeement was good
for Some fission products, but noté the results in Table VII for forward
. and reverse extraction of the rare earths neodymium and cerium with silver.

Table VII Forward and Reverse Extractions ‘
(Voigt, Ref. 62)

e Ag Ce La Legend
Fission ————— e et Dist
Products For. Rev. For. Rev. For. Rev. Letter P
Coeff.
Mo B D - C . c B D - B 0.003-0,0%
Ru p D D D ¢ 0.03-0.3
7r D D D E D E D 0.03-3
Nd E G E G ' ‘E 3-30.
Ce D G - E F F  30-100

G 100
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" Voigt also reports attempts to extract molybdenum from ﬁranium,
_ﬁith magnesium and magnesium alloys of tin, zinc and aluminum._ The
measured distribution coefficient was 0.2 in all cases.

" Voigt measured mutual solﬁbilities-for the.silver — uranium,

silver —— U-Cr eutectic, cerium — uranium,and cerium — U-Cr eutectic

systems.
Table VIII Mutual Solubility Data
Solvent Solute 7(°C) Solubility
U Ag 1135 0.03%
Ag U 1135 ~4%
. ’ \ _

U-Cr eutectic Ag : 960 _ 0. 02%
. (960 U: 2.8%

Ag U-Cr eutectic {960 cr: 0.0%%
U ‘ Ce 1150 1.2%
Ce ' U 1150 3, 6%
| U-Cr eutectic Ce - 970 , .1;5?
i 970 g U: 2.5%
Ce U-Cr eutectic f : 0. L%

970 Cr

’TVbigt draws the following conclusions frém his experiments. vThe
volatile fission products cesi&ﬁ% strontium, and barium are easily
removed. The rare-earth metéls age readily extracted with silver
' showing décontamination factors aﬁd distribution coefficients of about
10. Crucible reactions partigularly with graphite crucibles remove
significaﬁt amounts of the rare-earths. Cerium and silver rémove

_zirconium and tellurium. Ruthenium and molybdenum are the most difficult

fissiom products to remove; femoval is poor with silver, fair with cerium. .
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Silver is a promising extractant for plutonium and it appears that the
plutonium distribution coefficient is concentration dependent.

Chiotti and Vbigt68‘prepared uranium-cerium samples by induction
melting in tantalum cruciblés. A considerable accumulation of the
radioactive tracer at the crucible interface was detected by autoradio-—
graph. The outer layer of metal was machined off to obtain a surface
freé of "ot spots" before running extraction experiments with silver.
_Auforadiographs made after the silver extraction also showed considerable
accumulation of cerium radibactivity'at the uranium-crucible interface and
alsc at the U-Ag intérface.

Magnesium has received attention as a possible liquid metal extractant
because of its_ low mutual sblubility with molten uranium. Barney and
Keneshea67 have studied the distribﬁtion of plutbniﬁm and fission products .
between uranium and magnesium at 1150°C in tantalum crucibles. Their
experiments were'doﬂe inside a mild steel bomb because of the high vapor
pressure of magnesium. (Magnesium boils at 1107°C.) The weight of uraﬁium
samples used ranged from about 1 to 50 grémé and“contained from 0,03 to
97 ppm of Pu., U/Mg weight ratios varied from about 0.1 to 6. Heating
times varied from 5 minutés to 1 hour. Distribution coefficients are
reported on a mole fiaction basis. Distribution coefficients for Pu havg
the value 0.23%.03. This value was constant over the range of Pu concen-
trations from 0.03 to 97 ppm. The results for fission products are
sumarized in Table IX.

Pyrometallurgical techniques have been considered for processing
breedér blankets. By an appropriate choice of ligquid metal extractant,

232

)

s . . 2 .
it is possible to separate fissile U 53 from a blanket of fertile Th

2 .
or fissile Pu 59 from a blanket of U258.

e T
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Table IX Distribution of Fission Products Between
‘Uranium and Magnesium at 1150°C
(Barney and Keneshea, Reference 67)

Fission Distribution Coefficient
Product (mole fraction basis)
Ce 1.9+0. 4
*R, E. i.oro.6 '
Te 1.7£0. 7
Ru | 0. 007£0. 003
Ba ' ~ .03
Zr _ o~ .616
* | 1h7

Rare earth activity mainly long-lived Pm . Distribution
coefficients for the'rare-earths'were lower in experiments
performed on diluted samples than on samples with 97 ppm Pu.

‘No such effect was observed with Ce.

68

Chiotti and Voigt' and Chiotti and Shoemaker69 have measured

mutual solubility in the uranium-magnesium-thorium system. Molten uranium .

- and magnesium are essentially immiscible and so are molten thorium and

‘uranium. Thorium and magnesium, however,form a eutectic at 42 w-% Th

(M.P. 582°C). Therefore magnesium is a possible extractant for processing
uranium blankets. Thorium can be precipitatedvfrom the eutectic as ThHé.
Liquid metal extraction of plutonium from uranium has been studied

70

by McKenzie'™ using silver as the extractant. When equal weights of
silver and uranium containing 0.1% plutonium were equilibrated at 1550°Cj
88% of the total plutonium was found in the silver phase. Each phase

weighed about 4 grams. The equilibrations were carried out in beryllia

crucibles under argon. Equilibrium was attained in 20 minutes. The

i
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reproducibility of McKenzie's experiments is remarkably good: as good
-as that typical of aqueous solution chemistry. The variation of distribu-
tion coefficient (KPu) with temperature and also with initial piutonium
concentration was meésured. Distribution coefficients were measured at
five temperatures between 1160 and 1350°C using an initial plutonium |
concentration of 0.1 wf%. A plot of log KPu vs: 1/T gave a straight

line with almost no scatter in this temperature range. A value of AH

(thg sum:of a total or integral heat of solution of Pu in Ag and a heat
of dilution of Pu in U) of 12.5 kcal is obtained from the slope of this
line. Values of K, (on a mole fraction basis)'aré 2.01 at 1160°C‘and
3.45 at 1350°C. Distribution coefficients.were found to increase with
decreasing plutonium concentration. Measurements at 1325°C gave a value
of 3.16 for Kp, at 1.0x107% w-% Pu and 7.48 at 5.63><1o'l+ w-% Pu. McKénzie
. found that small additiops of gold affected fhe plﬁtonium distfibution
'coeffi;ient. KPu passed through a maximum of l5.éiat a total gold con-
centration of 3.5 w-% of uranium. |

v.The data reported above show that silver and magnesium not only

extract fission prbducts from uranium but that some piutonium is aléo
extracted. Since Pu239 is fissionable, it would.be advantageous in core
lproceésing to use a liguid metal extractant which does not remove plutonium 
from uranium. Such an extractant wbuld of course be required for fepfo-
cessing.plutoniﬁm cores., Molten calcium has Eeen found to have the
reqﬁired properties. Martin, Jenkins, and Keen71 report the results of
equil&brations between 10 ml samples of UfPu-Ce and U-Ce alloys and equal
volumes of calcium under argon at temperatures ranging from 1120-12%5°C.

Tables X and XI give the measured distribution coefficients on a weight

fraction basis.
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Table X The Distribution of Plutonium, Uranium
and Cerium Between Calcium and Various B
Alloy Phases at 1120°-1235°C
(Martin, et al. Reference T1)
Alloy Constituent Distribution Coefficient
U/Pu/Ce U 0.00k43£,0015
U/Pu/Ce Pu ¢. 0073+, 0006
U/Pu/Ce Ce 11,1  #1.1
U/Ce Ce 9.5 #0.7
Table XI  The Distribution of Fission Products
Between Molten Calcium and Uranium
or Uranium-Plutonium Alloy
(Martin, et al. Reference 71)
Element Distribution % Volatilized
Coefficient (1 hr. at 1200°C)
cst?T 0.05-0.11 " 60-95
Sr9o 3.2 =12

0 (Sr9ovdaughter) 2.5

Balho

Mo
Ru
La11+o

Ce

v. high

< 0.005

< 1'x'16“
50-100

9

4

}. | 6-29
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Crucibles of both tantalum and tantalum coated with Ta2B or TaB
were‘used. Martin reports that tantalum was not a satisfactory container
at 1200°C. The boride coated crucibles proved better, increasing crucible
life from 5 to 24 hours.

Leary et al.72 have removed fission products from the liquid Pu-9.5 a-%
Fe eutectic (MP L406°C) by extraction with the 18 a-% calcium - 32.a-%
ﬁagnesium eutectic which has a very low mutual solubility'With the Pu-Te
alloy. Egqual volumes of the.two alloys were equilibrated under helium
for 24 houré at 600°C. The follgwing distribution coefficients (defined
~as w-% element in the extractant Ca-Mg phase divided by w-% in the Fe-Pu
phase) wéfe reported.

Table XII Solute Distribution Between the Pu-Fe

Eutectic and the Ca-Mg Eutectic
(Leary et al. Reference 72)

Elenment . Distribution Coefficient.
Zy | | o 0.35
Nb S , < 0.7
Mo 0.16
Ru ' | < 0.06
La | ‘ 61
Ce . 1.02
. Fe v : S L0111
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B. Measurement of the Distribution of La and Ba Between U-Cr and Mg

‘Equilibrium experiments to measure the distribution of Laluo and

BalhOFbetween the molten U-Cr eutectic and Mg were undertaken primarily
to rgsélve an order of magnitude discrepancy in the literature. The
coefficients reported by Barney and Keneshea67'for the disfribution of Ce
and Ba between U aﬁd Mg at 1150°C are more than two orderé of magnitude
lower than values for the distribution of the same two solutes between

103

the U-Cr eutectic and Mg reported by the laboratory at Ames. It seems

unlikely that this large diffg?ence could be a'reai effect due to the
presence of 20 a-% chromium in the uranium;rich phase. Haefling and Daane95
measured mutual solubility in uranium-rare earth systems. They‘founa the
f solubility of Ce in U to befl.l6 w-% at 1150°C. Vbigt66 measured the
solubility of Ce in U and also in the U-Cr eutectic. His value for the
lsolubility of Ce in U‘is 1.2% af 1150°C, very cloSg to that measﬁred by
ﬁaefling and Daane. Voigt's value for the solubility of Ce in the U-Cr
veutectic ié 1.5% at 970°C, not very different from its solubility in U.
"kSince the solubility of Ce is about the same in the U-Cr eutectic as in

U, one would expect its distribution between the U-Cr eutectic and Mg
_to)be about the same és it 1s between U and Mg.

| The equilibrium experiments were performed on ~5 g samples of lightly
. irra{diated (11 hours at a flux of 2><1o15 n/cme-sec'):.samples of the depleted
U-Cr eutectic ﬁsing an equal volumé of Mg extractant. Equilibration was‘
.in graphite cruciblesf Graphite was used because it simplified hahdling .
‘problems.' After equilibration and cooling, ﬁhe graphite crucibie.éould |

be broken easily with a hammer and the uranium-magnesium slug removed.

From a chemical point of view, graphite is a poorvchoice’of container

W
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material for this system since both La and Ba, the solutes of interest,

B .
form carbides. (VOigt06 used tantalum crucibles when doing extractions
with the rare earths. Culpin96 used graphite to measure the viscosity
of:liquid magnesium and calcium but found that barium attacked graphite
vigorously above the melting point.) Tantalum would have been a better
choice of container material, but its use would have required remote
handling facilities to 'saw open the crucible and separate the U-Cr and Mg
phases.after equilibration. As it was, y-ray exposure to the experimenter -
reachéd:the maximum allowable weekly dosage during the course of the
equilibrium experiments.

Smali graphite crucibles f/u-in. 0.D. with a 1-1/2-in. deep 1/k-in.
hole were used. Each crucible was baked out at 1000°C for 45 minutes
under argon to remove traces of oXygen and water. The weighéd irradiated
U-Cr s;ug was placed in the crucible first with an equal volume of magﬁe-
sium on top of 1t. The crucible was then closed with a tightly fitting
graphite plug. (This charging operation was done under an argon stream. )
.The crucible was then placéd in a tantalum basket énd suspended inside
a . stainless steel sheath in a resistance furnace by means of a steel
éhain. By jerking the chaln at intervals during the heating period the
molten metal’phases were agitated. A stream of argon was kept flowing
in tﬂe sheath; Runs Qere made at 900, 1000, and 1100°C for 30 minutes.
(Tne temperaturé inside the crucible was calibrated against the "furnace
‘temperature" at the position where the tantalum basket was suspended by
a probe thermocouple.) Agitétion was stopped zbout 5 minutes before-the
end of the heating period to prevent inclusionﬂof uranium in magnesium.
At the end of the heating ﬁeriod, the tantalum basket was pulledvup out

of the furnace and into a stainless steel '"cooling can''. The purpose of
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‘the cooling device was to freeze the two metal phases as guickly as .

possible so that the measured "equilibrium" distribution would be character-
istic of the elevated temperature of the héating veriod. A slow ccoling
periocd might have permitted the equilibrium distribution to shift to that
existing at 860°C, the melting point of the eutectic. An argon stream
was kept flowing vigorously through the cooliné device to prevent oxida-
tion of the tantglum.o% entry of oxygen into the crucible whiie tre

v@etéls cooled. Figure.B is a photograpnh of the cooling afrangement. The
device located just above the top of the furnace sheath and just below

the "cooling can' is an exhaust designed to trap any fission product gasés
which might escape from the crucible. fter a 10-15 minute cooling
period, the graphite érucible was smashed (inside a polyethelene bag to
trap radioactive particles) and the metal ingot recovered and weighed.

Mg loss during heating was about 4%. The ingot was placed inside a glove

.

box where the two phases were sawed apart. The cut was made in the mag-

nesium phase about 1/16-in. from the interface. The 1/16-in. of Mg

remaining on the U-Cr slug was dissolved in HCl. Also dissolved was some
of the U-Cr nearest the interface. The recovered Mg was placed in dilute
HC1l for a few secondé until the surface was bright in order £o remove any
rare earth carbides which might be present on the surface. This procedure

is designed to avoid measurements of radioactivity present at the metal-.

/5

crucible and metal-metal interfaces.
_ ' - 7
In the first chapter, it was pointed out that Chiotti and Vbigt,oa‘

w -

who studied the extraction of Ce from U using Ag as the extractant,

reported accumulation of cerium radicactivity at the U-Ag interface and
S , - . N ., 66 L L ek
at the metal-tantalum crucible interface. Voigt, in his equilibrium

studies, also avoided measurements of radioactivity at the interface.
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Therefore, in determining the distribution coefficients, only the radio-

activity in the bulk U-Cr and Mg phases was counted. In this way it Wr.f::l’s’_"""T

hoped to avoid‘LaC2 and La203 which would be expected to accumulate at .the

interface.

After washing in HCl, tne U-Cr and Mg phases were weighed and the
activity of Lalho in each phase was then measuéed by the techniques-déscrib—
ed in Appendix A.. The decay of Laluo activiﬁy in each phase was followed
in order to determine the La to Baﬁabundance ratio immediately after ex-
traction. It was found in all cases excépt'Run; no. 23 that Laluo activity
_in the bﬁlk Mg phase decayed with a half;life of 40,2 hoﬁrs. In other

140

.words there was no measurable Ba in the bulk Mg phase. It is supposed

that whaf little BalLO*might have been extracted by Mg was absorbed by the
graphite crucible during the short cooling period. TDecay'of the U-Cr
phase shoﬁéd Baluq to be pfesent in greater proportion than the 6,6kL:1
.~ barium tp lanthanum ratio of secuiar equiiibrium,f'In fact, in some cases,
Lalho activity increased to a'maximum?and then decreased. This is to be
expected when a larger fraction of Lal)+o than éaluo is.extracted. .Figure
’% is the decay plot for bothvthe_U—Cr and thé'Mg phases for Run no. 21.
The Lal%O distributiqn coefficients on.a concentration'bésis, My .2

: 140 ‘
have been calculated from the La v activities, a%a, of the two phases -

immediately after extraction by Eg. (5).

g
n = “La_ | wt. U-Cr  Pug (5)
~La aE;Cr yt. Mg Py_cr

The measured digtribution coefficients are probably low, due to the

tendency of the graphite crucibles to pick up fission products.
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O e e o
activity in the Mg phase for Run no. 23 showed

The cdecay of La®

. o . o140 e i as s s
the presence of a small amount of Ba . Tre distribution coefficient,

L3 . - = - ol SR h = : 4
in this case, can be calculated from the La to Ba abundance ratios in

each phase (determined by F) and the distribution coefficient for ILa, T
o gUeCr '
e P : (e)

Distribution coefficients on a concentraticn basis, m, may be con-

R v fo s . ‘ ; . . X
verted to distribution coefficients on a mole function basis, K", as

.'lelows:

X Pueer Mol. wt. Mg . |
K = 5 X BI. wt. U-Cr | (1)
e
At 1000°C, o ) —
& =n (1.33) (8)

" Decontamination factors for La, D.F.La, are calculated from the ratio
of activity per unit weight before extraction to activity per unit weight

after extraction

a; (Before) . o (After) (9)

D-Fery = aLa(After) * wt. U-Cr (Before)

Decontamination factors for Ba, D°F'Ba’ are calculated from the La
decontamination factor and the change in the La to Ba abundance ratio
U-Cr
F

ix the U-Cr phase, (all U-Cr samples were at secular equilibrium

before -extraction):

D.Foy =D.Fp XF , | (10)

The data for runs 20-23 are given below.
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RUN NO. 20 1000°C

*

weight, g. ., fe & a F
U-Cr before extraétion 5.2458 ‘ 12,900 .8 16,100 1
U-Cr after extraction 5.21254 6,300 .8 7,880 . 525
Mg after extraction .5963 1,900 1 1,900 infinity

g R
aLa\oefo*e> wt. U-Cr (after) _ 16,100 % 2.212 2.03

D-Forg = aLa(aftefj' X . U-Cr (before) ~ 7830 5.246
U-Cr | _ o
D.F.,, =D.F. . xF =2.0% (.525) = 1.06
agi Cwt. U-Cr _ M 1900  5.212
= - 4 d "‘ X "g ‘ — W 4 < Y 0909 = - ]92 )
M U-Cr " WE g Pu.ce 1300 * U596 %t o
La,
Kia = mLa(l.EB) = (.192)(1.33) = .2%6

* .
activity measured in counts per minute, detector 75-in. from sample,

uncorrected for self-absorption.
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RUN NO. 21  1000°C

*

welght, g ar, fe ar . F
U-Crlbefore extraction L, 5544 51,075 .8 63,800 1
U;Cf after extraction h.h862 11,000 .8 13,750 .518 _‘
Mg after extraction .6100 1,870 "1 1,870 infinity
_ 63,800 _ L.L86 _
D.F.La - 55750 X 1{..551{_ b }4‘-58
D.Fap = L.58 (.518) = 2.37
1,870 _ kL. L8602 : _
Mre = 13.750 < L6100 X 9999 = .0906
K = (.0906)(1.33) - 120

|
*
activity measured in counts per minute, detector 75-in. from sample,

uncorrected for self-absorption

RUN NO. 22 900 °C

weight, g a;a fe & F
~U-Cr before extraction L.6955 48,900 .8 61,000 1
U-Cr after extraction 1.6518 18,300 .8 22,000  ..T32
.~ Mg after extraction .6183 2,630 1 2,630 infinity
_ 61,000 _ 4.6518 -
DFepy < 557500 X 5.6955 =2.65
D.F.p, =2.65 (.732) - 1.9%
2,650 _ L.6518 ~ 4
Ma = 35,500 X L6185 X 1999 = 0785
K = (.0785) (1.33) = .30k

* ' :
activity measured in counts per minute, detector 75-in. from sample,

uncorrected for self-absorption.
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RUN NO. 23 1100°C
.X_ N
weight, g ar. fe ar, ¥
U-Cr before extraction 4,961 2L 265 .8 30,400 1
U-Cr afier extraction 4,837 7,750 .3 9,700 . 337
Mg aftér_extraction _ U875 4300 4,300 18.2
_30,b00 _ L.837 2 nf
D-¥ere =5,700 X T.961 = 3.00
D.Fop = 3.06 (.337) = 1.03
_ L300 L, 337 3
M = 5700 X 875 X .0909 | = .4oo
}q'fa = .L{-OO (lch) = 0552
U-Cr
- _F : _ 33T _
e < T e = TR (.Lo0) = .00Tk

b

*
activity measured in counts per minute, detector 75-in. from sample,

uncorrected for self-absorption.



Teble XIII summarizes the decontamination factors and distribution

coefficients for runs 20-23.

Table XIIT Summeary of Ecuilibrium Runs
Run No. ~  T(°C) D.F.. . zmsﬁBa m 'K%a Mg, =
- %0 1000 . 2.03  1.06  .192  .256
21 1000 L.58  2.37  .031  .120
22 900 2.65 1.9k  .ot8 .10k
23 1100 3,06  1.05  .hoo .5%2 .0OThk .0098

The values measured in this work and reported in Table XIII may .

. o P
be compared with data reported by Barney and KenesheaoYLand by the Ames

FA

Laboratory.lo

Barney and Kenéshea have measured distribution coefficients of )

various fission products between uranium and magnesium at 1150°C. On a

mole fraction basis values of ng range from 1.3 to 2.8. Values of

.Ki g, ranee from 0.23 to 2.4, Two measurements were made for the diétribu-

tion coefficient of barium: Kga = 0.023 and Kga = 0.039 for cerium and
the rare earths. The average values are

X — + )
K = 1.9:0.k

X ., =1,0£0.6
Ne the

The average of the two values for barium is

"A11l of the above values are on a mole fraction basis.

The values on a concentration basis are,
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Toe 7 lf5
: : mp g, = -01
Mg © - 025

Measurements at Ames give much higher values for the distribution
coefficients of cerium and barium between Mg and the U-Cr eutectic. The

reported values are m o = 500 and Iip % 5., (The temperature was not
D

reported but is preSumed to be 860°C, the melting point of the eutectic.)
The measured distribution coefficients have been plotied in Fig. 5
and compared with the data of Barney and Keneshéa, and with distribution
coeffiéients éstimated_by regular sclution theory. The details of this
estimation are given in Appeﬁdix ¥. The four data poihts have been
j.treated by the least squares method to give the eéuation log K§a=3.75-5.6X103/T.
A value for AH of 25.6 kcal is'computed from the slope of_éhis line. ,
(MCKenzie's value for A for the distribution pf Pu between U and Ag is
12.5 keal. )
The best value of the distribution coefficient for Ia, Kza? at 1000°C
as determined by these experimenfs is 0.215. On avconcentration basis

the coefficient m is .161.

C. Estimation of the Distribution of Ba Between U-Cr and Mg
— 2t 1000°C

The run made at 1100°C (Run no. 23) was the only one which showed
a measﬁrable amount of Baluo in the extractant Mg phase. The distribution
coefficient for Ba, My, was determined to be ,OO7&. The value of My,
at 1000°C can be estimated from the value measured at 1100°C by assuming

the same temperature coefficient for Ba as that measured for La in the

same sclvent pair.
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10¢ 1 1 T T
[ Ce between U and Mg ~ — ]
5 Bcrnez and 4
Mg - }Kenes ea for
Lo between U ond "2 —— cerium betweer|
- U and Mg

1.0 - : _ ——~—] |Barney and™

- e m——— Keneshea for]

B - rore earths
— Lo between U-Cr ond between Uaria]
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C —— — Estimated , regular solution J

- theory 1
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0.01 ! i |- 1
0.9 0.85 08 0.75 0.7 065
1l/T (1072 °K™)
MU -37033

Fig, 5
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Kia<1000°¢> 0.215
(11007 * 0,55 = **T9

a
“my,(1100°C) = 0.007k (Run no. 23) -
Therefore my, (1000°C) = (0.478)(0.0074) = 0.0035

This Value‘may*bé coﬁpared with the data of Barney and Keneshea who
meésured-Kga at 1150°C in the U-Mg solvept'pair.
K = .03L at i15O°C4
My (il56°C between U and Mg) = DL . 025
‘gl | and ] 1.2 |
Assﬁming the same temperature éoéfficienf.fOr‘Ba in the Mg-U solvent

. pair as that measured for La in the U-Cr-Mg pair:

'Kiaglooo°c) e215 536'
1150°Cc) =~ ~.J6k Ut
& (msotey = Tk |

Assume that the effect of changing the solvent from U to U-Cr is the
same on Ba as on Ce. (See discussion of activity coefficients in U and
U-Cr in Appendix F.).

mBa(between U-Cr and Mg)

mBa(between'U_and Mg) O°Sl6-
" Therefore m__(1000°C between U-Cr and Mg) = (0.516)(0.336)(.025) = 0.004% "

The value for mBa.betwéen,U-Cr and Mg aﬁ iOOO°C»has been estimated
on the basis of - | “
_ 1) a measured value at llOO°C_in the U-Cr — Mg solvent:pair:
"‘mBa(looo‘c) = 0.00%5 " |

2) 8 measured value of Barney and Keneshea at'1150°C in. the U;Mg
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solvent pair: mBa('looo°c) = ,00k3, .
The two values are in good agreement.
| Using a value of .0035 for Mo at 1000°C it is possible to calculate
', .vaiues of P8 for runs 20 and 21 (1000°C) from Eq. (6) and the measured
- values of m énd FU‘Crf The calculated values of FMg are 28.8 and 13. 4
for runs 20 aﬁd 21 respectively. The correspoﬁaing l/F values are 0.035
and 0.0745 which represent detectable amounts of Ba. It';S'concluded that
the fact that Ba was not-detected in the Mg extractant.ph%ée.fOr these
runs is due to Ba pick-up by the graphite crucibles.

Whiie the measured distribution coefficients fof La and Ba may be
in error becéuse of the tendency of the graphite crucibles to pick-up
- fission products, the resﬁits of.tﬁe exﬁefimehts indicafe that the low

- values given by Barney and Keneshea are.prbbably more accuréte'than the

high values reported by the Ames Laboratory.



'modification of Eyring s-absolute rate theory
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" IIT DIFFUSION iN LIQUID METAL SYSTEMS

Introduction

Since Roberts?Austen’sl measurements in the 1890's of the diffusion
of noble metals in lead, bisﬁuth, end tin, a:number of workers have studied
mutuel diffusion in dilute molten metal systems. Most of the data have
been obtained by Studying diffusion in capillaries; diffusion coefficients
. 2.4

in mercury have sometimes been obtained by electrochemical methods.

The purpose of this study is to discuss two techniques for correlating

- the available data. ' The first, due to Olander-’,5 has been used success-

fully tQVCCrreiatevmutﬁal diffusion data in dilute binary systems where

both solute and solvent are organic liquids. Olander's technique is a

6,7

and includes a means for

estimating the difference bvetween the free energy of activation for

diffus1on and that for v1scos1ty in dilute binary systems. (This -

difference may be assumed equal to zero for: self diffu51on but not for
mutual‘diffuslon.)

The second correlation to be‘discussed is an applicatioh-of'the
principle of correspcnding states, which has been applied to liquified
iare gases and some organics by Thomaes and Itterbeek,8 tO'diffusioﬁ.in'
1iquid metals.’ ‘

A. Some Older Correlations

Selffdiffusion and mutual diffusion in both organic liquids end

molten metals has often'been correlated by means of the Stokes-Einstein

: equation -
2& = 1 - i.
. kT Ima
or | - Dy _ 1 (11)
KT ~ &ma
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_Where D is the diffusion coefficient of the solute, p the viscosity of

‘the solvent, k the Boltzmann constant, T the absolute temperature,

and a the radius of the diffusing molecule. The choice of the constant

4 or 6 in Eq. (11) depends on taking this hydrodynamic model so seriously

as to imagine that either a "slip" or "no-slip" situation prevails as the
solute moves through a "continuous" fluid. The Stokes-Einstein equation
e
-5

gives the correct order of magnitude (D = 10 cm?/sec) if a reasonable

Choice is made for the radius of the diffusing atom. For liquid metals

it has been found that measured values of D suggest values of a closer

. to the ionic radius than_to.the atomic radius of ‘the diffusing atom. On

the basis of viscosity and heat of vaporization data, Eyring6 has concluded

- that the "unit of flow" in metals is the metal ion stripped of its

conductance electrons.
Li and Chang9 have attempted to explain the constant in the Stokes-

Einstein equation on the basis of a lattice structure picture of the

'llqula state. First, with 2a as (V/N )1/3, the flrst form of Eq.(ll)

can be wr1tten°

bu _ 1 Ny VO 2)
kKT ~2m \_ "'V - - .

_for self-diffusion. Then they develop the equaﬁion,

< Av 1(3 _ (13)

kT

_ where the lattlce parameters ¢ and T are the number of all the closest

nelghbors in all dlrectlons and the number of closest nelghbors in one

layer, respectiVely. NAV is Avogadro's number and V is the molar volume

of the liquid. If the liquid structure is simple cubie packing, o = 6,

1 =4, 20/(0-7) is 6, and Eq. (13) is close to the first form of Eq. (11).
. ' . , ’ / !
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The experlmental data examined by Li and Chang give values of about 6

hT ( AV )1/5. They therefore conclude that most liquids have
approx1mately a cubical packing structure. One datum point for the

: N
self-diffusion of lead gives a value of 3.8 for %§¢< _%Z) /3, leading

to the conclusion thatﬂliquid»metals.have.a closely packed structure of

spheres with ¢ = 12, T = 6, and
20/(g-1) =

Substltutlon of this numerical value of 20/ 0-1) in Eq. (13) glves

( )( )( )1/3 L

’B.._Absolute,RatevTheory

>

': In his modificétionvof Eyring's theory, Olander” correlated mutual

diffusion data in dilue binary organic systems with the'equation

@6 T

. . § _
The exponential in the R.H.S. of Eq. (15) represents the difference between

the free energies of activation of the viscous and diffusive processes.

The equation'is due to Eyring; Olander's contribution is a technique for

estima£ing this difference in dilute binary s&sﬂems from pure component
viscésity data. |

. Before atteﬁptihg to épply this equation_td mutual diffusion in molten}
metals, two questions.should be answered. Does this equation_work'for |
sélf;diffusibn'in molten metals? What value of ¢ should be used? (Olander

7

used ¢ = 5.6, determined_empirically. Li and Chang suggest a value of

4 as discussed previously.)
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For self-diffusion, AFﬁ = AF¥ and Eq. (15) becomes -
v o= () () (W5 L o (18)
| AN WAN |
Av ‘ : :

Walls and Upthegrovelo have correlated self-diffusion data for ten

PR
e

metéls by means of the equation

-1/3 2/3 N
D = k Ty [NV 1 exp {%gi] exp{ é%%w (17)
ormhb(2b 1) Av - Lta

where h is Planck's constant, 7y is a configuration constant = 4/3, 'b is
the ratio of atomic diameter to interatomic distance, and AH* and AS¥
are the enthalpy and entropy of activation for viscosity. AS*¥ and AH¥

aré_determined from viscosity data.thyough»Eyring'sll defining equation
Av - AS* AH* o
B o efe]

By a proper choice of the constants AH*vand AS¥ this equation represents

viscosity data for.mpiten'metals very well. But nothing'is gained by
incorporating this representation of viscosity in Eq. (17). For the.

purposes éf the following discussion Eq. (17) can be rewritten

xpy3 -("NAV /3
,_ 27_rb(2b+1)p LV

(BEEER e

By comparison of Eq. (19) with Eq. (16), it is readily seen.that- the

D

or

real significance of Wdlls and Upthegrove's paper is a theoretical ex-
planation for theé -constant ¢ in4Eq. (16).' On the basis of geometrical..

considerations, they show that in evaluating.the-mobility;of an atom,
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one may imagine that a force acts on that atom over an area A and that

the ratio of the area to the interatomic spacingvd'is

£ - amr(2b+1) (20)

‘where r is the atomic radius and b = r/d and is assumed to be the same

for all molten metals. r is eliminated from Eq. (20) by Egs. (21) and

(22),
r=bva . (21)
T -
- A;,’_ o (22)
to obtain o | o
A 3 5 »
E = 27Tb(2b+l) Y / ( Av )l/ . . (23)

Walls and Upthegrove évaluate b empirically by comparing Eq. (17)

with self-diffusiVify data for mercury. By choosing b = .419, Eq. (17)

fits the data for mercury. The sameivalue of b is then used to reprpduce'
other self-diffusivity data. (See Figs. 8-10.)

Comparing Egs. (19) and. (16) once again one can write
g_= 2nb(éb+1) 71/3 (24)

using b = U419 and v = h/}, g = 5.31,

It is 1nterest1ng to note_that this value of ¢ is close to 5.6, . the
valué determined erﬁpirically7 from mutual diffusion data.

Wélls and Upthegrove also calculate b for mércury using Pauling's
univaient radius,lg 1 25A and 1nter-atom1c spacing data from Hendus,
a = 3, OOA. Calculated in thls way, b = 416, Wal;s and Upthegrove admit
that this agreemgnt is fortuitous and that "in general, the b vaiues

calculated from ionic radii and x-ray diffraction data for most liquid

152'
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metals are closer to 0.3 than to Ok, In fact, for theeten metals studied
b.vaiues range from a low of .256Af9r sodium to avhighlof 43T for silver.
These yaluee of b eorrespend (through Eq. (2L4)) to values of ¢ of 2.68

and 5.66. Yet a value of b = .L4Ig (g'= 5.31) works quite well for all ten
:metais. | _ v | _

From these observations, it isvconcluded that Eq.'(l6) with £ = 5.31
corfelates self-diffusivity data for molten metals, and that 5.31 is the
right number to use regardlessAof the ratie of atomic diameter to inter-
etoﬁic spacing in the solid lattice, Whether or not the Wells and Upthe-
grove model is a'good One; and whetherﬁor hot fheir assumpﬁion is correct
thet the ratio of atomic radius to'interatomiC*spacing is a cons£ant7for
metals in the molten state, it eppe&rs_thet 5.31.15 fhe correct constant
to use. This conclusioh will be extcnded'to matual diffuaion and no’
1mportance will be attached to the atomic or ionic r&dius of the diffusing
species as is done in the S;oies~E1nstexn equat1on. 1; _:A

To estimate the dlfferenqe be¢Weenlfree energleg Qf:ectivation of

'1’ the viscous and diffusive procésseé, Olander5 adopts the Eyring "hole"
:pictﬁre'of the liqﬁid state and imagines‘that the viscous process consists
of two steps: 1) the formatlon of a hole, ‘and 2) the "Sump" of'a
neighboring molecule 1nto the hele. Each step is characterlzed by a
.free energyAef ectivation; If ppe jumping molecule is the same as the .
'zsolvent molecule, the sum of these free energles of activation is AFﬁ
.If the Jumping molecule is a dlfﬁus1ng solute the sum is AF% In dilute

solutlon, step 1 is the same ‘in both cases because the hole is always '

formed ;n the solvent.
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Thus

AF:=AF2A+AFiA- (25)
AFg = AF, 4 AR S (26)

where hvand j'represent'the hole-making and Jjumping steps respectively

and AA and AS repreSent‘solvent-solvent interagtidns and solvent-solute

interactions respectively.‘ Thus the desired difference in Eq. (15) equals

the difference in the jumping steps for the viscous and diffusive pro-
cesses. Tﬁe'free enérgy change for the jump step is related to the zero

point ehergy difference and.the ratio of the partition functions in the

" activated and equilibriﬁm states. If it is assumed that all partition

function»fatios-are close to unity and that zero point energy differences
depend linearly on the force constants, then the geométric mean combination

rule for force constants can be applied to the zero point energy differénces

and thus to a calbulation of AFJ from AFJ and AFJ It is also assuméd

AS AA bS

that the klnetlc contrlbutlon is a constant fraction of the total free

energy of activation:

J ' ' ,
f=2F-ﬁ- . , (27)

It will ve assumed here that f is the same for a given class of pure
substances, €.g. molten metals.
Olander's final'expression for the differencevbetween-the total free

energies of aétivation for visc0sity and mutual diffusion is

% o AF¥* = |
_AFu AF¥ = RTf® _ (28)

’I (A'%AA;' [ AF* )1/2-' ‘. . (295

where
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Therefore

()R e

The slope of a plot‘of In Y against & should be equal po f.

Table'XIV is e summary of the data for mutual diffusion in dilute
molten metal systems for whlch viscosity data’ gre avallable for both~ pure
solute and solvent.q Calculated values of Y and & are also tabulated."
Values of the free energy of activation for viscosity for the pure metals
pawe:beeh calculated ffom viscosity and-density data by means of the .
defining Eg. (31).7 |
AF* = RT fn Ui, - _' ' l‘ (31)

Ny

'Plots'of AF* versus T determined in this way ‘are lineaplwith positive»
slopes. Since -
AF* = NHY - TAS¥, . o (32)
where AH*:end'AS*‘are;the enthalpy and enpmopy'Of:aCtivation; AH* and AS*
cen.be obtained fromﬂthe intercept and §lope of such a plot. Table XV
' givesfvelues of AH¥* and AS* for the molteh'metels. AS* is always-negativev
- for the molten>metals, | )
R Many1difquion measurements in molten metaltsystems.have peen mede
below;the,melting point.of_the_solute. What yaloe of Anglcam.be

” asSigned to the solute in such'cases’ Cavalier13 has measured the viscosity

- of molten ‘and undercooled tin, copper, 1ron, cobalt, and nickel by means

of.an osc1llat1ng v1scometer. He found that the energy of actlvatlon
for v1scos1ty was practlcally constant above and below the meltlng p01nt.
In other words, a plot of the logarlthm of v1sc051ty agalnst reciprocal

temperature can be extended below the melting point to represent the
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ViséoSity Qf undercooled mgtals. It therefore seemé reasonable that a
:plqt of AF* versué T can also be.extended below the melting point to
determine QFES for h}gh melting solutes in low‘melting solvents. This
procedure was used in the calculation of & for such systems.
Figure 6 is a plot of the data listed in Table XIV. The best line

through the points determined by the 'fmethod of. average_s'; ,h8 has a slope
‘of 0.5 and passes through the poiht D = C, Y = l.i. The dashed lines on
either side of the besﬁ-line représent 25%jdeviationsf A slope of 0.5
indicates that one<half of_the total free—energy of activation is due
to the "jumping" step and one-half due to the "mole-making" step. (See
.Eq. (27)). This result is similar to Olander's. The fact that the Best
-Line.passes through 8 = 0 at ¥ = 1.1 rafher than at ¥ = 1.0 indicaﬁes
that the constant 5.31 is_slightly_too'high. A value of ¢ = L.8 would
be better. v |

VIDespite the scgtter in TFig. 6; it can Be séeﬁ thét c§nsidératidn of
the difference in frée energies of activation fOr.ViSCOSity and.diffusion
accérding to Olander's methbd.(Eq.-(}O)), produces a more reliable i
correlatioﬂ than ﬁeglectihg this difference (Eg. (16)). If the_diffgrence.

wgre of no importance, the values for Y would fall around the line Y = 1.



+ Table XIV. Summary of mutual diffusion data in molten metals
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+,17Th

System T Dx10” oD 0 v, vy AF, ¢ AP &  Refs.
(°K) - (ew?/sec) (ep) . T 7T E.E"?_ ____cml/ (cal/mol) (cal/mol)
' mol mol 5 ‘ . n .
Bi in Sn 723 3.6 1.21 6.05 - 17.L0 2.59 S711 0 5750 6060‘ -.107 ‘;h
T73 4.6 1.15 6.85 ~ 17.50 2.59 = .807 6060 6370 °  ~.098"
823 5.8 1.08" 7061 17.58  2.60  .900 6680- 6680  -.09k
873 6.6 1.0k 7.86  17.69  2.61  .93h 6990 6990~ -.090
So in Sn 723 5.0  1.21 8.36 S 1T.k0 2059 984 5750 6670 -.308 1k
173 -+ 5.7 1.15° 8.48  17.50 2.59. .99 6060 6940 -.275
823 6.3 1.08 8.26 = 17.58 2.60  .976 6370 7200 . -.245
813 6.9 1.0k 8.22  17.69  2.61 976 6680 Th60  -.221
Ag in Sn 828 4.8 1.08' 6.26, 17.58 2.60 .Tho  6L0O 91007 -.Th9 1
Au in Sn 828 5.37  1.08 7.00  17.58  2.60 .89 . 6ko0 9740 -.908 1
Po in Sn 828 3,68 1.08 " ©  14.80  17.58  2.60 567 6400 ,7270; -258 1
snin P 723 2.6 1.97 7.09  19.60 2,70 .86 6550 5750  +.289 - 1k
| 783 3.9 1.78 8.86 19.80 2,70 1.089 6960 6120  +.279 |,
823 b3 1.68 8.77. 19.90 2.71 1..081  T2ko €570 +.275
873 5.5 1.56 9.82 - 20,05 2.7l 1.2100 7580 6680  +.269
ﬁi in Po  T23 5.0 1.97 13.6  19.60 2.70 '1,67 - 6550 - 6060 +175 1k
| TR . 6.2 1.81 14,5  19.80  2.70 1..78 6890 6370  +.172 -
823 7.3 1,68 14.9 19.90  2.71 1.8k 7240 6680  +.17h \
873 8.3 1.56 1L.8 20.05 2.71 .82 7580 ‘ ;

-6



System. T  Dx107 " Duglo ¥, w3y OF, ¥ | AF &  Refs.
(°K) (cr_n2/sec) (cp) T :1:101" e 73 (cal/mol) (cal/mol)
L - mol :
S in Pb 723 3.1 ;.97 8.45 19.60 2,70 1.0k 6550 6670 -.0b3 1k
T3 b1 o 181 9.60 19.80 2.70  1.18 6890 6ok0  -.018
823 5.5 1.68  11.22 19.90 2,71  1..38  T2k0 - 7200  +.0L1
873 6.4 1.56  1l.Lh 20.05 2.71 1.k 7580 TH60  +.035
Cd in Pb 723 3.9 CL.97 10,62 19.60 2,70 131 6550 6090  +.163 1k
T3 -~ 5.0 1.81  11.70 19.80  2.70 1Mk 6890 6L00  +.163
823 6.0 1,81 12,25 19.90  2.71  1..51  T2ko 6710  +.16%
873 6.8 1.56 12,15 . 20.05 = 2.71  1.50 7580 7020 +.164
Au in Pb 823 3.7 1.68 T.55. 19.90  2.71 «93 T2ko 9700  -.698 1
Sn in Bi T23 545 1.28 9.74 - 21,2 2.77 1.225 6050' ’ 5750  +.107 14
T3 6.5 1.8 9,92 21.3  2.77 1.25 6365 6060  +.099 -
823 7.3 110 9.76 21.5 2.78 1.23 6680 6370  +.093
873 8.2 1.02 9.59 21.6  2.78 1l.21 6990 6680  +.091
Au in Bi 828 - 5.22 1.08 6,81' 21.5 2.78 | .86 6710 9730 =831 1
Sn in Ag 1250 3.87 3.78 1.7 11.60 2.26  1.21 = 11,630 9025 607 22
1350 k.66 3.30 1.k 1.2 2.27 1..18  12,2k0 9650 561
71450 541 2.92 10.9 11.86 2.28 1.13 12,850 10,275 Rivsl
1550 6.20 2,64 10.6 7 11.97 2.29 1,10 13,b50 10,910  .k435
" 1625 6.82 2.47 10,4 12.05 2.29 1.18 13,900 11,k00  .ko7
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System : T) Dx10” no 'ggxlolb vy v;/3 Y 'AFAA* BF ¥ &  Refs.
- °K 2, . T cm cm 1 Jornt ) ‘
(em” /sec) (cp) : (cal/mol) (cal/mol)
. - / ’ . mol moll/5 : _ .
S in Ag 1250  h.09 3,78 12,k 160 2.61 °  1.28° 11,630 OU60  +.460 23
1350 857 3,30 1L9 11,72 2,27 1.23: 12,240 9990  +.Lbk
150 5.61 2.92: 11.3 11.86 2,28 © 117 12,850 10,510 + k2L
1550 - 6,38 2,6k 10.9 11,97  2.29 1.1% 13,450 11,040 ‘+.b11
In in Ag 125@ 3.78- 3.78 . 1L.b 11.60 2,26 1.18. 11,630 8400 +.70k 23
1350  h.6h- 3430 11.3 .72 2.27 .17 12,240 8950  +.663
1450 5049 2,92 . 1Ll 11.86 2.28, 1,15 12,850 9520  +.622
. 1550 6.h1 2.64 . 10,9 11.97  2.29 L1k 13,k50 10,100 +.585
Mg in AL 973 T.5% Lk 8.83  1L.h5  2.26 906 67h0 TWO  -.103 25
Pb in In 661 . 3.85 .99 5.76 16.79  2.56 671 5050 6130 -.b31 28
(IS 1.13 7.06  17.0 2,57 .828 5610 6800 -.372
Co in Fe 1911 5.5 5.05 14,53 8.10 2,01 | 1.33 17,580 16,780 +.106: 29
Auin Hg 284  0.83 1.61 L7078 2,45 .seh 2300 5885 -2.k5 1
: 298 - 0.73 .55 375 178  2.b5 .118 2390 5980 -2.35 25
Bi in Hg 298 _o.§9' 1.53 5.09  14.78 | 2.45 .566 2390 3390 -..780 3
. 298 . 1.5 1.53 TeT0 18 2.k5 .858 2390 3390 - .780 31
Cu in Hg 298 - 1.06 - 1.53 5.&5 ’1&.78, 2.5  .606 2390 soés ~2.37 2
Cd in Hg 298 "1:52 1.53 7.80 1&.18 ‘ 2,45 © 3400 - ,780 33

g




System

T Dx10” "

/3

- OF

Du, 0V BF ) * «a” §  Refs
K (enlfsec)  (ep) T ;22 cml/3‘ *(cal/mol) (cal/mol)

Po in Hg 298 1,16 | 1.55v 5.95 14,78  2.45 ;66h ; 2596 3635 ,-.9h6 2
298 1.28 1.53 6.56  1h.78  2.45 T35 2390 3635  -.940 33

- Sn in Hg | 298 1,68 1.53 8.62 '1h;78 2.45 ;961 2390 3000 ,_,439,,_- 3
Zn in Hg 293  1.67 . 155 8.82 178  2.45  .985 2390 3700 -.985 3k
TL in Hg 298 .99 1.53 5,09 1478  2.45 566 2390 Mo 182 2
fein g 298 L1 L5 5.6  1LT8  2k5 .60 2390 5855 -2.28 31
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Table XV Activation Enthalpy and Entropy for Various Liquid Metals

menent  je g e s e ners.
Mercury 234 550 - =6.16 . faoM
Indium . k29 | 1330 | ;-5:67 oy
_Tin ] . 505 1125  -6.31 *15}
Bismuth . S5kl 1520 -6.27 16
Thallium . 577 ": 24k0 ~:_ ’-5.30 %6

| Cadmium | 59k - 610 -6.20 21
lead © 6oL 1590 -6.86 a0
Zinc 65 2050 570 o3

: Antiﬁony 903 2850 ' -5.29 . 17;18

"MAgnesium o 9é3 5%20 =20 >27

~ Aluminum '952' . 2640 f3;98_ : 26
Silver o133k 300 | - =5.89 o 19
Gold o 1336 | j 3870IVi_ i- “7.09 19
Copper 1356 ,. - koo - _‘-5;h5 3
~Cobalt .. . 1768 9060 ' | -hoob , '13

Iron ‘ ‘1812 - 8555 o "-1#.72 o | 13
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C. Corresponding States Theory

l. Self-Diffusion

~

‘ L
Thomaes and Itterbeek 2 have attempted to establish a theorem of
corresponding states for the diffusion and viscosity of pure liquids and

solutions. According to this theorem, reduced viscosity or diffusivity

should be a universal function of reduced‘temperature,~pressufe, and*’
volume for similar substances. Several assumptions are ﬁadé: |
a)  The_molecules;are simple: monatomic or sphériééiv"
b)J‘Tbe p9teppia1.energy of a pair of moleculés canrbé represented

'ﬁif%y a universal two-parameter function ¢

' e(r5‘= e*d, —%f ,if  o f : (i3>
where e€* and r¥* are the enérgy'andldistancé céordinateszaf the
' functio£ minimﬁm,' W N - -
c) ‘the ﬁoleéqiaf species éan be characterized by(the:three parameters
4'6*,>}*, and the maés‘m. | | |

For reducing factors, Thomaes and Ittérbeek use

f&r pH: 2 = (me*)l/2 r*_2 - (34)
fo; D: Kk = 6*1/2 ¥ m-1/2 (35)
Thus reduced viscosity /i and reduced diffusivity D are given by
i= ozt - (36)
and 5= 7t . (37)

If a theorem of corresponding states is valid for those substances

under consideration

T
LI}

u(p, ¥, 1)

b(p, ¥, T) (38)

o
[l

and
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where 3 = prfj/e*
¥V = V‘r*-5
| T=xtfex | (39)
« : All reducing parameters given in Egs. (34), (35), and (39) are the same
as those given by Rice, 2022t -

By use of an equation of state, the three variables in Eq; (38) can
be reduced to two,'é.g. p and T; Furthermore, oneimight expect that for
.liquid metals ¢¥* woﬁld be large and therefore 5 very small. Thus the
pressure effecf on diffusivity would be small.  Petit and Nachtrieb
found the.self-diffusivity of galiium to be quite insensitive to preséure.

(See Table XVI.)

Table XVI Self-Diffusivity of Liquid Gallium
(Reference 46)-

_Temperature (°K) ~ Pressure (Atmos.) D(‘lO_5 cm?/sec)
305.7 R 1.65
303.7 1 : 1.70
303.7 A B 1 © 1.65
303.7 198 1.62

 303.7 , 1985 1.57
3035.7 _ 3776 - - 1.51
305.7 | 10008 1.3k

Hence, it should be possible to consider the reduced self-diffusion

coefficient as a function of reduced temperature only
B = B(F)  (40)

In order to write reduced values for D and T to test Eq. (40), it

is necessary to choose values for e* and r¥* for the liquid metals.
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 Recently, Chapman52 has correlated viscosity data for tﬁenty-one liquid

metals by a corresponding states approach. Chapman's correlation is based .

on the pair distribution function theory of the liquid state as developed

55 Sk

by Kirkwood”” and Born and Green. The functional relationship developed

is

~

T

.'gv%f(l)_ o "(‘ui)"

where viscosity temperature and volume are reduced as follows:

2
% .
¥ N, : { 2

~ 1. 13

;- |2 -
(MRT)1/2 (me*)l/Q | T1/? ZTITQ

~ kT

T = o

. Vv o . - . )

V = ) (42)
N vr*3 o v '

A

In ordernto“establish the-relationshipvgiyen by Eq. (hl), Chapman

" . used for ¢¥ the effective Lennard-Jones parameters for liquid sodium and

25

potassium determined from experimental xe-ray scattering data by Ling.
Goldschmidt atomic diameters were used for the distance parémetér r*,
Viscosity data for sodium and potassium were.then reduced as indicated

by Eq. (42) and plotted as indicated by Eq. (41). The resulting curve

‘was then.used to establish the energy parameters e* for the other nineteen -

metals.’ By properly choosing e*, the viscosity data for éach of %héﬁ

 liquid metals could be made to fit the same curve for Eq. (41) as that

established by sodium and potassium. The energy parameters détermined

in this way were found to be a linear function of the melting point. The
advantage of Chapman's.apprpach is that the energy parameters thus

assigned to the liquid metals are based on the values for sodium and
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potassium determined by independent x-ray scattering déta.

In order to test Eq. (LO), the reduced self-diffusivity D will be
balculated by Egs. (35) and (37) using Chapman's values of the energy
pérameters for €* and Goidschmidt atomic diameters for r*,

Table XVI Reducing Factors for Self-Diffusivity for
Nine Molten Metals :

i ehn )-SR
Mercury 1250 3,10 70.6x10™° 28
Sodium - 1970 5,84 522x10f5_ 37
Indium 2500 . 3.1k 13Ux10™7 28

Tin 2650 3,16 C1zex10m 28
Silver 6400 2.88 205x10'5 2
*Gallium | 1575 3,06 133x10™° 146

Lead 2800 3,50 17hx10™? 42
Copper u 6600 | 2,50 238x10™7 ' Lk

Zine 4700 2.7k 212x1077 o

The procedure for calculating the parameters e¥* and r* was reversed

for Ga. Smithell's Metal Reference Book gives an approximaté value

of ~2.7 for the Goldschmidt atomic diameter. Thérefore the energy
parameter was calculated first using Chapman‘s rule % = 5.20 Tm where
‘Tm is the melting point and a value of r* = 3,06 was "backed-out" from _

Chapman's universal viscosity correlation.

Table XVI summarizes the reducing factors for diffusion, k, given by
Eq. (35). Figure 7 is a plot of reduced diffusivity versus reduced

temperature (Eq. (40)) for the nine liquid metals listed in Table XVI.
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The "best line" has been drawn through the points for mercury. One
might use this line to predict the self-diffusivity as a function of
temperature for a metal "B", provided the molecular weight, energy parameﬁer

€% and distance parameter r* for B were availables

1) Calculate T

T =2
‘ BB
2). Determine D
D is read from Fig. 7 as a function of T
3) D=D« '
1/2
* *
°BB BB

where K = ‘———f:zg—-
Figufes‘8, 9, andklo compare this proéedure for éalculating self-diffusi?ity
with the data and alsO‘with the theory of Wallé and Upthegrove.
| While the Walls and.Upthegrove calculations are slightly bétter
(except for silver and copper) the.agfeement shown in Figs. 7-10 indi-
cates that self-diffusion in liquid metals can be adeqqately described.
in terms of bnly three fixed parameters: .an energy parametef €*, a
»distance pafameter T* and a~mas$ parameter m. |
The theory will now be extendéd'to mutqal diffusion in diluté'binary
systems.__

2. Mutual Diffusion

The extension of the corresponding states theory to mutual diffusion
follows the ideas of Thomaes and Itterbeek up to a point.
Consider two systems. One is a soldtion of B in solvent A. The

second is a solution of C in solvent A.
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‘a Lennard-Jones 6-12 potential, it is possible to predict the interaction

e

o , -1
Then + DBA(TB) = DBA(TB) Kg (42)
where v *1/2
, €3 rg

“ = 2
B f";;;57"——

The parameters eX and rg are functions of concentration and of the pure

B

*_ * d
component propertles € BB’ rBB’ €AA’ and rAA and the 1nteract10n parameters

and rKB. For simple substances where the intermolecular forces follow

'parameters r* and e¥_ from the pure-component parametefs and to calculate

AB - AB

€§ and rg. This may be done by means of the average potential model

described by Prigogine,56 ,
Similarly ; : v
By (T = DcA(TC)KC'1 o _ (43)
where ' A eél/elré
KC = —~;;I7§f

The same comments apply to eX and r% as to eg'and rg.

c C

If the two systems, B in A and C in A, obey the same law of corre-

sponding states then, at the same reduced temperature

Ty =%, =1 - ; (k)

Bpa(Tg) = B, (F) (45)
and from Eq. (L&) | .

Ty = T@ ex/ex . - (L6)

For L.H.S. of Eq. (42) read: 'Reduced dlffu°1v1ty at reduced
temperature T :

- For R.H.S. read: "Diffusivity of B at temperature TB."



It then follows that

¥

(%o o) = Tt A o) (B2

If one knows the diffusivity of C in the C-A system at temperature Tc

n i.e. DCATC), and if one knows how to predict_e*, eé, rg, and ré,'oﬁe can

then use Eq. (47) to calculate the diffusivity of B in the B-A system at
' €

bk

« This is the procedure outlined by Thomaes and

|

temperature.TC -

Q¥

Itterbeek.

Tt will nowbbe shown how the theories of Thomaes and Itterbeek for
mutﬁal diffusion, outlined above, can be applied to the preaictidn of
mutual diffusion coeffiéients in dilute liquid metal éystéms. In many
| molten metal systems on which diffusivity stﬁdiés have been made, the
self-diffgsivity of the solvént has been measured. Insfead of @éing an
arbitfary "reference system" (such as C in A in the example jﬁst given),
« why not use the pure solvent itself as the reference system? This |
k Simplifiés métters because tﬁe average parametérs e¥ and r* of_the refereﬁée
system are hdw'the-pure componeht parameters of the solvent. »Only.one
pair of parameters, that for the system whose diffusivity we wish to
predict need be estimated. 'For a dilute solution of B in A a further
simplification is possible. If the solution is sufficiently dilute,
collisions of B atoms with other B atomé-almost never occur and only B-A '
interactions need be considered.
| Thus for a dilqte solution'qf-B in A

e* | | S (8)

Le¥ =
‘B T “AB
* = *
TR T TaAB

5.

(A1l Prigogine's éqﬁaﬁions'fcf €% and r¥ reduce to Eq. (48) for Xg - 0.)
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 Thus for a dilute solution of B in A, Eq. (47) can be rewritten

e 32 -, () (22 ) o

and it is understood that‘DA(TA) is the self-diffusivity of the solvent

at temperature TA.

Once the Sélf-diffusivity of the pure solvent is known, the only
problem remaining before Eq. (49) can be used to predict mutual diffusion
coefficients in dilute syétems is the estimation of the Interaction

AB

are dispersion forces, the usual geometric mean rule for the energy

parameters e¥_ and rAB For simple substances where the attractive forces

parameter and the average.éombining rulevfor the distance parameter apply— "

AB

c* = ( f B>l/2 R (50)

and .

* + r¥ '
iB <AA rBB) - (51).
The use of these combining rules in liquid metal systems is question=-
.able. Névertheless, for lack of any better miXiﬁg rule, Eq. (51) will
- be used to estimate the disténce parameter rXB and thus the ratio
* * i
rAB/rAA in Bq. (49). o |
The procedure which will be followed here is to apply Egs. (49) and
(51) to experimental diffusion data to "back-out" values of eXg using a
trial and error approach. "Experimental' values of X5 determined in

this way will then be compared with some methods forvpredicting GXB from

thermodynamic data. First, rewrite Eq. (49)

a3l ) (2 )”2( ESE
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. D is then the experimental value for the mutual diffusion cpefficient at

BA
¢is
-experinmental temperature T, -— .
A et

' Ctr % ex
1. Assume a trial value of eAB/eAA'

2. Divide the experimental temperature by the assumed value
*_[ex i .
of GAB/eAA to find T, .
5: From the experimental curve of DA'vs TA’ fing DA(TA).
' 1/2 - ,
L. Calculate éXA/GKB> / using the value assumed in step 1
and then calculate the R.H.S. of Eq. (52) to find another
value of DA(TA).

5. Compare values of DA(TA) determined in steps 3 and 4. When

they match, the correct- value Qf'eXA/eXB has been chbsen.f

This procedure will now be applied to mutual diffusion data for.
several systems, The measﬁrements are by Niwa and Shimoji et ai.l for .
ﬁin, bismuth, antimony, and cadmium in lead, and antimdny and bismuth
in tin. Also data for thebdiffusion of lead in indium. by Careri et al.28
will be examiﬁed, fData.for these systems have been taken_aﬁnseveral
temperatures, permitting an examination éf the constanéy of-eKB.with
temperature. These systems also have the advantage that.the eiegtro-
negativity difference between'solute and solvent is émall_and therefore
they should be the type of system for which it is easiest_to dgvi;e o
:mixing rules. The‘self-diffusivity data aré'reported by Rothman and Ha].ll}-2 .
for 1ead, by Ma and Swalinul for tin, and,By:Careri et al.28 for indium.

Table XVII outlines the trial.and error procedure for determining
éxperimentél values for kp/€Xpe |

Table XVIII summarizes all the trial and error determinations of

AA

* * Se , % ¥ is i ‘:;m;i
eAB/e for the seven system It can be seen that eAB/eAA ;s independent:
uof”temperature in the experimental range. '



Table XVII Trial and Error Method for GXB/GXA for System Sb in Pb at 823°K
€% e* » 1/2 1/2 r¢ . D(T,)
1
=5 E R T Dp(T) BA@A % ) é“") ( (”[x\‘é 5. (52)
M AA A - , €hn "AB 4

g3 1.0 823  L.215 6.0 »5.5. ' . T6T 1.0 1.0h L. 4o

823 l.ik7 18 171.7593 _15__9_ 5.5 . 767 934 1.0k b.11

823 1.130 127 1376 b1 5.5 .T67 .9k 1.0k bk
ef\B - =
5 = 1.130




" Table XVIIT "Eﬁﬁerimentalﬁ valueS‘eXﬁ/GXA from dilute solution diffusion data

T( °K). © 8n in Pb
723 ' 1.255
783 - 1.213 .
823 1.2L0
87% 1.215
Avg. . _ 1.231
7 Bi in Pb Sb in Pb Cd in Pb Bi in Sn Sb in Sn
723 1,929 1,191 - 1..110 - 993 +933
(G 916 : 1175 1.092 2955 1 .953
823 .918 1,130 1.102 .928 .98k
873 ‘ 14925 1,142 ' 1.126 L QUL * 1,010

Avg .922 ' 1,160 - 1.108 .954 .970

L ) Pb in Sn

661 | .9k
760 -
Avg , | 9U6

¥y

~2L=
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3. Prediction of the Interaction Parameter EXB,

As described previously, for simple molecules where the interaction

forces are dispersion forces the geometric mean rule, Eq. (50) can be.

used to calculate the interaction parametér'eXB. Such an approach cannot
be_used for liquid metals. Oriani57 has:shown that in metallic solutions -
(both solid ang liquid), thermodynamic data (heats of mixing) lead to

the conclusion that solﬁte?solvent interactions are a function of composi=~
tion and that solute;solute and solvent-solvent interactions in soiution‘
'aré nqt the saﬁe aé in the pure solute or pure solvént and are also
composition-dependent.

Despite these difficulties, several workers have attempted to extend

. the cell-model theories of Prigogine to the prediction of excess thermo-

dynamic properties of metallic solutions. Should these theories be valid,

it would be possible to start with thermodynamic data for liquid alloys

and “"back-out" the implied interaction parameters. Such thermodynamic

data have been compiled by'Hultgren,;Orr, Anderson, and Kelley58 for a

large nunber 6f metallic systems. | .‘ e
'Pfigogiﬁe's theories postulate that.the poteﬁtial energy between

two molecules‘is describe§ by thé.Lennard-Jones 6-12 potential. Random

mixihg is 'also assumed. Then all thermodynamic excess_functions can be

described in terms of three parameters, 6, 5, and p<

1 1 1
9= =N <€XB "5 M '5‘%3) (53)

X o\ ‘ '
5 = <__§§ - 1 : (5)"')

€hA ' o
._(rﬁB)-l | | (55) -
FETE : -
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where ¢%,, e*B, and e€¥_ are the bonding energies for the molecular combina-

AA’ B AB
tions.
For the heat of mixing, Orian_i59 suggests using the equation C .
» . .
= - *
MH = 1.435 (- 6 + l&.50.p ) Ny, Z €faXg Xy (56,)

where Z is the coordination number (assumed to be 12) and xi-is the mole
fraction of component i.

Shimoji6o uses the Morse potential to describe intermolecular forces

in metals instead of the 6-12 poﬁential.. His equation for the heat of

mixing is

AH =.(- 6 + E%—J Z N, ey Xy Xp (57)

In Egs. (53), (56), and (57), the pure-component bonding energies eXa

- . &

andvegB are calculéted from the heat of vaporization: )

_ NAVZe* '
Heat of Vaporization = — ' (58)

The object of this thermodynamic analysis is the calculation of the

interaction parameter e*_ in dilute solutions. Since eXB may be a funce

AB

tion of composition, partial molar heats of solution at infinite dilution

»vwill b€é considered. Equations (56) and (57) become

ey = - . 2
(oriani) AHy = L.U35 N, Z <f, (=6 + 4,50 p7) - (59)
Xp = 0
_ e 02
v~(smmo‘;1) Ay = NAV: Z GXA (79 +,"2‘) _ (60)
Ke o 0 ‘ . N4
: ' . e¥
Equations (58-60) and (53) can then be used to.calculate Eég from

thermodynamicldata. It turns out that partial molar heats of solution

~ are very small relative to heats of vaporization. (The largest valué of

s
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. BH  for the systems examined is 2.32 kcal for cadmium in lead at infihite
dilution. The heat of vaporization of molten lead at its melting point is -
h5;l-kca1,‘that for cadmium is'Eh.Bchal.) Tﬁe most important contribution
to the interaction parameter is made by the pure comporent parameters. In
Eq. (59) the term 4.50 92 is significant and 1ts inclusion usuallj improves
the calculation. .

Table XIX compares the averagelvaluesvof‘eXB/eXA from diffusion data
presented in Table XVIIT with those calculated using Eq. (59) (columﬁ 3)
and Eqg. (60) (column h)f Column 5 lists values of EXB/eXA calculated using
Eq. (50) and Chapman's values of the pure component pérameters.

| Calculated values which are in poor agreement with the experimental
vaiues have been underlined. The éalculation has also been attempted

using Orianits and Shimoji's equations but with Chapman's values of eXA

and €¥

¥g in Eq. (53) instead of values determined from heat of vaporizétion
data by Eq. 658). This calculation shows good agreement.for the C4d in fb'
systgm but poor agreement fbr the Sn in Pb, Sb in Sn and Pb in In systems:

. For the seven systéﬁs studied,-the best agreement is obtained using
Oriaﬁi's Eq..(59) and estimating pure-component bonding eﬁergies from heat .

of vaporization data.

L, " Calculation of Mutual Diffusion Coefficients

Figures 11, 12, and 13 compare the experimental diffusivity data'wifh
values calculatedbuéing Eq. (L49). The'interaction distancé:pérameters
were calculated from Eq. (51) using Goidschmidt atomic diameters for the
pure component values rXA‘and‘rﬁB. The interaction'enérgy parameters are

from column 3 of Table XIX. The agreement between theory and experiment

is satisfactory in all cases except Cd in Pb. For the other three solut¢§mw_f'
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Teble XIX  Comparison of Experimental and Calculated -
Interaction Parameters eXB

e*_[e* -

: AR CAA

System Experimental Calculated

~ (Oriani) {Shimoji) -
Eq. (59) Eg. (60) Eq. (50)

Sn in Po 1.231 1.306 1.263 L.OTh
“Bi in Pb .922 1.009 1.005 . . .87
Sb in Pb . 1.160 1.157 1.131 . 1.158
Cd in Pb - 1.108 .834 .758 1.087
Bi in Sn .95k .921 .8%0 - .898
"Sb in Sn , .970 | .902 w912 1.190
Po

in In k6 .959 .902 1.030

in Pb, the theory predicts the correct relative size of the diffusion

coe?f1c1ent, i.e. DBi > DSb > DSn'

5; .Procédure'Whéﬁ Self-Diffusivity of the Solvent is Unknown | .
When the self—diffﬁsivity of the sol&ent has'not'beéh méaéured,‘thej
general correlation of Fig. 7 can be used in place of a "reference system&.x
The procedure will be illustrated for thé system tin in bismuth for which
Niwa and Shimoji give experimental values at fourvtemperatures.'
The ratio of the interagtion paraméﬁefs, EXB/eiA’TiS caléulated
using Egs. (5;) and (59) as described earlier. Sincé fhé géneralized
plot, Fig. 7, is based on the Chapman viscosity values of e¥*,, the inter-
~action pérameter GXB is calculated by multiplyingvthe ratio ;XB/eﬁA by .

the viscosity value of EXA. These values and the mass of the tin atom are

used to calculate the reducing factors for diffusion and temperature.

. ’ o
For the Sn-Bi system eXB/k = 2900°K, r¥ = B.hlA, and the reducing

AB
) 1/2 =5 = .
factoerB = EXB rXB/mB / = 154%10 ’, Values‘oi D are found from Fig. 7
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.0of the interaction energy and distance parameters. The possibility of
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as a function of T. Finally, D =3 -«.

The generalized correlation can also be used to calculate mutual

- diffusion coefficients for the seven systems previously discussed. - The

calculated and experimental values are compared in Table XX.

'The method which uses the generalizedviedﬁced diffusivity correlation::
‘is about as accurate as that which uses selfldiffusivity data as the
'"fefereﬁce-system". -Use of the self—diffusivity reference sygtem is more
" likely to give a better”eétimate of the temperature dependence\of the
mutual diffuéion coefficiéﬁt,‘but, on the basis of tﬁe seven systems .

-compared here, there is little to choose between the‘twovméthods in terms

of predicting absolute values of the diffusionrcoeffigfeht.'

6. Summary » S ' o

- It has:bgen shown that a éorréspohaing states approach can be used
to correlate»seldeiffusivity in molten metals using only threé parameters:
aniénérgy parameter ¥, a distance parameter r¥*, and the mass m. The
distance parameter is the Goldschmidt atémic diameter and fhe energy para-

meter is the same as that derived' from viscosity data. The theory may

-be extended to mutual diffusion in dilute solutions by appropriate choice .

using- thermodynamic data and correlations to calculate the interaction

e

energy parameter has been discussed. The theory satisfactorily predicts
values for the diffusion coefficient for most of the systems studied.
D. Comparison of Absolute Rate and Corresponding

tates Theories for Predicting Mutual Diffusion -
Coefficients in Dilute Metal Systems

The absolute rate (with the Olander modification) and the correspond-

ing states theories can be compared as to ease of use and accuracy.

.;5';

e epr e et
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Table XX Calculation of Mutual Diffusion Coéfficients
in Dilute Liguid Metals Systems Using the
Generalized Correlation of Tig. T.

' €48 . “p _ 0 ~ ~ Dcal'd Dexpt}l
System —Ef'( K) (10—5) T(°k) T D -5 2 -5 2,
(10 “cm /sec) (10 “cn /sec)
Sn in Bi 2900 154 723 .2Lkg 0264 ho1 5.5
| | ' 775 266 .0302 L.6 6.5
g2%.  .28L .03k 5.% 7.3
873 .301 .0382 5.9 8.2
~Sn in Pb 3660 163 - . 723 . .197 .016h | 2.8 2,6
' 785 .21k .019L 3.3 3.9
823 .275 .0215 3.6 L.3
875  .239 .02Lk L1 5.5
Bi in Pb 2820 120 723 .256 .0280 3.3 5.0
o . 773 2Tk .0520 3.8 6.2
‘ 823,292 L0361 L.3 7.3
873 .310 .0k05 k.9 | 8.3
" SbinPo 3240 158 723,223 .0Rl1l 3.3 3.1
| ' 773 .238 .02kl 5.8 b1
823  .254 L0275 L3 5.5
875 .269 .0309 b9 - - 6.k
Ca in Pb 2330 156 725 .310 .0ko5 5.5 5.9
o | 775 .35 .0k60 6.3 5.0
825  .35% .0515 7.0 6.0
| 873 .375 .05TL 7.8 6.8
Bi in' Sn = 2L4Lo 106 723 .296 .0370 - 3.9 5.6
- 775 .317 .oke2 WS y
. . 823 .337 .OLTh 5.0 5.8
. o 873 .358 .0528 5.6 6.6
. S inSn 2390 129 723 .302 .0385 5.0 5.0
- TT30 323 L0k3T 5.6 5.7
83 .34k ,obg2  6.h . 6.3
| | 873  .365 .0546 7.0 6.9
Pb in In 2qu 103% - 661 L2716 ,0%25 3.3 3,85
’ S 760 J317  Joke2 L3

Lo1s
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The absoclute rate theory reguires only pure-component viscosity and
density data, which are available for many liquid metals. For those metals

{e.g. uranium) for which viscosity are not yet available, the viscosity

52 92

correlations of Chapman 'oi Grosse can be used.

The corresponding states method requires viscosity data for the
solvent. to determine the pure-éomponent interéction parameter, GXA. In
the absence of viscosity data, eXA may be estimated from the melting péiht,

If solvent self-diffusivity.is used in the "reference-system"‘method (Eq. (49))

 then self-diffusivity daba are required; such data are available for only .-

nine liquid metals. Both the '"reference-system'" method and the method

. using the generalized reduced diffusivity correlation require partial

molal heat of mixing data which may not be available for the binary pair

of interest. The absolute rate theory requires Only pure-component data:

no thermodynamic or other data for the binary pair of interest 1s required.

It is thus the easier of the two méthods to use and can be used wiﬁh_more
systems.‘

The accuracy of the absolute fate éﬁd coffesponding states theories.
is. about the same. OF ihe eight systems.compared here only the datavfor'the
Bi'in Pb,sysfem lie compieteiy outside of the £25% confidencé limité ih
the absolute rate correlation of Fig. 6. Each of the two corresponding

states methods discussed predicts bad values for at least one system: the

Cd. in Pb system when the "reference-system" method is used and the Bi in

'Pb system when the generalized correlation method is used.

A comparison of the two methods of coirelating mutual‘diffusivity data.
in dilute binary liquid:metal»systems'must'consider ease of . use, amount of
data required, and the number of systeﬁs sﬁccessfully correlated. On all

three counts,'the absolﬁte rate method isvpreferable to the corresponding
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states method.
ADDENDUM

Chapman (UCRL-ll950) givés the energy parameter; for twenty-omne
"metals. Energy parameters for ﬁhe followingrthree additional metals vere

calculated from viscosity data.

_Metal 'Ar*fﬁ.}l‘ v e*/kx (°K)
Ga 5.06 1575
Bi 3.6k 2135
Sb 3Th5

N

.
Y
n



_8h_

IV. KINETIC EXPERIMENTS
A. Apparatus.

The kinetic experiments are carried out usingras extraction column .
a graphite crucible with an overéll 1engtﬁ of 31 in., l-l/h in. outer
diameter, and 9/16 in. inner diameter. The crucible is closed at the béttom
by a‘machined graphite screw plug, which holds magnesium without any
leakage. A é}—in. lohg reflux column also of graphite 1s placed .directly-.
above the extraction column. The reflux column condenses mdgnesium vapof‘
‘and returns it to the extraction columh, thus‘minimizing magnesium losses.
Both extraction and reflux colurmns are placed in a stainless steel sheath
‘to which is welded a 1/4-in. stainless steel inert gas line. The refiux'-
_éoluﬁn extends about 6 in; above the sheath. Figure 1k shows the arrange-
ment“by which argon'entérs the boftom of the sheath, flows over niobium
wire (which scavenges oxygen) and up thevannular space between the extraction
‘column and the sheath. Fbur_grooves cﬁt in the top of the extraction cblumﬁ
. ?ermit”argon to enter it, flow over the molten magnesium surface and thénv-
up the reflu# column. iThis arrdngement not only keeps oxygen away from
‘highly flammable molten magnesium, but it also prevents magnesium'vapof
~from condensing inside the éheath and '"welding" the extraction éolumh to
it.. The argon-floﬁ is adjusted so that no MgO is seen rising from the
reflux colﬁmn. The argon fiow rate ‘is 2 cubic feet per hour.

Figﬁre 15 is an "exploded" view showing the bottom of the graphite
coluﬁn; the inner liner (whqsé.funéﬁion will be described shortly) and
the machined screw plug. | |

Fig. 16 shows the graphite crucible, reflﬁk'column, magnesium charge

i—and dropping stick against a schematic of the furnace, ~y-ray scintillation
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detectors and high speed recorder.

The sheath containing tne extréction.column is supported in a hinged
vertical tube resistance furbace by means of an 8 in. diameter flange.
Figure 17 shows the furnace open with the sheath in place. The top of
the reflux column and the argon line can be seen near the top of the
picture. ]

The vertical hinged tube resistance furnace was manufactured by the
Heyi-Duty Electric Company of Watertown, Wisconsin. t consists of eight
6 in. heating zones and 5—1/2 in. insulating vestibules at the top and
bottom (see Fig. 18). The top zone and the two bottom zones are manually
controlled by variable transformers. Power to the other five heating
- zones 1is automatically adjusted by a saturable reactor (core) proportional

controller, Each of the eight zones is rated at 1020 watts. The total

furnace rating is 8.16 kw, 230/208 volts, single phase. Each zone is fittqgﬂ_m”

.with a chromel-alumel thermocouple. By means of a selector switch and a
thermocouple read-out, the furnace temperature in each zone can be deter-
minted. A control thermocouple is loéated in the zone which is fourth
from the top.

A long stainless-steel sheathed chromel-alumel probe thermocouple was
used to determine the temperature proifile inside the column. t was found
~ that temperatures inside the extraction column were about L0-50 degrees
lower than the corresponding "furnace temperatures" which are taken on
the outside of the stainless steel sheath. By adjusting the controlier
and the three manually controlled heating zones, é slight positive:
‘temperature gradient (from bottom to top) was obtained. The molten magne-
sium temperature, as determined by the probe, ranged from 980°C at the

bottom of the extraction column to 1020°C at the top. The furnace
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terperatures corresponding to the desired column (probe) temperature
profiles were recorded. Prior to each extraction run, the desired column
profile was established by adjusting the furnace controls so that the
zone-by-zone furnace temﬁerature feadings were the same as the recorded
values. The positive temperature gradient was desired in order to minimize
convection currents in the magnesium. The éroﬁe thermocouple was calibrated
by melting silver (MP 960°C) in a quartz tube sﬁspended inside the.furnace.
The velocity of the U-Cr drop as it falls through the magnesium column
is measured by three collimated scintillation detectors. The detectdrs are
.spaced 8 in. apart with the crystal faces 14 in. from the cglumn axis.
Each crystal is collimated behind 4 in. of lead with a 1/8iin;vhorizontal
opening across the 2 in. width of the cr&stal face. The output oﬁiéach-
detector is sent to a rate meter, a circult which integrates the pulses
generated as each gamma photon is detected. The raté meter output;goes
to a highly sensitive miniature galvanometer in a high speed recording
oscillograph (Type 5-12L manufactured by the Consolidated Electrodynamics
Corporétioﬁ). A mirror in the galvanometer ig deflected and reflects
1ight from an illuminator lamp onto a moving strip of phoﬁographic péper.
Paper speeds of 0.5 to 128 in. per sécond are possible. ~ Three type 7-%62
fluid damped.galvanometers are used. Trey have an undamped natural
frequency of 4150 cycles per second (cvps) aﬁd‘a frequency range of O to

2500 cps. The oscillograph automatically inscribes timing lines of 1,

0.1, or 0.01 éeconds‘on the photographic trace. TFigure 19 shows the lead

collimated scintillation detectors mounted on shelves in a 19 in. elec-
. /'
tronics rack. In the right foreground is the high speed recording oscillo-
N . B )
graph and its assocliated electronich\ equipment. The furnace control panel
i3 visible at the left rear. Figure 16 shows the position of the detectors
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with respect to the column. Figure 20 shows a typical trace from the

high speed recorder. Drop velocities were calculated between the top and
middle an&>the middle and bottom detectors. .Vélocities in the second
interval weré about 15%‘higher tﬁan those measured in the top of the coiumhA

and were-taken as the terminal velocity.

B. Materials »

The U-Cr -eutectic alloy was purchased from the National Lead'Compény ;_«
in the form of cylindfical pellets 1/4 in. in diameter and about 3/8 in.
long. The alloy was made of depleted uranium containing about 0.2 Q-%

U255. (Néturél uranium céntains 0.7 w=% U255.) The supplier reported the
melting point as 860°C. Analysis of alloy samples by the Lawrence ‘Radiation
Laboratory showed the chromium content to be 4.28 w-% (the eutectic alloj
contains 5 w-% Cr). Spectrographic analysis showed no constitiuents other
than Cr and U present in the samples., ‘l SR

Magnesium was obtained from the United Mineral and Chemical Corporatiqn‘
of New York in the form of 36 in.-long 1/2 in.-diamgtef sticks. A magnesiﬁm.
charge for a run weighed about 152 grams. Before placing a magnesium stiék
in tﬁe crﬁcible it was cut to a length of 27-1/2 in. and the surfacés were

carefully scraped or machined to remove the oxide coat.

C. Experimental Procedure .

Two ingots of U-Cr alloy, one weighing 67 grams, the other 22 grams,

were cast in graphite crucibles under vacuum in an induction furnace.

Pellets were cut from these ingots using small hack-saws in an argon filled
dry box. As nearly as possible, the pellets were cut in the shape of
cubes. Pellet weights varied from 0.1 to 0.6 grams. A small hole was

drilled through the center of each pellet using a high speéd electric
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drill. Number 61 (.039-in.) high-speed wire drills were used. After

weighing, the pellets were individually sealed in argon-filled quartz

capsules by the Health Chemistry Division of UCLRL. The pellets were then

sent to the LPTR for irradiation. Irradiation was for 48 hours at thermal".

neutron fluxes of lO12 to lO15 neqtrons/cm?~sec."The Laluo activity of

ﬁhe pellet before the exberiment was measured.on_the mulfichannel analyzer.
The pellet was prepared for introduction into the extraction column

by sﬁspending it from a 5 mil-tungsten wire loop at the end of a 36 inf

long 1/8 in. diameter stainless steel rod. After the furnace had been

brought to temperature, but before intfodueing the irradiated pellet, a

small unirradiated U-Cr pellet was dropped through the column to shake

loose any bubbles that might have formed in £he molten-magnesium,‘ The rod

was lowered through the reflux column, through a l/h in. constriction at

the bottom of the reflux column (see Fig. 14), and into the extraction

coiumn. The rod was lowered until the pellet was juet below the molten

magnesium surface. Within a few secoﬁds, the pellet melted dff_the tungsten -

loop and fell through the EOlumn, its passage being detected by three

i

collimated scintillefion counters placed aiong the column. In this way,
it was certain that the pellet entered the column as a liquid drop.

The technique of forming molten metal drops'on wire ;oops was first
tried on tin (MP 232°C) and lead (MP 328?0). Small pellets of the metals
(~ 3-4 mm in diameter) were suspended in the molten KC1l-LiCl eutectic
(MP 350°C) in a pyrex test-tube. Since fused salts are transparent, the

drop process could be directly observed. As soon as a drop melted it fell

from the wire straight to the bottom of the test-tube without breaking~up.
Figure 21 shows a U-Cr pellet suspended from a tungsten loop. Figure 22 '.
shows a loop from which a pellet has been dropped, after it has been with-

.drawn from the magnesium colwmn,
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The irradiated pellet melted off the tungsten loop, fell through the
;molten magnesium and into a puddle of molten BaCl2 abbut l‘in.vdeep con-
tainea in a graphite inner liner at the bottom of the column>just above
the screw plug. F(The inner liner is shown in Fig. 15.) - As soon as the
scintillation detectors recorded the fall of the U-Cr drop, the furnace
vwas immediately turned off in order to free:ze %he BaClE, whose melting |
point, 960°C, is only 20°C below the temperature of the bottom of the column.
(Molten Ba012 is,twicé as dense as Mg at 1000°C. It is chemically stable o
with respect to uranium, magnesium, and lanthgnumw) The U-Cr péllet at
the bottom of the crucible Was thus physically separated from the molten
magﬁesium_whidh takes_longer to freeze (MP 6506C). In this way, continuedﬂ ;
extraction after the pellet had reached the bottom of thé column was
prevented.’

The.0pération of the experiment réquired two people. One person
iowered the U~Cr pellet into. the columﬁ. The second person, a safety -
observer from the Health Chemistfy bivision, carefuily watched thelhigh
speed photographic recording oscillograph which traced the output of the
three collimated scintillation counters;

As soon &s the osciilograph recorded the passage of the U-Cr drop,.
tHe -furnace was turned off. The dropping rod, coated with condensed hot
magnesium was slowly withdrawn from the reflux column under a direct argon .
stream. Even with an argon stream playing directly on the top of the re-
flux column, the dropping stick had to be removed very slowly to prevent
the magnesium from burning. This operation took about half a minute. The
freezing process at the bottom of the column was acceleratéd by rémoving the
ceramic plug in the bottom vestibule and directing a stream of cold air uﬁ

into the furnace. for several minutes with an electric blower.
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The entire furnace arrangement was allowed to cool for approximately
L5 mihutes to 1 hour until the furnace readings indicated that the entire
magnesium column was frozen. The hinged furnace was opened and the stain--
less steel sheath removed with the aid of asbestos gloves. The sheath
was placed on a bench covered with transite and asbestos paper and the
reflux column removed. By tipping the sheath glightly, the graphite
crucible was easily made to slide out. Cooling the graphite crucible to the-
point where it could be handled took another 30 minutes. The machined
scre% plug was then removed. The crucible was'placed in a drill press in
a supporting wooden block and with the aid of 1/2 in., diameter steel bars
~of various lengths the magnesium column and inner liner was slowly "pressed-
out" of the crucible. In this way it was possible to save the crucible
for future runs. (This technique is not infallible; a number of cruciblés'
were broken in the process.) The recovered magrnesium stick was placed in
an argon filled dry box and the inner liner containing the U-Cr pellet,
bufied in frozen BaClg, sawed-off. The magnesium stick, inner liner, and
crucible were ﬁlaced in polyethylene bégs and then examined with the multi-
channel analyzer for Laluo. The activity of the Mg ingot was followed for
severai weeks after the experiment in order to determine the parameter F as
described in Section I-D.

Lanthanum-140 activity in the inner liner (corrected for the additional
gamma self-absorption due to the unirradiated pellet dropped thrpugh the

1
column) plus La ko activity in the Mg ingot accounted for about 95% of

e

—

the original activity. The apparent loss of activity may be due to gamma
absorption by the frozen BaC12 and to departure from spherical shapé of
the frozen U-Cr. Lanthanum-140 activity in the graphite crucible was

'négligible. The fraction of Laluo extracted was based on the measured

activity in the Mg ingot.
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V. PHYSICAL PROPERTIES OF THE U-Cr, Mg SYSTEM WITH
La AND Ba SOLUTES

In order to compare the data with existing correlations based upon
agueous=-organic systems, a number of physical properties of the U-Cf, Mg

system are required.

Density - The density of magnesium has been measured by McGonigal,

) 2 o . .2
Kirshenbaum and Grosse.8 The value at 1000°C is 1.50 g/cc. The density

of molten uranium from its melting point (1L06°K) to 2000°K has been
83

The density of uranium is

L

measured by Grosse, Cahill, and Kirshenbaum.
represented by the equation p g/cc = 19,356-10,%28 1077 T°K +,078% which
gives a value of 18,0k g/cc at 1000°C. The denéity of moltén U-Cr has nét
been measured and so must be estimated. An ingot of U-Cr was cast in a
graphite crucible in an induction furnace, machined to a right-circular
- cylinder by the UCLRL machine shop facilities and its density'determined
by weighing the known volume. The'room-température density of the U«Cr
eutectic was determined to be 17.5 g/¢cc. The density of uranium at 1000°C,
18.0k g/cc is 5.2% less than its room temperature density of 19.06 ‘g/cc. .
The percentage density loss of the U~Cr eutectic was assumed to be the
same as that for U, and so the density of the molten eutectic at 1000°C is
estimated to be 16.6 g/cc.

Viscosity - The viscosity of magnesium has been measured by‘Culpin2h
and Gebhardt..l5 Gebhardt's data cover a wider range of temperature
(fiom 650°C to 900°C) than Culpin's (652-725°C). Also Culpin's data lead
to positive values for the entropy of activation for viscosity, whereas
all other metals show negative values. Extrapoléting Gebhardt's data to
lOOC?C gives a ﬁalue of .0055 poise for the viscosity of Mg at 1000°C.

No measurements are available for the viscosity of uranium or U-Cr alloys,
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and this number must be estimated.” The viscosity of the U-Cr eutectic
at 1000°C is assumed equal to that of super-cooled uranium and the latter

52

is estimated using the correlation of Chapman for the viscosity of molten
metals. Chapman's correlation predicts a viscosity for uranium of 3.98
cp at its melting point (11%2°C) and 4.88 cp at 1000°C. A method of

. . . . 92 '
estimating viscosity of molten metals due %o Grosse9 gives 5.88 cp at the

melting point and 7.78 cp at 1000°C for the viscdsity of uranium.

Surface Tension and Interfacial Tension - The value of sufface tension;
for magnesium has been reported at 650, 700, and 800°C. The values are
.559, 542, aﬂd 508 dynes per cm respectivély.Shv A linear extrapolatidh to
1000°C gives an estimated value of 44O dynes per cm.

35

Cahill and Kirshenbaum -~ measured the surfaée teﬁsion of liquid

uranium from its melting point to 1850°K by the maximum bubble pressure
method.  Their data are represented by the equation ay - 1747—O.IMT(°K)£MO:
dynes/cm. At the melting point GU =_1550 dynes/ch This value agreeévwith
a vélﬁe determined'by Spriet86 who measured the surface tension of uranium
by the drop weight method and found'oU = 1500 dynes/cm. Extrapolating the.’
.,data.of Cahill and Kirshenbaum to lOOO°C, the calculated value is oy = 1579.

" dynes/cm.
87

Grosée has re&iewed the available data on surface tension for a ...
number of molten metals; He reports a value of 1590150 dynes/cm for the
surface»tension of liquid chromium at its mélting‘point, 2176°K, determined-
‘ by'Eremenko and Neiditch. In the same paper, Grosse discusses a calculatioﬁ
for estimating the temperature coefficient of surface tension. The calcula-
tion‘assumes that surface tension decreases linearly with temperature

until it disappears at the critical temperature. (Other papers by Grosse

discuss measurements and estimates of critical temperatures for metals. )
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Following Grosse's procedures, the critical temperature of chromium is
estimated to be 10,000°K and the temperature coefficient of surface tension

for chromium %%, is estimated to be -.203 dynes/cm-°K., Thus the estimated

value for’cér at 1000°C isvl771 dynes/cm.

There is nofgenerélly accepted theory fsr determining the concentratidn
dependence of the surface tension of‘alloys'froﬁ pure-component values.
Some systems show a monotonic curve, others have a minimum or a maximum.
For. the purposes of this calculatlon, it was assumed that the surface
tension of uranium-chromium alloys varies linearly w1th the mole fractlons
qf the two components.v Thus %y_cr is estimated to be 1609 dynes/cm at
1odo°cﬂ_ -

The interfacial tehsibn‘béfwéén the‘molten'U-Cr eutectic and magnesium
has been estimated usingvAntsnovfs rule (o. = Oyocr~g ) which gives a
value of 1169 dynes/cm. Glrlfalco and Good89 have proposed a rule for
interfacial tension (ci = q g, + og =2 ¢)Vr——_.) where ¢ is emplrlcally
found to depend on the type of systems For‘water-organic systems, ¢~ 1,
for non-metalllc llquld-mercury systems, d ~ .55 - +75, and for water-
mercury, @ = .32. USlng a value of ¢ =1, o 1s calculated to be 369
dynes/cm. |

Table XXIvsummariéés.the ﬁh&sical property values required'for

estimating drop velocity in the uranium-chromium eutectic-magnesium system.

Diffusivities - There are no measured values for the diffusivity of

la in U or in U-Cr alloys."Smith,gg however, has measured the diffusivity
of cerium in uranium over the'temperéture range 1170°-lh80“C. The tempera-~

ture'dependence of the diffusion consﬁant is represented by the equation

= l,+.5xlo'3 exp[- 11,000/RT]. This relation is valid over the range

t
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Table XXI' Measured and Estimated Properties
of the Molten Magnesium Uranium=-
Chromium Eutectic System at 1000°C
Property Value Reference
Density of Mg, o 1,50 g/cc g2
Density of U 18.04 g/c;“ 83
"Density of U-Cr eutectic 16.6 estimated*
~ Density Difference; Np 15.1 g/cc
Viscosity of Mg, ué 0.0055 poise 15
Surface Tension of Mg, g LLO dynes/cm 8k
Surface Tension of U, o 1570 dynes/cm 85
Surface Tension of Cr, Oar 1771 dynes/ém 87
Surface Tension of U-Cr, oy_a, 1609 dynes/cm estimatéd

Interface Tension, oy

1169 dynes/cm

estimated by ..

~ Antonov's Rule

*

Density of the U-Cr eutectic at 25°C is 17.5 g/cc, measured in the

course of this work.
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1170°-1350°C. Smith believes that his observed values at higher tempera-
tures were too large, due to convection currents. Extending the relation-
ship to super-cooled uranium gives a value of D = 5.85)(10-5 cm?/gec_at
1000°C.

The various diffusivities of interest have been estimated by the

absolute rate method (Olander modification) developed in Section III, and

the results are shown in Table .XXII.

Table XXII Diffusivities in U-Cr and Mg at 1000°C

Solute Solvent  Diffusivity (lO-5 cme/éec)v
) ¥ ) I
La ' U-Cr 2.69 -
N .
Ba | U-Cr 2.77 o
Ce U-Cr 2.78
Ia Mg | 14,5

Ba ] Mg 14.9

* - .
U-Cr assumed to be pure uranium. Viscosity estimated by Chapman's
method. 22

" The viscosity and density of molten>La and Ce have been reported in
various Mound Laboratory Reports.lOF From this data, the free energies of
activation of the 'solute rare earths, Afgé Wegéestimated for use in pre-
dicting diffusivities. The estimate of AF§S for Ba is based on an estimate..
of Ba viscosity by Chapman{s method. (Chapman's eorrelation predicts values

of viscosity at 1000°C for La and Ce which are too high by 14% and 19%

respectively.)
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VI DROP VELOCITIES

A. Experimehtal Results

A total of 13 kinetic experiments were conducted. The measured terminal
velocities for the 11 satisfactory attempts'are tabulated in Table XXITII.
The trace‘for ruﬁ‘no. 12 showed a double blip .at the bottom detector and
it.was assumed that this drop split up. The pellets used in ruﬁs no., 12
and 13 evidently broke during the melting process since in each case a
large fragment of the\drop was later found near the top of the column
‘against the crucible wall. Data for runs 12 and 15; ﬁhe two largest pellets,
were rejected. The drop velocities recorded in Table XXIII are independent
of pellét size wiﬁh the excéption of run no. 6 which showed a lower velocity
thanlthe others. This drop, the smallest pellet used, may have hit the

column wall while falling.

B. Comparison With the Hﬁ—Kintner Correlation

. A number of investigators have studied drop velocity in aquebus-
oréanic'systems.79-8l From these investigations it is possible to araw
~some qualitative conclusions: Initially, as drop diameter.increases, SO
does terminal velocity. Eventually a "peak point" is reached at which
the terﬁinal velocity has its maximum value and above which velocity either
decreases very slowly or remains constant as drop diameter.increases; Peak
diameter and peak velocity are characteristic of the particular systeﬁ.

The smaller the peak diameter, the higher the peak velocity. At diameters
largér than that corresponding to the peak point, the drop oscillates as

it falls. Interfacial tension and the viscosity of the continuous phase
héve é damping.éffect on oscillation. Higher interfacial tension_increaéeé

velocity; i.e., theAhigher the interfacial tension, the larger the diameter
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Table XXIII. Summary of Drop Velocity Data

Run  Weight  Diameter . Terminal Reynolds Drag
No. W, gms d, cm Velocity Number Coefficient
Up» cm/sec Re ¢y
6 = .082 .211'. h6.2 . 2660 1.30
b 089 .218 67.6 Lo10 63
7 .20k . .286 - 76.6 5960 Lo
15 .231 +299 72.5 5900 .75
1 252 307 1.3 5970 .79
2 .327' ' +335 6L.5 5890 - 1,06
L 376 <351 62.5 5980 1.18
9 .382 o W353 67.7 6520 1.01
10 ki 370 72.5 7300 .92
17 .593% 410 72.5 8100 1.02

11 . 603 b1l 67.7 ” - 7590 : 1.18
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at which a drop continues to behave like a solid sphere. The correlation .
was developed by Hu and Kintner79 for organic drops falling through water

at room temperaturé utilizes the following dimensionless groups.

the drag coefficient, C. = B— 2p dg_
D 3 p 2
e U,
- 1T
UTgpe d
the Weber Number, We = 5 & .
' i
2 U Pe
the Reynolds Number, Re = m
P P 0-3

i == .
the physical property. group, P'- 2 ;;E"_

The Reynbld's_number and drag coefficients for each of the 1l runs are

listed in Table XXIII.

This correlation shows two regions with a distinct break at a value
of Reynolds number where peak velocity occurs. The two regions can be

| represented by the following equations:

Y = % X215 for 2 < ¥ < 70 - (61)
Y = (0.045) ¥*77 for ¥ > 70 (62)
'where
Y = Cp We pO- 12
and '
' X = Re/Po'l5+O.75

Hu and Kintner found that these equations give errors usually below lO%
for the systems they studied. Figure 23 compares the data with the
generalized Hu and Kintner correlation. The data have been treated using

the two values of interfacial tension o, = 1169 dynes/cﬁ, and 0; = 369
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dynes/cm. The lafger value for interfacial tension gives a better fit

té the generalized curve. Figure 24 compares the drop velocity data with
he curve-ﬁredicted by the generalized correlation. The average of the

obser#ed values is about 13% higher than that predicfed by the correlation.
The sysfem studied here extends the correlation to values of the physical

properties which far exéeed those studied by fu and Kintner. For the

U—Cr; Mg system the density aifference ié 15.1 g/cc. The largest value

of Ap'used in the generalized correlation was ~1.95 g/cc. Interfacial

;tension in the U-Cr, Mg system (1610 dynes/cm) far exceeds values typical

of immiscible aqueous~-organic systems. The largest value.of o, in the
ofiginal correlation is 44 dynes/cm. Due primarily to the large density
difference, the terminal velocities observed in the present system
(~65-T75 cm/sec)vare greater than the largest observed by Hu and Kintner?

(~26 cm/sec. ).
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T |
00=1169 dynes/cm

A0 ;= 369 dynes/cm

]
o= 369 dynes/cm

Fig, 23

MU.36989
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VII SOLUTE EXTRACTION

A. Experimental Results

The fraction of La extfacted,'fLa, was determined by the before and
after measurements of Lalho activity in pellet and Mg ingot with the
'appropriéte self-absorption (for the pellet) and geometrical (for.fhe
ingot) corrections as described in Appendices A, B, and C.

The ratio of the extracted fractions of La_to Ba, F, was determined by a
plot of Eq. (2) as illustrated in Fig. 25. (An abscissa value of 0.0l in
this plot corresponds tg a time of 12.8 days after extractioh.) .The frac;
tion of Balhq extracted was determined by Eq. (h).using.known values of
fLa and F.. |

In ofder_to'détermine the height'of liquid and the time it took a
pellet to fall through the column, the Mg ingots were weighed and the _
weight converted to liquid column length using the cross-sectional area of
the graphite crucible and the dénsity of Mg at 1000°C. Average velocities,
determined between the first and third detectors, were used in the calcu-
latibn. | v |

Table XXIV shows data for runs & through 11 and 14 through 17. Runs
1 through 5 were devoted to developing the experimental technique. 1In
some of these runs, no puddle of BaCl2 salt‘was used at the bottom‘of the
column. FExamination of the frozen'Mg ingot after extraction by counting
cbllimated two-inch lengths showed large end-effects Qhen the pellet .
'remained in contact with mdlten Mg during the cooling period. The prégence-.
of the salt-Mg interface in later runs prevented these large end effects.
Extraction data for the first five runs were rejected, although veiocity

data for these runs were reported in Table XXIII. . All dé@a for runs 12

and 13 were rejected for reasons discussed earlier.
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MUB-6390 -

Fig, 25



Table XXIV .
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of Experimental Results

Summary
Run Drop | Mg Ingot| Length of Averaée Time [frac- Fraction
No. Diam. | Weight Molten Drop of tion of Ba
. Mg Velocity{ Fall pf La removed
Column at EemOV-
d,em ams. 1002:0 - 4] U,cm/sec| t,sec derg F fBa
(o]
6 | .211 |1ke.2 59.1 43.0 117374 | .1k5 | 6.66 |.0218
1wt | 218 | 149.0 62.0 62.5 992 |.148 |14.3 |.0l0k
7 - .286 1&3;9 59.8 68.8 .870 .10k 7.15 |.0145
15T .299 | 148.5 61.8 70.1 .880 |.0386| 9.1 |.o0k2
8 32k ] abk 2 60.0 60.2 .996 |.0L85| 5.25 |.0092
9 355 | 149.9 62.3 62.5 .996 |.o112| 7.15 |.0016
167 | 367 | 1L7.0 61.1 651" 902 | .0k95[1k.3 |.0035
10 .370 | 148.8 61.8 67.7 .911 |.0613| 4.0 |.015%
177 | .10 | 147.0 61.1 67.2 .910 |.0763| 6.0 |.0127
11 411 | 1k9.7 62.2 63.5 .980 | .043L4|11.1 {.0039°

*

Falling drop was not detected.

T Pellets coated with Mg prior to irradiationm.

Velocity estimated.
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The fraction of Laluo extracted seems low. Also,lthe considergble

1scatter in the ‘data and the fact that analysis bf thg results indicates
the presence of a large external resistance all suggest the possibility

of oxide film Qﬁ the U-Cr surface which would block mass transfer at the
eutectic-magnesium interface. Uranium is extfemely reactive, but so is
magne sium. MgO_is thermodynamically more stable than UOQ, and it might

be expected that any UO2 present on the pellet surface would be redﬁced gsv
“the pellet falls through the column. It is not certain, however, that
this reaction could completely clean the U-Cr in the approximately ohe
 second of contact time. To minimize the possibility of UO2 formation on
the pellet surface, four of the U-Cr pellets (runs 14 through 17) were
given a protective magnesium coaiing prior to irradiaﬁion. This was
‘accomplished as follows: Approxiﬁately five grams of magnesium were
melted in a graphite crucible under argon in a clamshell resistance'heater.
The crucible had a 1/2-in. inner diameter and was about 5-in. deep. In -
the crucible bottom a small 1/8-in. diameter hole was drilled about 3/l-in.
- deep. The magnesium charge was carefully machined to fit all these
dimensions to prevent entrapment‘of air between the magnesium and the
cfgcible,walls or in the small hole at the bottom. When the magnesium -
' 'was molten, a freshly cut weighed pellet of U-Cr was dropped into the
-crucible and pushed down into the bottom of the 1/8-in. diameter hole.

(A tantalum rod was used as the "pusher".) The pellet was allowed to

soak in molten Mg at 750°C for about 15 minutes. After cooling, the
crucible was broken and the cast‘Mg ingot removed. The tip of the

l/8-in. diameter section containing the U-Cr pellet, was sawed-off. The_
+039-in. hole, later used for introducing the pellet in the extraction

column, was then drilled through the magnesium coat and ﬁhe pellet. In
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run number 17, the hole was drilled and stuffed with graphite before the
magnesium soak. After coating the pellet with magnesium, the graphite
stuffing .- was driiled-out. Pellets 1L through 17 were then sealed in
argon-filled quartz capsules and irradiated as before.

Table XXIV shows no significant difference between runs made using
magnesium coated (1L4~17) of uncoated pellets. It was therefore concluded
that observed low values for fraction extracted are either a real propérty
of the system and are not due to surface contamination, or that the opera-
tion of sosking the U-Cr pellets in liquid Mg did not succeed in completely

. removing the oxide coat.

B, Data Analysis by the Series Resistance Concept

The overall mass transfer coefficient, K, can be related to the

fraction extracted by:go
' ‘ -K(g')t 6.
f = l-e z K (E) t ' (63)

If £ is very small, the first two terms of a series expansion of the ex~

ponential approximates the entire series and the fraction extracted can be’

PR Gl
——-

expressed by the last term of Eq. (63). Since

gy = T /F | ()
T | :
Kpa © ?ii (%) % * (64)
) 3, -

If the approximation of Eq. (63) is valid for both La and Ba,

-————:——-’-‘:F

KBa fBa.

The exponential form of Eq. (63) has been used to determine the

o 1 | (65)
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overall mass transfer coefficient for lanthanum based upon the U-Cr phaSe,-
KLa,'and Eq. (64), has been used for the coefficient for barium, Kga+ The
results are tabulated in Tgble XXV. The average value of KL R neglectlng
run no. 9, is .ooh17+5o% cm/sec.'

In the two-film theory of mass transfer, K, the overall coefficient

is related to ki and ke’ the internal and external film mass transfer

coefficients, by Bq. (65) ' o .

== (65)

R

L
mk
e

where m is the distribution coefficient of the solute.

"~ In the following it ie assumed that kiAand ke are the same for both
La and Ba. This is equivalent to assuming equal diffusivities in each
phase for the two isotopes. | |

. In Table XXII of Section V, estimates of the diffusivities of La and
Ba in U~Cr and in Mg at 1000°C are presented. The estimates show that
the diffusivity of La and Ba are approximately equal in each phase. The
estimate; for Ce in U-Cr is considerably lower'ﬁhan the value based on an
extrapolation~of Smith's94 measurements for Ce in U. Nevertheless, it

seems .reasonable to believe that whatever the absolute error in estimating

the diffusivity of rare earths in uranium is, the same error is involved

in estimating the diffusivity of Ba in uranium. - The-iargest

source of error in the eétimates for Ce, La, and Ba in U-Cr is probably

' the estimate of the viscosity of the U-Cr eutectic.

v‘Assuming that the film coefficients are the same for the two solutes ,‘
it is possible to write Eq. (65) for each solute and to solve the two

equations simultaneously:
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v 1 1 i‘ '
| K, K omk (ce)
_..1_'_.’.=°—l—+' 1
KBa ki mBake

A pair of Egs. (66) is written for each run and solved for ﬁ?— and

. i
1 . . . PP ! - =
= . The distribution ccefficients used were mea = .16 and.mBa = .0035.

k
V:lues of k, and k. calculated by Eq . (66) are listed in Table XXV.
Neglecting run no. 9, the average value of k_ is .183£49% cm/sec.
The average value of k, is .00514%30% cm/sec. - o
Katz, Hill, and Speirs ~ of the Brookhaven National Laboratory
measured the rate of extraction of samarium from drops of Bi-Mg-Sm alloy
by a fused-salt extractant at 500°C using the falling liquid drop technique.
Their data show the scatter typical of such systems but they were able
to achieve éqnsideréble extraction: up to 80% of the Sm extracted in 1
second contact time. Some of their data (tﬁe higher experimental values
of fraction extracted at contact times up fo about 0.5 seconds) are in
agreement with values pfedicted by Eq. (6%) where the overall mass transfer f
coefficient, K, has been calculated by Eq. (65), with the film coefficients

90

calculated using a model given by Handlos and Baron for the drop

coefficient, ki’ and a model given by Higbie91 for the continuous phase

:(or external) coefficient, k.

The Handlos and Baron model assumes that solute transfer within the
drop is due to drop‘circulation. The expreésion for the internal film
coefficientlis

k. = 0.00575U ’ ‘ (67)

i l+ud He

_ where U is the drop veldcity, Hy and Mo are the viscosities of the drop



Table XXV. Experimental Mass Transfer Coefficients

Run Drop Surface Contact Fractiﬁg ';Fractiﬁn' Overall Overall Internal External
No. Diam. to Time of Lal 0

of Bal Mass Mass Film Mass  Film Mass
Volume : Extracted Extracted -Transfer = Transfer  Transfer Transfer
Ratio : ' : Coeff. Coefiéfor Coeff. - Coeff.
for Lall0  Bal
d, cm aS"cm—l ¥, sec o fBa | KLa ::c KBa EZC i E%% e 220
6 .211 28.4 1.37h .1k45 .0218 .00k01 .000556 . 00466 .180
b 218 27.5 992 148 .0104 .00585 .000379  .00861 113"
7 .286 21.0 .870 .10k .01k45 .00600  .000795  .00700 .256
15 .299 20.1 .880 L0386 .ook2 .00223 .0002k40 . 00272 .075 E’
8 .32h  18.5 .996 .oh85’ 0092 .00269 .000500 . 00298 72 v
9 353 17.0 .996 .0112 .0016 .00066 .000092 .00076 .030
16 367 164 .902 .0kg5 .0035 L0034k .000235  ,00h92 | 071
10 .370 16.2 .911 .0613 L0153 .00430 .001025 .00L62 37T
17 - 1o 14,6 910 .0763 .0127 .00595 ° .000995 .00673 .318 .

11 WJAB11 1k6 980 0k3h .0039 .00310 .000273  ,00L01 .08l

. PR
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and continuous phasgs, respectively. The Handlos and Baron expression
is interesting in that diffusion within the drop does not enter the calcu=-
lation. There is some doubt that.the expression isAapplicaBle at very
short contact times.

| The expected high viscosity'of uranium and interfacial tension of
-the U-Cr—Mg system leads one to speculate that the falllng drop is not
c1rculat1ng but is stagnant. In thls case, solute transfer within the

93

drop depends on,diffuéivity alone. An expression due to Newman for

stagnant spherical drops assuming no resistance to transfer in the external

phase is

.4 656 = 1 2 2 \|

ky = - gt Zn{ - 2 5— exXp (-n n T) (68)

T n=l n : .

o : Lp,t :
where 7 (dimensionless time) = ; . For t < .1, an alternate expression
is: ‘

ki=-6it,zn_[1- 6'11/2+5T] (69)

. \/—TF ’ ]

The Higbie model for éxternal coefficients assumes unsteady-state
- diffusion through a film of the continuous phase fluid which is continuoﬁsly
replaced by a new £ilm each time the drop moves a distance equal to its

cwn diameter. The Higble expression is

DU, 1/2
k =2 —-) (70)

e  “\ md

"In this expression, De is the diffusivity of.the solute in the continuous
phase.

Theoretical film coefficients have been calculated by £he.three
methods Just discussed and are compared with the experimental valueé in

Table XXVI. The Handlos and Baron model predicts values of ki which



Table XXVI Comparison of Experimental and Theoretical Mass Transfer Coefficients

Internal Coefficients

Run N External Coefficients
un No. kg (10-3 cm/sec) K, (1071 em/sec)
Expt'l, .- - .. Theoretical Expt'l Theoretical
(a) (b) (c) (d) (e) (f) (g)

6 h,7 16,4 10.7 7.8 5.2 1.8 1.9
1k 8.6 23.8 15,5 * 9.2 6.1 1.1 2.3
7. T.0 26.2 17.6 9.7 6.5 2.6_ 2.1
15 2.7 26.7  17.4 9.6 . 6.5 .8 2.1
8 3.0 22.9 4.9 9.0 6.0 1.7 1.8 1.7 1.3
9 T 23,6  15.5 9.4 6,0 .3 1.8
16 k.9 2k, 7 16.1 9.k 6.3 T 1.8
10 L6 25.8 16.8 9.4 6.2 3.8 1.8
17 6.7 25.6 16.7 9.4 6.2 3.2 1.7
11 4,0 2,2 15.7 8.9 6.0 .8 1.7
(a) Handlos and Baron, M, . = 4,83 cp. Eq. (67). Ref. 90.
(b) Handlos and Baron, Wj_a, = 7.78 cp.v Eq. (67). Ref. -90.

(¢) Newman, D, = 5.85)(10_5 cm?/sec. Ea. (69). Ref. 93.
(a) Newman, D, = 2.69x10-5 cm?/sec. Eq. (69). Ref. 93.
(e) Higbie, De‘ = 1k.5x1077 cm?/seé. Eq. (70). Ref. 91.
(f) Garner, D, _=.1h;5x10_5 cmg/sec. Eq. (Yi).‘ Ref. 108.
(g) Gfiffith, D = 1k, 5007 cm?/sec. Eq. (74). Ref. 110.

&

-0gT-
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are 3 to 5 times too high depending on which value of U-Cr viscosity is
used. The stagnant drop (diffusion) model, using a value of internal
diffusivity extrapolated from Smith's measurements, predicts values of ki
which are about twice as iarge as the experimental values. A value. of

Di calculated frém.the absolute rate theory correlation of Section III
predicts values of ki Which are in good agreement with the experimental
values. The Higbie model predicts values for the external coeflficient, Ke;

which agree with the mean of the experimental values.

108
The external coefficient has also been estimated by Garner's
correlaticn
2 42
Sh = -126 + 1.8 Rel/ sc? b (71)
: _ dke :

where the Sherwood Number, Sh = 5 : (72)

e

Mo
and the Schmidt Number, Sc = =5 (73)
: ' e e

The Schmidt number for the system La in Mg is estimated to be 25. The
calculated value of ke is close to that predicted by Higbie's expression.

Griffith'sllo formula for a rapidly mdving surface,

Sh =2 + 1.13 Pel/2 kvl/2 | , (74)

where thé Peclet Number, .Pe = ReSc | | | (75)
and kv is the ratio of the actual interfacial speed to the potential flow
inﬁerfacial s?eed, gives a value of ke somewhat lower than either the
Higbie or the Garner expressions.

Table XXVIT shows the relative importance of the internal and ex-

ternal resistances for each solute.



Table XXVII Relative'Importance of Internal and External Resistances
N La Ba
Average internal film transfer coefficient, k. cm/sec . 00514 .0051k
Average external film transfer coefficient, k cm/sec .183 183
Distribution coefficient, m C.161 . 0035
Internal resistance = . <sec/cm 195 195
i .
]
1 \ -
External resistance = — sec/cm 34 1560 3
e . )
Total ist S T sec/cm 22 1
otal resistance = X~ &, —_ c 9 55
i e
Average overall mass transfer coefficient, K cm/sec_ . 00417 . 000555
Total resistance = —%— sec/cm 2ko 1800
Percentage internal resistance 85% 11%
15% 89%

Percentage external resistance
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C. Data Analysis by Stagnant Diffusion with External Resistarce

The measured fractions of lanthanum extracted are very sméll. It
wés shown earlier that measured internmal film coefficients are ev;; smaller
than those‘predicted by a stagnanﬁ drop model where molecular diffusion
is the only mechanism of mass trahsfer if a &alue of Di = 5.85)(10"5 cm?/sec
based on Smith's measurements is accepted. (See Table XXVI.)

Since the distribution coefficients for rare earths between uranium
and magnesium are small, then there may be a considerable external resis-
tance, and the theories of internal mass transfer baéed upon no external
resistance are not wvalid,

It ié of interest to analyze the data based upon a model of diffusiqn

through a stagnant drop with external resistance.

. The diffusion equation for a sphere is

3 Fe .2 |
¥=Di§§+; 3> (76)

-~ the boundary conditions are:

c(r,0) =1
c(0,t) = finite
3 D '
- Dy (5;;2 = mk_ cla,t) " - (77)
. where a is the drop radius. The mathematical solution for this model is
‘given byCrankg7 after the solution by NeWman:98
2
BT ' ‘ o
2 'n .
0
f=1. 3 B0 e - (78)

n=l  B2[65 + b(v-1)]
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2

1

where “ N b 5 ' (79)

~ The sn's are the roots of

B, cos B +b-l=0 - S (80),

and T is.the dimensionless time:

Dt L -
a

Both Crank and Newman give f for values of 1 up to 10. Experimental .

values of 7 here are of the order of 10-5. A short-time approximatioﬁ’tovthe

problem, as derived in Appendix E gives:

. 2 | ‘ :
6 b b b VP/l-g
f= 7;(;:3 Ve - 5(5:1‘) T'im) b-l) (62).-
_ ‘ 2 v N : '
‘where g = e(bfl) T erfe [(b-1) NESIR
(Values of g are tabulated by Carélaw and Jaeger.99)

For.no external resistance (i.e. very large distribution coefficient
or external film coefficient) b — w;'and it can be seen that
lim £ = 2= 7 - 3¢ - (83)
b— (i : :
-wﬁich is the short-time approximation for stagnant spheriéal drops with
no exﬁernalbresistance, Eq. (69). | \
Values of f calculated by Eq. (82) have been plotted in Fig. 26. Both
b and t depend on drop diameter; d, and the diffusion coefficient,'Di,
inside the drop. |
Entering Fig. 26 with experimental values of fLa and 7t it is possible
to determine b. From b and the measured value of the distribution
rcoefficient, mp s the value of the external.film coefficient, ke’ has

been calculated.. The results are given in Table XXVII. Omitting the
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Table XXVII Analysis for Stagnant Drop with External Resistance

Rur no. D?op _ Time of Dimen§ionless ‘Fraction , External_film.coefficient
e diam, - fall time extracted , Expt'l Theor.*
d,cm t,sec (0-t) £ b keucm/sec k, cm/sec
6 .211 1.37k 72,2 .145 13 LOoks .19
14 .218 .992 48.8 148 26 . ..088 .23
7 .286 .870 2h.9 .10k 3L .086 .21
15 .299 .880 23.1 . 0386 7 » .017 .21
.324 . +996 22,2 S W.0u85 10 .023 .18
9 .353 996 18.7 .0112 2 Nololl .18
16 367 902 15.7 - L0l95 16 .03 | .18 J
10 370 L9111 15.6 0613 23 .05 .18 &
17 b0 ~.910 ‘ C12.7 L0763 50 .088 _ A7 -
11 L1 ~.980 - 13.6 .Oh3L 15.5 L026 17
k, = E;%E, D, = 51§5x10-5 cm?/sec
m = L161

Qigbie, Ref. 91. (See Eq. (70)). D, = 1l+.5xlo'5 cm?/Sec.
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results of run no. 9, the average value of the external coefficient, ke,
is ,O50£50% cm/sec. This value for ke is less than thé experimental value
determined by the two-film (series resistance) analysis (.183:49% cm/sec).
It is only one-fourth as large as the average predicted by the Higbie
equation,

One possibie explanation for the low value of ke is that there was some
surface contamination present on the pellets despite the efforts taken to
avoid this. Surface contamination would reduce mass transfer and lead to
a low apparent value of the external film coefficient. But such a cdn-
 clusion depends upon an accurate value for Di' For a gi&en value of
0D (and thus ke) is very semsitive to small changes in D.. This is
éspeciall& true at low values of t. If a value of D, = 2.69x10™7 Cm?/sec

is used in the analysis of Fig. 26, the average calculated value of k, is

larger then that predicted by the Higbie equation.
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VIII CONCLUSIONS

The rate of transfer of Lalho and Baluo from the U-Cr eutectic to
Mg at 1000°C has beeh measured by the falling liquid drop technique with
 the following results:

1. The average value of the overall mass-transfer coefficient for
La based on the U-Cr phase, is . 0041 T7£30% cm/sec. vThe avéragébvalue of ;
the overall mass transfer coefficient for Balbased.on the U-Cr phase is
| .000555+k6% cm/sec.
‘V 2. The solute.extraction data has been tfeated by the series resis-
tance concept and by a model of diffuéion through a stagnant drop with
externai resistance. The series resistance concept shows that the
transfef_of La is gbverned primarily by ;nternal resistance; and thaf the
transfer of Ba is governed primarily by external resistance. The analysis
by diffusion thyough a stagnant drop with exfernal resistaﬁce iﬁdicqtes
the possibility of residual interface contamination (presumably due to
formation of uranium oxide), but this conclusion depends on an accurate
knowledge of the internal diffusion coeffiéient.

3. Drop velocities in the system are about TO cm/sec for dr0p§ of
2;4‘mm diameter in size. This value is about 13% higher than predicted

by a correlation due to Hu and Kintner for aqueous-organic systems.

Lo 14

The equilibrium distribution of La.l and'Ba 0 between the U-Cr

eutectic and Mg at 1000fC has been measured with the following results:
4, The distribution coefficient for Laluo on a concentration basis
is 0.16 at 1000°C, that for Baluo is about .0035 at 1000°C.” AH for Lalhq'

is 25.6 kcal.
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5. Diffusion coefficients in liquid metal systems have been correlated

- by absolute rate and corresponding states theories.
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Appendix A. Determination of Relative
Gamma -Ray Abundance

The equipment used to measure gamma radiation consisted‘of a scin-
_tillaﬁion detector and a multichannel analyzer with 400 channels.
| Samples were counted for a fixed period of time (depending on souréé
strength) at a measured distance from the faée of the detector crystal.

" The multichannel analyzer sorts out, counts, and assigns pulses to
memory channels accdrding to their energy level. This technique is
called gamma-ray measurement by pulse'height analysis.

‘The analyzer was calibrated using known sources which emit gamma-

rays of known energy. The calibration sources used and the energy of

their characteristic photons were,

Nuclide ‘ Energy of ~y-photon, Mev
Na22 S .51
cs™7 '- 662
Mo 8L
R ~ 1.17
1.33
Laluo ' 1.6

For convenience, the analyzer was adjusted so that the 1.6 Mev peak

1L0

frdm Ta fell in channel number 160. Thus each channel stored pulses.v
‘in an energy increment of .0l Mev. The calibration was linear over the | a
‘range .0 to 1.60 Mev.

Wﬁen counting a mixture of nuclide sources, the +y-ray spectrum is a

composite curve consisting of peaks which represent the various nuclides

. present. Since the 1.6 Mev Laluo was at the high-energy end of the spectrum,
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‘the problem of peak distortion due to Compton scattered photons originat-
ing at higher energies was minimal. That is, the total absorption peak
of the highest <y-ray energy in the mixture should have its baée line at
zero and therefore all ordinate values on the peak should be‘directly
proportional to emission rate or abundance. Nevertheless, a technique -
developed by D. F. Covelllo5 of the United Séétes Naval Radiological
Defense Laboratory for the quantitativé determination of radionuclide
abundance in a mixtufe of radionuclides was used to Qetermine the area
ﬁndér the Laluo gamma -peak.

Covell's aﬁalysis is simply a geometrical teéhnique for eliminating
the "pedestal" on which a photb-peak standé.' Only the approximately
gaussian-shaped region of the peak is used to compute its area.

Covell's formuls for the area N under the peak is

n n

N=a,+Za +3D, - (n+1/2)(an+ bn) - (A-‘l)
1 1
where : a, is the number of counts in the peak channel,

a is the number of counts in the ith channel on
the low amplitude side of the peak,

b is the number of counts in the ith channel on
the high amplitude side of the peak, '

n is the number of channels on either side of the
peak channel used in the computation

an'and bn are the counts in the nth channel on either

side of the peak channel (the last channel
used in the computation).

Since all measurements in this study were relative measurements, a
fixed value of n = 10 was used in all computations. Since the analyzer
calibration was linear, a fixed value of n represents a fixed and -con-

‘stant energy differential.
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At the end of each measurement (counting period), the numbers stored
‘in the analyzer memory were transferred to IBM tape, thence to IBM cards
on a tape of card converter. Formula (A-1) was computed on a Direct

Couple System consisting of an IBM 7040 and an IBM 709L4.
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Appendix B. Correction for Self-Absorption
: in Spheres

Abundance of Laluo in cubically shaped-irradiated U-Cr pellets was
determined before extraction. It was necessary to correct the measured
§alue for self-absorption of <y-rays in the pellet. It will be assumed
that the shape of a cube approximates that of a sphere. The formulas
for:computing self-attenuation of <y-rays in various geometries are given.

in Chapter 5 of Radiation Shielding by Price, Horton and Spinney.lo

~For a spherical sample of radius R, of source strength per unit
volume S and negligible self-attenuation, the current j at distance d is

Lo 33

= 7R 3
L 3 1l R
3 =2—5— =% 58 for d >R (B-1)
gnatten i d2 3 d2

The current at a distance d from an attenuating sphere is

2 B
J =.§§-§ [ 1- % 5+ o ~oRH (%— + ——%—§>'] for d > R
hud v 2R 2u R :

(B-2)
where p is the linear attenuation cbefficient. it is desired to find the
probability of escape fe from an absorbing sphere of radius R where.fe
is defined by Eq. (B-3): |

foo—d (5-3)

€ Junatten.

then dividing Eq. (B-2) by Eq. (B-1) and letting uR = x
1 - ._l_. + l. 8-2)( 1+ ..].'._
) 2 X . 2x :
P R 3 2x
Junatten X ’

(B-4)

Since all U-Cr pellets used in this study were very small (2-4 mm), formula

(B-4) can be simplified for the case x — 0. This can be done by writing -
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the exponential in (B-4) as a series and then truncating the series.

-2X 1) 1 L o2 3,8 & :
e ( 1+ §;>v_ 5 - X + 3—-x -x7 + G X+ .f.. (B-5)
fe=-151—)z 3~X—X2+%X3+...J =l-i—»x‘+-§-x2+....4(3-6)
lim £_ =1 - Zx+ % x2 | (3-7)

Total mass attenuation coefficiénts <§ , ng'> ére iisted|in the

i National Bureau of Sﬁandards Circular 583, Apfil 1957. The valué for

ﬁfénium at 1.6 Mev is .053 cme/g. A similar value ﬁas assuﬁed for |

| chromium. From the density of uranium and chromium, the linear <y-ray

attenuation coefficients are caléulated to be .995 ém-l for uranium and

.36 for chromium. The estimated value for the alloy is*uU_Cr‘= .963 em™t.
Frdm the room temperature density of the U-Cr eutectic (17.5 g/cc)

| and the value of “ﬁ-ér Jjust calculéted, the paraﬁeter MR = xU-Cr cgp‘be

calculated as a function of pellet weight, WU-Cr'

-,

_ 1/3 ' )
Xocr = B0 Wyor - =8

—

. Finally the probability of escape, fe is plotted as a function of pellet~—’;—“

weight using Eqs. (B-7) and (B-8).

e
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Appendix C Correction for an Unshielded
Line Source

The Mg ingots‘meaSured after the extraction experiments can be con-

sidered unshielded line sources.
Price,'Horton, and Si)inneylO6 (p. 225) give for the current jat a

distance 4 from a line source of strength S ﬁér unit unit length.
LS Ly
J =g (sin ¥, + sin Yé)» : | (c-1)

" where Yl and Yé‘are the haif—angles subtended by the line source at the

point of detection.

|

If the arrangement is symmetricai so\thaf Wi = Wé
j=px(@siny) o O (c2)
Tﬁe total source strength S' is given.bj Eq. (C-3)
s' = SL ‘ _ ‘(‘C-B).

where L is the léngth ofithe line source.: Then

. . _bmar . bmd L ,
8= J 27sin ¥, (&) (c-k)

2 sin Yl

This can be converted to aﬁ equivalent point source by dividing by -

h~ﬂd2. It is seen that the required geometrical éorrection is
(%)2—?%-5—@-1- . | | : (045);

Foi a 20 in, line source 25 in. from the detector, the geometrical
cotrection factor given by formula (C-5) is 1.08.

The total mass attenuation coefficient %. of Mg férla 1.6 Mev ~y-ray,
.is .05 cmg/g.

Multiplying by the density of ﬁégnesium gives a linear attenuation -

coefficient pu of .087. For a 1l.43 cm diameter rod, uD = .125,
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‘Figure 5.4.1 on page 228 of Price, Horton, and Spinnele6'shows that

the self-attenuation correction for a cylinder is negligible at a value

Of}.LD -"'-.1250'
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Appendix D Decay of Daughter Activity in a Two-Member
Chain Which ApproachesASecular Equilibrium

140

Ba Lo .. 1ko : " (p-1)

e Lat ——>'Ce
Ba. Ba

The differential equations for the scheme given by Eq. (D—l) are

aly

=M : | (D-2)
an, |
& MMk (-3)

The general solution to this set of equations is well known and is given

by Egs. (D-b) and (D-5).

=Nt
0 1" :
N =N e (D-k4)
A o/ ME At At
! 0 1 0
M=sse M(e T -e T )re T (09)
2 1 :
0 o R -Xet -Klt
'If'Né = O,'XE > xl, and if t is sufficiently large, then e <
and Eq. (D-5) becomes
A S W
-1 0) 1 ‘
N, = "N, e (D-6)
2 Ke-Kl 1 _

M
N, = e N, | (D-7)
If &2 >> Xl, then
N, A ='xl N | ' (p-8)
or
4 =3 (D-9)

and the activities of parent and daughter are equal. Equations (D-8)

and (D-9) describe a situation known as "secular equilibrium". This
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situation arises when the daughter,isotOpé is less stable than the parént.
Equations (D-6) and (D-7) apply to the Ba — La - Ce decay chain. (The
. décay constant for Ba, xl is smaller thah that for ILa, AQ; but it is not

 so small that it can be neglected.) Equation (D-6) shows that at secular

equilibrium, Lalho will decay with an‘apparent half-life'equal to the

140 -Nt -hlt

Ba half-life. If t.= 12.8 days, e is one-hundredth of e .

~ Therefore 12.8 days ‘may be considered to be the fequired cooling time for -

140

close approach to secular equilibrium if the initial La abundance is

 Zero.

Consider the case where Ng has some finite value,

| | N |
Let Ny = Ni —4— . - (D-10)
MM - |

F, therefore, has been arbitrarily defined as a factor representing
the degree of departure from secular equilibrium.

Substitution of Eq. (D-10) in the general Eq. (D-5) gives

A ot At
N, = N [e Dy (ra1)e ® ] ‘ . (D-11)

2 Kz-Xi 1

Divide Eq. (D-11) by Eq. (D-10)

At -
N a, 1 “AtE
2 | -
g =5 = g .+ (1- %) e 2 (D-12)
F .
L % |

S N I ST
- Examination of Eq. (D-12) shows that a plot of (a2/a2)é vs e

should be a straight line with an intercept of l/F. By neans of such é
| 1k |

; . L
- ‘plot and Eq. (D-10) the ratio of Ia O to Bat*C present at zero time in
any sample may be determined. ,

In the kinetic experiments, the fraction of La extracted from the

U-Cr drop by the Mg is determined by the ratio of Lalho activity in'the
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Mg ingot- immediately after extraction to the LaluQ activity in the U-Cr
':pellet Just before extraction. If Laluo activity in the Mg ingot is —
féllowed over a period of time and plotted as indicated by Eq. (D-12), then
the ratio of La to Ba in the Mg imme&iately after extraction can be deter-
mined froﬁ the value of F thus determined and the defining equation (D—lO).
From the measured fraction of La extracted, fLa’ and the value of F for

the magnesium phase, the fraction of Ba extracted, fBa,.can also be deter-
mined if the La to Ba abundance ratio in the original U;Cr_pellet is known.
The exact relationship for the case where the original pellef is at "secular
equilibrium" will be shown. |

At secular equilibrium in the U-Cr pellet the La to Ba ratio is given

by Eq. (D=7) o
S

N | B | |
NLa% _ )\ ! ?i . (D-l})
Ba, Cr La Ba : :

Suppose that while the pellet falls, fractions £ and'fBa of La and Ba

respectively are extracted into the Mg phase. Then

0

NLa - fLa : >LBa (D-14)
0 = xB -
NB U Cr Ba La a
3,
Rearranging: ' ' _
O .
N A =N :
La _( la . La Ba FMg '
. ( 0 L N o ) ’ : (D-15)
a N Ba
Ba

Therefore, if the Originai pelle% is at secular equilibrium before:ex-
traction, the ratio of the fractions of La and Ba extracted equals F
for the Mg ingot.

" How long must a pellet be cooled to allow the attainment of "seculaf '

équilibrium"? For batch decay (Ng& = 0) the calculation is very simple
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and shows that 12.8 days is a sufficient cooling period. TFor a sample of
irradiated uranium, the problem is complicated by the fact that some
decay occurs during the irradiation period. The solution to the problem
is well known and is given by Benedict and Pigford.107

The abundance of the first and second nuclides in a decay-chéin as

a function of irradiation time T, cooling timE t, and some arbitrary

production rate P are given by Egs. (D-16) and (D-17) respectively.

ny (T, £> - & (1 - e'W) | (D‘-16>

AT - A, At ‘
N, (T,t) = k b {g;-e >\lT) Xlt_ﬁgl-e 2T>e ? 1 (D-17)

Ay (hghy) xz(kl-ke)

For the purposeés of this study only the ratio of the two nuclides
as a function of irradiation and cooling times is needed in order to
.calculate the cooling time required to approach the ratio at "secular
equilibrium",

Dividing Eq. (D-17) by Eq. (D-16) and simplifying

N,(T,t) M ~(Agh )t o | :
N, (T,t) = oAy [l - B(?)e : ] (D-18)
| where
N AT , .
_ 1 |1l-e ) |
B(T) = 55 [—_1_é-xlm } (p-19)

B(T) is a function only or irradiation time. For T = 48 hours, B(T) = 0.719
L N
for the Bal'C - La 'O system. Examlnatlon of Eq. (D-18) shows that
‘ “(A =N )t

secular equilibrium is reached when B(T)e 21 = 0, and that a-

nuclide abundance ratio ohly 1% from secular equilibrium is given by

= —



B ) TT-P
Eq. (D-20)
"-(xg-xl)t -
B(T) e = 0.01 . (D-20)
for B(T) = .719 (T = 48 hours) Eq. (D-20) is solved to find t = 285 hour"s =
11.9 days. Thus a sample of uranium which has been irradiated for 2 days
must be cooled for 11.9 days to ailow the La to Ba ratio to approach within
1% of the ratio at secular equilibrium.
A1l irradiated samples were cooled for about two weeks to allow the
.Y -ray intensity to décrease to the point where direct handling was con-
venient, All samples had, thereforé, reached seéular equilibrium béfore

-

extraction.
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Appendix E Diffusion from Stagnant Drop
with External Resistance -
Short-Time Approximation
The following is an_outline of Olander's derivation of the short-time
approximation to the solution of the problem of diffusion through a stag-

- nant drop with external resistance (Eq. (82)):

let | c(r,t)

fraction of original concentration

1 (initial concentration equals 1)

i.e. ‘ c(r,0)

Assume that the external coefficient is constant despite the changing

surface concentration. Assume a stagnant drop. .

The diffusion equation in spherical coordinates is - R

. ‘
o e 2 ' .
E-E—D-a—r—e-'i‘;&: | (E-l)

The initial condition is ' . e¢(r,0) =1 ) (E-2)

The boundary‘cohditidns are c(0,t) = finite ' - (E-3)

. .
-D (g;)a = mk_c(a,t) (E-4)

a = drop radius
[if mk, - ©, boundary condition (E-4) becomes

c(a,t) =‘O. ]

Let - ..n =rfa - | (E-5)
a . d '
' mkea .

then (E-i)'becomes:
x _Pc 2
5;—'8&]2 T]'BH'

¥

(E-aj
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with initial conditions c(n,0) =1 (E-9)
and boundary conditions c(0,7) = finite (E-10)
and ( + be (1,1) =0 (E-11)
Take Laplace transform (p = transform variable, g =p)
°8 2 &
' sty @ TPl (E-12)
; an” A
| or ' | |
' 2
| ~ 2f ~
£5) - &) - -
: an -
' with boundary conditions. c(0) = finite (E-14)
i ~ and - ~ .
L, | 922) + b3(1) = (E-15)
C - an /;
The general solution of (E-13) 1is glven by Carslaw and Jaeger99 (p.
and is, .

n¢ = A sirh gy + B cosh gn. + %

But, to satisfy (E-14), B = 0

~ 1 A sinh qn
[ B R
c(n) 5 e

gé = A ) 49n cosh g - Sinh‘qnﬁl
dn n2 : '

Substituting (E-17) and (E-18) intb (E-15) with 7 = 1

A = ' b/p
“ {6-1)sinh q .+ q. cosh q

(E-l7) becomes

(E<16)

(E-17)

(E-18)

" (E-19)

518)
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b/p Tsinh gn -
¢n) =5 ‘[(B 1) sinh q '+ q. costhﬁ n (£-20)
1 & 2 ‘ 15
Cov T3 f _b'”r C(T,,‘T)dr = 5f 1 c(n,1) dn (E-21) -
" 3- Ta 0 0 ) .

Take the Laplace transform of (E-21):
- 5\/“ 3(n) an (E-22)

Insert (E-20) into. (E-21) and integrate

s L_2 I' b/p ‘ o
‘av T ‘PP  {(b-1)sinh g+ q cosh q (q cosh g ~sinh.q) (E-23)
> - : | x cosh .
z LB (ﬂ%iis%_:;- B Rty |
Cav 5 T 2 I where ,
: i .I - E-2L
| h = b-1

Short time (small 1) corresponds to large values of q.(or p). Express

hyperbolic functions as exponentials and use expansion in terms of powers

of efg.
osh el + ¢ 1ye™2d
e Tl ! .
q 3 . 122
So(ePli e 4 L) | (E-25)

If q is sufficiently large to neglect all exponential terms, then ¢ = 0
and

~ _1_3b(_g-l o 2 b
Cpep = S - QA( o ), or.51nce P =4



since l = 1,1-; l’ lu - 51 .
q (g+h) g q'(g+h)d
~ 1 | 1 1 1.
Cpep = == 3b - + ]
AV p [q3<q+h> ngt  had(qth) 4

R
A T lhg®(ath)  ng
since h = b-1l
~ 1 P Y] b 1 ' .
= = - e = -26

The terms in brackets may be inverted term-by-term using the Bateman
- Tables, Vol. I., p. 233.

. 1. .
The inverse of - is 7.

q
. 5 ‘ _
The inverse.of —3-——11—— is l:—e— h Wz - (1-8)]
q” (q+h) N

S \2
where g = e(b-l') T erfc l:(b-l) Jtr}

2 f
and values of g as a function of ex erfc x are given by Carslaw and

Ja.eger on p. 488.

b = g h2 _ b 5 h2
h (b-1)
Therefore, the inverse of 3 b is —2 5 [ 2 n Jr - (l-g)]
g (g+h) (b-1)° L |



b 2 . b
or i

b-1 'J%

Substituting the inverted terms in (E-26):

av ~ 1-5[<g%f ;53- o g%i)<j — (E%ifif %E%>]-V

The fraction extracted f, is defined as

T=1-c¢cpy

~ Therefore, _ "

6 (b \ b b l-g | (7o
f,‘ﬁ‘(b—:i Vo - 5(5x) o) (55) (E-27)
which is Eq. (82) in the text.

lim £ = 2= - 3 ¢
b - o T o

. N 5/2]
lim £ = 5|t - —— Db 17"
(b-1) V1 >0 l' 3m J
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~ Appendix F Estimation of‘Distribution Coefficients

In very dilute solutions,Aall_solutes may be éxpected to follow

Henry's law: ‘the activity of solute 1 in phase A is proportional to its

mole fraction in that phase : I —

A A A
a, = kl xl

: (7-1)

where k? is the Henry's law constant of substance 1 in phase A. In dilute
solutions, the constant of proportionality-may be considered independent

~of composition. The constant may be identified with the activity
coefficient, 7.
| A A A |
=N | (F-2)

If solute 1'is distribﬁted between two phaées, A and B, at equilibridh
its activity is the same in both pﬁases:
aﬁ-: af - | (F-3)
or | |
PEARR AL ()
It is desired to estimate the distribution éoefficient on a mole
fraction basis Kx. in is defined as the ratio pf the mole‘ffactions of

the solute in the two phases at equilibrium and is defined by Eq. (F-5).

x -

S (F-5)
.xl

From Eq. (F-4) it follows that
‘ . A -

'Yl )

K5 - (r6)
71 ’ ’

Thus, in dilute solutions, the distribution coefficient on a mole fraction
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basis is simply the ratio of the activity coeffiéients, and the activity
coefficients can. be considered independent of concentration.

In the following, the activity coefficients of rare earth soiutes
in uranium and the uranium-chromium alloy will be estimated from the
solubility data of Haefling and Daane’” and Vbigt.66 Activity coefficienté
of these solutes in magnesium will be estimated by means of the Hildebrand

regular solution theory.

Activity Coefficients in U and U-Cr

" If two pure liquids which are essentially immiscible are equilibrated

then the activity of each liquid in its rich phase may be conéidered-unity;

Tts activity in the phase in which it is dilute is also unity by Eq. (F-3),°

and its activity coefficient in that phase is simply the reciprocal of -

its mole fraction.

A R B
Vg = (if Xp

-

~ 1) . 4 .(F~7)

wx:D‘I—J

uHaefling anq Daane95 have reported sclubilities of Ce and La. (as
well as some'ofﬁér rare earths) in U over a tempefature range of 1150°C
to 1225°C. ~These éolubilities have been converted to mole fraqfions and .
the activity coefficients calculated by Eq. (F-7). In regular solution
theory In y « 1/T. Therefore these measured valﬁes of vy ﬁave been extra=-
polated to 900°C by plotting 7y vs 1/T on semi-log paper to determine the
activity coefficients in super-dooled uranium. The results are given
in Tables F-I and F-II.

| Vbigt66 reported the solubility of Ce in the U-Cr eutectic at 970‘0 ;

to be 1.5 w-% which is equivalent to 0.0215 a-%. The activity coefficient,

U-Cr
VCe _
pure U at 970°C was estimated to be 90.  (See Table F-I.) Thus the —

, at 970°C by Eq. (F-7) is 46.5. The activity coefficient for Ce in
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Table F-I Activity coefficients of cerium in uranium

‘Solubility  Solubility  Activity coefficient

o ‘ [ 1 -30 -1
o(°c) (k) F107K ) w-% Ce ' a-% Ce of cerium in uranium .
U ,
» Yee .
¥* . -
1250 1523 656 1.5 .0252‘ 39.7
1150 1423 .T02 : ;1.16* .0196 - 5.1
1100 1373 . 728 : - 59 ¥
1000 1273 785 | . g1 ¥
900 1173 . .82 T ot #

Haefling and Daane, Ref. 95

'+ Extrapolated values

Table F-II Activity coefficients of lanthanum in uranium

oy mpory  1y.-=30.-ly Solubility  Solubility Activity coefficient
T(°c) T(°K) _ T<lo k)  we% La a+% La lanthanum in uranium
, Wia
1225 1498 668 o8yt Lows3 69.8
1150 123 . 702 0. 77 L0131 76.0
1100 1375 . 728 - o | ) g1 #
1000 1273 . .785 B o gy ¥
900 1173 82 R o 12 ¥

Haefling and Daane, Ref. 95

1 Extrapolated values.
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activity coefficients of Ce in U-Cr are estimated to be 51.6% as large

as those of Ce in pure U,

Table F-III Activity Coefficient of Cerium
in Uranium-Chromium Eutectic

; 6py  lr-o=3c.-ly  Solubility . Solubility Activity Coef.
T(°c) T(°K) T(lo K) w-% Ce a-% Ce of Ce in U-Cr
' U-Cr
V1a

970 1243 8ok 1.5% .0215 46.5 . - -

%
Voigt, Ref. 66

Activity coefficients for La in the U-Cr eutectic are assumed to be
 51.6% of those for La in U. This is equivalent to assuming that thé
addition of chromium.to uranium increasés fhe sol;bility of the two rare':
earths by the same fraction over their solubility in pure uranium but |
does not change the temperature coefficient of solubility which is assqmed
to be the same as in pure uranium.

The extrapolated and estimafed values of activity coefficients for

Ce in U, Ia in U, and La in U-Cr are summarized in Table F-IV.

Activity Coefficients in Mg

Activity coefficients of La and Ce in Mg have been estimated using'

09

the regular solution theories of Hildebrand.l

The activity coefficient is given by Eq. (F-8)

o a v
122 2
in 72 = RT ¢l . (F-S)
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Teble F-IV Summary of extrapolated and estimated activity
coefficients for Ce in U, La in U, and La in U~Cr

Actlvity Coefflclents

20) 2% Haodw)

Ce in U ILa in U La in U-Cr
- Ye e ha
1250 13 650 39.7 |
1225 1498 668 69.8 36
L1150 1kes 702 51,1 - T6.0 39°
1100 1375 .728 9 ¥ e ¥ b
1000 1273 .85 o8 ¥ o ¥ 88
900 1173 .852 - 17 ¥ 112 ¥ 5_8§
* Extrapolated
§

Estimated

where Vé is the molar volume of the solute, ¢i is the volume fraction

"of the solven’c-and'a.12 is a parameter expressing the deviation from

| ideal-solution behavior. (The parameter 210 is always positive in regular
solutions; there are some cases for liquid metals where it is negativé.)
The parameter 810 is estiﬁated from pure component thermodynamié data as
follows:

ap =I5, - 8,1 | | {(#)9)

where & 1s the Hildebrand solubility parameter.

o - (LT [AH RT] 1/2 | (F;lo)'

- where AEY and AH' are the energy and heat of'vaporization for the pure

components.



=153

”

Pitzer and Brewer112 have shown how regular solution theory may be
applied to liquid metals to predict mutual solubilities in immiseible .

systems.

As a first approximation, one can assume that if the mutual solubility
is "'small, the activities of the metals are not appreciably reduced from
unity. Then the solubilities_are given by the reciprocal of the activity
‘coefficients as in Eq. (F-T7). Activity coefficients are calculated by
‘Eq. (F-8).
| Silver and chromiuﬁ form one such immiscible pair. From the data

given by Pitzer and Brewer; the solubility parameter for silver is

T5.1 ciis)l/2 s that for chromium is 108.5, and the parameter a12, given }

by Eq. (F-9) is 1115 cals/cc. The activity coefficient:for chromium in
silver (aésuming that the volume fraction of silver is unity) is 10.8
giving 9.25 a-% Cr and 90.75 a-% Ag for the composition of the silver-rich
phase, The calculated activity coefficient for very dilute silver in
chromium is 29,2 giving 3.4 a-% Ag and 96.6 a-% Cr for the composition of
the chromium rich phase. The reported saturated compositions are 3.4 a-% =
and 85 a-% Ag. |

In a series of successive trials, the compositions calculated in a
previous trial may be used to calculate volume fractions, activity
coefficients, and activities in the folldwing trial. For the Ag-Cr systém,
three trials give for the calculated saturated composition 4.6 a-% and
86.6 a-% Ag. |

_ The solubility parameters for Ce, La, and Mg at 1000°C héve been

12

calculated using heat of vaporization data from Stull and Sinke. They

are listed in Table F-V. Density values for the rare earths are taken

from Mound Laeb Report MLM-1118.101*.



Table F-V  Solubility parameters at 1000°C
| Density  Heat of 'RT ' Energy of Molar volume  Solubility
Metal X . : . .
' p, gfcc vaporization cal/g-mole vaporization V cc/c-mole parameters
t ° - . 4
AH' cal/g-mole AE _6<cals/c¢)l/2
Mg 1.50 ~ 31,200 2500 28,700 16.2 2.0
Ce 6. 6L ~ 75,000 2500 72,500 T 21,1 58,5
la 5.94 96,200 2500 93,700 . 23,4 63.3

-nS1~
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The values of the parameter a12 are given by Eq. (F-8) and are 272
cals/cc for Ce-Mg and h5h cals/cc for La-Mg.

Values of the act1v1ty coefficients for Ce 1n Mg and La in Mg in
very dilute solutions are given by Eq. (F-7) with ¢ = 1. These values

are listed in Table F-VI,

Table F-VI Activity Coefficients for Cerium
and Lanthanum in Magnesium

. . B - Activi Coefficient
w00 atn) ot e et
Mg Mg
Ve ' VLa,
1150 1423 .T02 7.6 43,5
1100 1373 .728 8.2 B 50
1000 1273 . 785 9.7 67
900 1173 .852 , . 11.8 . gl
2 cals
|6Ce-aMg| = 272 —
, 2 _ cals
IsLa-sMgl = Ll -

The distribution coefficients on a mole fraction basis, Kx, may now
_’be calculated for the three systems using Eq. (F-6) and the values of
aétivity coefficients given in Tables F-IV and F-VI.:.Calculated distribu-

tion coefficients are given in Table F-VII.
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Table F-VII ~ Calculated Distribution Coefficients

) ) B 1 : System
("c) T(°K) %(10 K Ce between La between La between
U and Mg U and Mg U-Cr and Mg -

§) ’ 8] U-Cr

g Jeer x _Ma x Ma

N T Me T M

Yee VLa VLa
1150 1423 702 5—,177-21- =T %%g. = 1L.75 %—2.—5 = .90
1100 1375 . .728 -'8-5-2-— = 7.2 -g-ol— = 1.62 —;‘g— = .84
1000 1273 785 -gi,-f = 8.4 —Z%‘— = 1.4o %?{.—: T2
900 173 .85 2% cos iy R-e
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NOMENCLATURE

radius of drop or molecule, cm

activity (radioactivity),events,pér unit time

chemical activity

2
]51 - 62| cals/cc
drop surface to volume ratio, cm”

ratio of atomic diameter to interatomic distance
amk
. e
parameter =.—3———-
: i

b oAp @
dar coefficient = =
arag coeticient = 3 £2 9
T

e

drop diameter, cm

diffusibn coeffiéiént, qm?/séc
énergy change, cal/mole

free energy of activation, cal/mole

fractlon of the total free energy of actlvatlon due to the
bond breaking or kinetic component

factor representing'departure of lanthanum to barium abundance
ratio at an arbitrary zero time from the ratio at secular

equilibrium (Eq. (3))

fraction of solute extracted

enthalpy change, cal/mole

enthalpy of activation, cal/mole

overall mass transfer coefficient based on drop phase, cm/sec
distribution coefficient, mole fraction basis

film transfer coefficient, cm/sec

ratio of actual interfacial speed to the potential flow inter-

facial speed.

molecular weight, gms/mole



Pe

¥

ii

r¥,
1J

Re

SASE

Sc

Sh
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atomic mass, gms

distribution coefficient, concentration basis

number of atoms

. : pe Pe 02'

physical property group = Ao © —_—
. g H

Peclet number = Re Sc - » .

dlstance coordinate. of the intermolecular potential function
minimum ‘

distance coordinate of the intermolecular potentlal function
minimum between like molecules

distance coordinate of the intermolecular potential function
minimum between unlike molecules

average composition dependent interaction constant

dUpe
Reynold's number = e

entropy of activation, cals/mol-deg

He
Schmidt number = 5D
e'e 5
Sherwood number .= —53
e

absolute.tempefature,éK

time (cooling time, céntact time, etc.)
radioactive half-life (units of time)
drop velocity, cm/sec

drop~ferminal velocity, cm/sec

molar volume, cc/mole
U2p d

Weber number =

cig

&) ) 65"
T k NAV
mole fraction of component 1

coordination number
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GREEK LETTERS

.€¥
¥,
ii
¥,
1iJ

activity coefficient ‘

liquid cbnfigufatién constant = 4/3
parametér‘Eq. (29)

molecular parameter, Eq. (54)

cals{>1/2 | .

solubility parameter,v< oo

energy coordinate of the intermolecular potential function minimum

energy coordinate of the intermolecular potentlal functlon mlnimum

between like molecules
energy coordinate of the 1ntermolecular potentlal function minimum

between unlike molecules

average, comp051tlon dependent interaction constant

' molecular parameter, Eq. (53)

reducing factor for diffusion, cm?/sec, Eq. (35)

radioactive decay constant (sec-l)

viscosityv(poise)

parameter in diffusion corfelatiOn

molecular parameter, Eq. (55)

density, gm/cc

density difference between drop and continuous phase, g/cc
lattice parameter, number of closest neighbors

surface tension, dynes/cm.

interfacial tension, dynes/cm

lattice parameter, number of closest neighbors in one layer
LD, t :
i

- dimensionless time = —5

d

volume fraction
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SUBSCRIPTS

AA interaction between solvent molecules

AS interaction between solvent and solute molecules
Ba barium

D mitual diffusioh in a binary system

d drop phase ¢

e " external (extractant) phase

i internal (drop) phase

La lanthanum

TR viscbsity or self-diffusion in pure solution
1 precursor isotope in radioactive decay chain
2 daughter ‘isotope in radioactive decay chain
SUPERSCRIPTS

O ‘, zero time

~ reduced variabié

v vaporization

CONSTANTS

g 'graVitational.constdntr= 980.665 cm/sec2

h - Planck's constant = 6.6252x10_27 erg-sec

Ny, Avogadro's number = 6.0232><ZL023 mole ™t

R gas constant = 1,98726 cal/deg-mole
MISCELLANEOUS

a-% atomic percent

w=% wéight percénﬁ

D.F. decontamination factor
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FIGURE CAPTIONS

X

Section showing interface between U-Cr and Mg phases.

y-ray spectrum of a sample of the uranium-chromium eutectic
which has been neutron irradiated for 2 days and cooled for
2L days. (Spectrum taken with a Harshaw Type 8S8 scintilla-
tion detector consisting of a 2"x2" thallium activated sodium
iodide crystal and a type 6655A photomultiplier tube. Photo-
multiplier output recorded by a Packard Instrument L00-
channel analyzer.)

Arrangement for freezing uranium-chromium eutectic and
magnesium following equilibration.

Decay'plot of Lalho activity in Mg and U-Cr phases for

equilibrium run no. 21.

Comparison of measured distribution coefficients for La with
the data of Barney and Keneshea and with the predictions of
regular solution theory.

. v
Correlation of mutual diffusion data in binary molten metal
systems by Olander'’s method.

Corresponding states plot for self-diffusion in molten metals.
Mercury (Ref. 38), Sodium (Ref. 37), Indium (Ref. 28), Tin
(Ref. 28), Silver (Ref. 22), Gallium (Ref. 46), Lead (Ref. 42),
Copper (Ref. 4h), Zinc (Ref. 47).

Comparison of corresponding states theory with theory of
Walls and Upthegrove for self-diffusion of molten mercury,
Sodium (Ref. 37), Cadmium (Ref. 10). :

Comparison of corresponding states theory with theory of

Walls and Upthegrove for self-diffusion of molten tin, gallium,
and zinc. Tin closed circles (Ref. 28), Tin open circles

(Ref. U41), Gallium (Ref. 46), Zinc (Ref. L7). :

Comparison of corresponding states theory with theory of-
Walls and Upthegrove for self-diffusion in molten lead,
indium, copper, and silver. Lead (Ref. 42), Indium closed
squares (Ref. 28), Indium open swaures (Ref. MB), Copper
(Ref. Lb), silver (Ref. 22). .

Comparison of corresponding states theory with mutual
diffusion data. Data for Bi, Cd, Sb, and Sn in Pb (Ref. 1k).
Self-diffusion data for Po (Ref. L2). o

- Comparison of corresponding states theory with mutual

diffusion data. Data for Sb and Bi in Sn (Ref. 1k),
self-diffusion data for Sn (Ret. 28). ]
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Comparison of corresponding states theory‘with mutual
diffusion data. All data (Ref. 28).

Cross-section of extraction and reflux columns in place
inside sheath.

"Exploded" view of bottom of crucible, inner liner and
machined screw plug.

Schematic arrangement of furnace, scintillation detectors and
recorder, crucible, magnesium charge and dropping stick.

Furnace open showing stainless steel sheath in place.

Schematic of vertical hinged tube furnace showing stainless
steel sheath in place.

View of furnace with collimated scintillation detectors in
electronics cabinet. Apertures are at center of each of the
stacks of lead bricks.

Output of high speed recording oscillograph measuring time
of drop fall. .

U-Cr pellet suspended on tungsten loop.

Stainless steel rod and tungsten loop after U-Cr pellet
has melted off. '

Comparison of data with the generalized correlation of Hu and
Kintner. (U-Cr eutectic drops falling through molten magnesium
at 1000°C. )

Observed drop velocity data compared with predictions of
generalized correlation of Hu and Kintner. (U-Cr eutectic

drops falling through molten magnesium. )

Decay of Laluo activity in magnesium ingot with time after
extraction for run no. 10, :

Fraction extracted-molecular diffusion through a stagnant
drop with external resistance, short-time approximation.

Self-absorption factor for Uranium-Chromium (eutectic) spheres.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








