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MASS TRANSFER BETWEEN IMMISCIBLE LIQUID METALS
v .
Alan D. Pasternak and Donald R. Olander
A‘Inorganic Materials Research Division, Lawrence Radiation Laborétory,_and-

the Department of Nuclear Engineering, University of California,
' Berkeley, California

ABSTRACT

The extraction of lanthanum and barium from single falling drops of
the uranium-chromium eutectic into magnesium was studied at 1000°C. Be-
cause of the short contact times iﬁvolvea, the déta best fit the‘étagnant
diffusion model for lanthanum. For barium, the fraction extracted wés
governed by external resistance of the magnesium phase. Drop velocities

were adequately represented by the Hu-Kintner correlation.

AL
7

Present address: Iawrence Radiation Laboratory, Livermore, California.



ST - UCRL-17190 Rev.

INTRODUCTION

Reprocessing of spént reactor fuel is conventionally accomplished
by aqueous chemical methods involving dissolution, extraction, and cal-

cination of the fuel material. During the past fifteen years, a number

of laboratories have investigated reprocessing techniques in which the

_ fuel is treated as a liquid metal rather than in aqueous solution. These

processes utilize the chemical and physical properties of fuel at elevated
temperatures to achieve decontamination from fission products. Among
these "pyrochemical processes" 1s liquid metal extraction.

The object of the present work was to investigate extraction kinetics

in a typical uranium-bearing liquid metal-immiscible solvent metal system
in order to determine whether the sizeable background on extraction in

low temperature, aqueous¥organic systems could be applied to liquids with

markedly different characteristics. Properties such as density differences

and interfacial tensions are orders of magnitude greater in liquid metal -

. gystems than in any combination of aquecus-organic solvents.
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THE -IMMISCIBLE SOLVENT PHASES: U-Cr Eutectié and Maghesium

Most pyrochemical processes;applied to nuclear fuels. involve
treating uranium either as a pure liqﬁid or as a solute in other liquid
metals. Pure uranium, hoﬁever, melts at 1132°C, and operation at these
elevated temperatures is difficult because of the attack of most con-
tainer méterials by the liquid metals. In order to retain the features
characteristic of a uranium-rich liquid yet reduce the experimehtal
temperature, the eutectic alloy of uranium and chromium was employed.
This binary contains 95wt.% uranium (80at.$), yet melts at 860°C.

Magnesium and silver are two soivents immiscible with uranium.
However, silver was not used because of the rather large amounts fe-
guired for extraction kinetic studies. Magnesium is a satisfactofy
solvent except for its high vapor pressure. At the experimental tem-
perature of lOOOOC,,the vapor pressure is 300 mm Hg, and a means of
.J-réflﬁXing vaporized magnesium to the extraction column had to be‘devised.

' Eécause of the corrosive nature of the molten metals at lOOOOC,

only tﬁe simplest equipment, with no moving parts such as valves, could
be employed. The least‘complex contacting method which still provided
some semi—theoretiéal foundation for data interpretation was extraction
from single félling drops. This technique has been employed in liquid
metal-fused salt investigations at 500°C (10,13), butvat 1000°C, even .
the modest refineﬁents invdrop entry and recovery methods used in these '
studies WasﬂnotAfeasible;

Consequently, the system consisted of a column of molten magnesium
intd which a small pellet of solid irradiated uranium-chfomiﬁm eutectic

was lowered by means of‘a tungsten wire. The pellet melted off the wire
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" ‘and fell to the bottom of the column. The fall velocity of the drops

‘was measured. The amount of lanthanum-140 extracted was determined

from the activity of the fecoveréd magnesium ingot, and the amount of
_ 1ho

barium extracted determined>by following the decay of La in the

ingot.
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THE TRANSFERRiNG SOLUTES: Lalho and Balho

The ;olute directly measured in the experiménts was the rare earth,
lanthanum-lho;-“ .This nﬁclide is_noﬁ produced directly by uranium
fission, but is the‘daughter of ’barium-léov which is produced with a
direct fission yield of 6.4%h. The decay shceme is: |

140 B 140 B

: ) 140 .
B e B mow O @

The fission of uranium produces a wide range of radiocactive fission
products. Those nuclides which emit high energy gamma rays tend to have

short half-lives.  Because of the long half-life of its parent, however;

“the 1.6 MeV photon from Laluo decay dominates the gamma ray spectrum of

uranium which has been cooled for several days. The intensity of this

photopeak served as a measure of the Laluo concentration in the solvent

metals.
Since the lanthanum activity depends upon the 12.8 day half-life
1ho

of it# brecursor Ba” 7, the amount of barium extracted can be determined
by following the decay of the lanthanum after an experiment. This can be
qualitati?ely 1llustrated by considering the two extreme cases. If only

lanthanum were extracted, its activity would decay with a half-life of

40.2 hours. However, if only barium were extracted, the lanthanum

activity would initially increase fraom zero to some maximum and then

decrease, asymptotically approaching the 12{8 day half-life of the

barium precursor. The decay of the lanthanum is governed by the weéll-

known relation for batch decay of a two member chain:
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Where thé parameter F.depénds upon the initial ratié of the two nuclides:

0 : .
S N La >\'La' . 7\'Ba
Poofl2) e _E )
. N Ba '
Ba

If the initial ratio is such that F is unity, the lanthanum activity

'"fff d¢bays;with the,half~1ife of the barium precursor. ‘- This situation is

"'known'aé secular equilibrium and for the chain of Eq. (1) is attained

after about 12 days in uranium irradiated for two days.

The initial lanthanum'to barium atom ratio in the magnesium after ex-

" traction.isrelated to the same ratio in the U-Cr pellet before extraction

and the fractions extracted of each of the species by:

0 o |
NLa - Niav fLa '
. - | L2 L2 (%)
o) N bl ‘
NBa ) Ba Ba
Mg . U-Cr
initial

The atom ratio in the pellet before extraction corresponds to secular

equilibrium:
NLa . xBa _ ' ,
e N R i | (5)
B - La " Ba
& U-Cr '
initial

Substituting Eq. (5) into Eq. (4) and comparing the result to Eq. (3),
the measured value of ins seen to equal the ratio of the fractions

extracted: _ _
F o= =& ' o (6)
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. . o
_ .Agcordlng to Eq. (2), a plot of (aLa/aLa> exp (xBat) versus
:exp [‘(XLa - XB )t] for the magnesium ingot after extractlon should
yield a stralight line with anlintercept of-l/F. A typical plot of
this type 1is shown on Fig. 1. In this experiment, the fraction of

barium extracted was l/h of the fraction of lanthanum removed from

' ‘ : 4o
the pellet. The latter is obtained from the ratlo of the Lal O-ac—

tivity in the‘magnesium ingot immediately after extraction to that

in the peliet'before the experiment.
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EXPERIMENTAT, PROCEDURE

The experiments were performed in the apparatus shown in Fig. 2.

The extraction column wae a'graphite crucible with a 31 in. overall
length, 1-1/L in. outer diameter, and 9/16 in. inner diametér. The
'Lruc1ble was closed at the bottom by a machlned graphlte screw plug,
'whlch held magnesium without any leakage. A 23-in. long reflux column,‘
.also of graphite, was placed_directly above'fhe extraction column. The
refluk column condeneed ﬁagnesium vapor and’returned it to the extrac-
'tion celumn, thus minimizing magnesium lossee. Both extraction and
reflux columns were plaeed in e staieless steel sheath which was flushed

ith an inert gas during the experiments. The sheath containing the
extraction column was supported in a hinged vertical tube resistance
furnace by means of a flaﬁge; The velocity of the U-Cr drop as it. fell
through the‘maghesium column wa s measured by thfee cellimated scintilla-
tion detectors. Figure 3 shoﬁs the graphife crucible, reflux column,
' magneéium charge and-dropping stick against a schematic of the furnace,
gamma ~ray scintillation detectore aﬁd high speed recorder. Figure b
shows a typical trace from the high speed recorder. Drop .velocities
were calculated between the top and middle and the middle and bottom
detectors. Velocities in the second interval were about 15% hlghe”
than those measured in the top of the column. The former were taken
as the terminal velocities.

A positive temperature gradient was maintalned in the column in

order to minimize natural convection currents in the magnesium. The
molten magnesium temperature renged from 980°C at the bottomvof the

colum to 1020°C at the top.

P Y . . U A O S e e . A - e
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: ,  Magnesium was obtained from the United Mineral aﬁd Chemical Cor-
' pqraﬁion'in_the form of 1/2 in. - diam. sticks. Before placing a stick
in the crucible it was cut to a length of 27-1/2 in. and the surfaces
were carefully scraped ér machined to remove the oxilde codt. The length
of the molten magnesium column ﬁas about 60 cm.

The U-Cr eutéctic alloy ﬁas bbtainedi.from the National Lead Company
In the form of right circular cylinders l/h in. in diameter and about
vv5/8 in. high.- The alloy was made of depleted uranium containing about
L 0.2wt% 2 (natural uranium contains 0.7 wtdh U255). The supplier
reported‘the melting point .as 860°C. Analysis of alloy samples showed
'the'chromium content to be 4.28+wt,% (the eutectic alloy contéins 5wt HCr).
Specfrographié analysis showed no constituents other than Cr and U.
Peliets weighing from 0.1 %o 0.6 gm. were cut from the largér pileces
with a hack-saw. A small hole was drilled through the center of each
. pellet. After weighing, the pellets were individually seaied in argon-
filled quartz capsules and irradiated :for 48 hours at thermal neutron

2 to lO15 neutrons/cme-sec‘ The Laluo activity of the

fluxes éf 10
pellét befofe the experiment was measured on a multichannel analyzér.

In several runs, special précautions were taken to eliminate any
possible oxide film on the U-Cr surface whichvwould block mass transfer
at the eutectiénmagnesium interface. Uranium is extremely reactive, but
so is magnesium. MgO 1is thermodynamically more stable than UOQ, and it
might be expected that.any UO2 present on the pellet surface would be
réduéed as the pellet fell through the column. It is not certain, however,
thét'ﬁhis feéétion could éompletely clean the U;Cr in the approximately

one second of contact time. To minimize the possibility of er formation
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bon fhe ﬁellet surface, four ?f the U-Cr pellets were.given a protective
magneéium coating‘prior to irradiation. The pellet was allowed to soak
in molten Mg at 750°C for about 15 minutes. After coollng, the hole
later used for'intfoduéing the pellet in the extraction column was then’
drilled through the outer magnesium layer and the pellet. The coated
‘ péllets'were then éealed in afgon-filled quartz capsuleé and irradiated
as before. | ‘

 The peilet was prepafed for,introdﬁctign into the exﬁractién column
by sﬁspénding it ffom a-tungsteniwire loop_aﬁ the end of a loﬁg stalnless
steel rod. The rod was lowered through the reflux column, through a

cbnstriction_at the'bottom of the reflux column (see Fig. 2), and into

the extraction column, The rod was lcwered.until the pellet was Just

" below the molten magnesium surface. Within a few seconds, the pellet

' melted off the tuhgsten loop and felibthrough fhe column, its passage

being detected by the three collimated scintiilation counters placed
along the column. In this way, it was certaln that the pellet entered
the coiumn as a liquid drop.

The pellet fell through the molten magnesium and into a puddle of

L R A el meme s

molten Ba012 about 1 ih. deep contained in a graphite inner liner at the

bottom of the coluﬁn Just above the screw plug. The inner liner isv
shown Just above the screﬁ plug in Fig. 5. As soon as_the'scintillatioﬁ
bdetectors recorded the fall of the U;Cr drop, the furnace was immediately
:‘;turned off in order to freeze the BaCl,, whose melting point (960°C) is
‘only 20°C below the temperature of the bottom of the column. (Molten
Ba012 is twlce as dense as magnesium at 1ooo°ci It is chemicallylstable
vwith respect to uranium, magnesiﬁm, and lanthanum.) The U-Cr pellét at

the bottom of the crucible was thus physically separated from the molten
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magnesium which takes longer to freeze (MP 650°C). In this way, con-
tinued extraction after the pellet has reached the bottom of the column

was prevented. In several early experiments, no puddle of BaC12 salt

- was usedrat the bottom of the column. Counting collimated two-inch

lengths of the frozen Mg ingot after extraction showed large end-effects

when theépellet remained in contact»with molten Mg during the cooling

i

periéd. fThe presence of the salt-Mg ihterface prevented these large
end effects. .

As soon as‘ﬁhe osciliograph recbrdedvthe passaée of the U-Cr droﬁ,
the furnace was ﬁurned'dff. After cooling and disassemfly, the recovered
magnesium.ingof was placed in an argon.filléd dry box and;the inner liner -
containing the Uncf pellet buried in frozen Ba012 was sawed-off. The
magnesium ingot, inner liner, a nd crucible were then examined with the

multichannel analyzer for Laluo.

. The properties of the magnesiﬁm U-Cr system at 1000°C are shown in
Table 1. A éomplete discussion Qf the sources of these data and the
estimation of unknown ?roper%ies is given>in"ref; 17. Very recently,
the viscosity of uranium has beén measured (12). The viscoslty of'thg
eutectic has been assumed to be equal to that of supercooled uranium.

Diffusion coefficients were estimated by the methods of ref. 16.



y -
PRy = OO SO DSV Sy DUy USSP, AP PRS- U SOOI, TURRINY JUPIGSp RS SV RO SOV i PSRN R S RPN R

11~

UCRL-17190 Rev.

. )  Table 1 .
Propertiesvof the Magnesium - U-Cr Eutectic System at 1000°¢C

Property 3 | Mg ~ UCr

DenSity; gfns/cm5 ’ o 1.5 o , 16.6
, Viscositj, cp ',"' ‘ 4 0.55 | : | 8.7
.‘Surfaée.tension,_dyhes/cm,ﬂ.' ko ' 1610
 Interfacial tension,(dynés/cm . _ 1170 (Antbnbv;s rule)

370 (method of ref.h)

» Léhfhanum distributiph cbefficient* ' 0.16 ‘

Barium distribution coefficient 00035

Lanthanum diffusivity,cmg/secxlos © o 1ks | : ,‘ 1.8

Bariﬁm diffusivity,-cmg/secxlo5 o 14;9 o o 1.8

. Dlstribution coefficients on a concentration basis, magnesium to U-Cr.
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RESULTS

Drop Velocities

A total of 13 kineticiexperimentS'ﬁere conducted. The measured
terminal velocities for the 1l satisfactory attempts are tabulaﬁed in
iTable 2. The trace for run no. 12 shoﬁed a double blip at the bottom
detector aﬁd if was‘aesuﬁed thaﬁ this drop split up. The pellets used
in runs he. 12 and lB’(the two largest) evidently broke during the melt-
ing proeess, since.in each case a large fragment of the drop was later
found near-the top of the column against the crueible wall. The dfop
velocities recorded in Table 2 are independent of peilet size with the
v‘exception_of run no. 6 which.showed a lower velocity than the others.

This pellet, the smallest used, may have hit the column wall while falling.

Figure 5 compares the data with the generalized Hu and Kintner
cor?elation (8). The data have been treated using the two values of
interfacial tension given in Table 1. The larger value for interfaclal
 tension gives a bette#.fit»to the generalized curve. The average of the
" observed terminal velocitiee is sbout 13% higher than that predicted by
the correlation for the larger interfacial tension and 30% higher for the
lower interfacial teneion. The system studied hefe extends the correla-
tion to values of the physical preperties which far‘exceed those studied
by Hu and Kintner. For the U-Cr, Mg system the density difference is
151 g/ce. The largest density difference used in the Hu-Kintner correla-
tion was ~ l.95'g/cc. Interfacial tension in.the U-Cr, Mg system far
exceeds values typical of immiscibie aquepus~organic systems. The largest
Interfacial tension in the original correlation is 4l dynes/em. Due

primarily to the large density difference, the terminal velocities
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" observed in the present system (~ 65-75 em/sec) are greater than the

largest observed by Hu and Kintner (~ 26 cm/sec).

. Table 2.“_Summary of Drop Velocity Data

- Drop . Terminal Reynolds
Run No. Diameter, Velocity, Number
em cm/sec Re

6 - - 0.21 L I 2660
o . o2 68 | koo
T 029 T 5060
15 o0 (I 5900
: 1 S Ao.317 i_' 71 5970
T | 0.3k | 65 5890
N o 0.35 | & 5980
s 0.3 68 6520
0 03T S 7300
17 : 0.1 o 73 8100
11 B o oLkl o 68 - T%00

All of the velocity data are beyondlthe break in the Hu-XKintner cor-
.relation, which usually implies oscillation of the drops during fall,
However, these authors_noted.that both high interfaéial tension and.high
drop viscosity (both of which oceur in the magnesium-U-Cr system) “end
-to exert a damping effect onVOSQillatién.‘ In particular, the extremel&
large interfacial tension would~act to maintain a spherical drop shape.
From the recent work of Wéliek et al. (20), eccentricities of the falling

drops are estimated to be ~ 1.2,
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Although it cannot be determined ﬁhether the data.of Table 2 repre-
sent oscillating drops; the break-up of the two largest drops indicated
| & cfitical diameter of ~'O.5 ém, According to the correlation of this
parameter.by Hu and Kinfner, ;ritical diameters of 1,lrcm.(for an inter-
facial tension of 1170 dynes/cm) or 0.6 cm (for an iﬁterfacial teﬁsion
of 37C dynes/cm) are expecﬁed. If drops of diameters less than 0.4 cem
were not oscillating, the entire régime from incipient oscillation to
coﬁplete disintegration musf have occurred in the diameter range from

Ol to 0.5 em.

Solute Extraction

Table 3 lists the results of the ten experiments performed. For

each solute, the fraction extracted 1s related to the overall mass trans-
fer coefficient by:

f =1~exp(-§xt>~§m (7)

Assuming that the resistances in each phase are additlve:

mk

1 1
=Y omC - ®
1 e

~i

Since the diffusion coefficients of the two solutes are very nearly
fhg,saﬁe iﬁ éachﬂsolvent (Table 1), the Individual coefficients should
be‘thé-same for bariuwm and lanthanum. The overall coefficients differ
only because of the forty-fold difference in the distridbution coefflcients.
The equation which results from combining Egs. (7) and (8) can be applied
" to the extraction dafa for béth barium and lanthanum. From the fractions

of the two solutes extracted in each experiment, external and internal
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coefficients have been ca;culated and listed in Table 3 under the heading
"experimental's Using_these ﬁalues in Eg. (8) shows that lanthanum ex- .
traétiqﬁ is 85% controlled by internal transfer and barium extraction is
89% controlled by the external fesistance.

- Models of internal transfer which have been employed in drop extrac-

~ tlon studies are based on stagnant diffusion, internal ecirculation (11),
. a type of eddy diffusion (6), and most recently, an explicit recognition

of oscillation (1,19)5 External resistance has been treated primarily

by the penetration model of Higbie (7), although the correlations of
Garner et al. (%) and Griffith (5) have also been used. The experimental
internal coefficients are éompared to those prédicted by the Handlos and

Baron model in Table 5°‘ The experimental results are low by factors of

555l05 The internal coefficients are in fair agreement with the predic-

tions of the shtagnant drop model. In both of these models, the external

.coefficients agree.fairly'well with the predictions of the Higbie theory:

o 5 W\L/2
ko= 2<—$;5> (9)

The experimental external'édefficients show more scatter than the internal
coefficients because the fofmer are more sensitive to the barium fraction
extracted, which 1s not as precisely measured as that for lanthanum.

° The low vaiues of the internal coefficients suggest the exlstence
of an interfacial resisténce, which would most probebly result from oxide
contamination. waevef, the dafa of Table 3 show no significant differ-
ence between experiments with pellets coated or uncoated with magnesium
prior to irradiation. This suggests that the mass transfer c@efficiehts

are representative of true fluld phase resistances, although the possibility
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that the procédure of soakiﬁg the U-Cr pellets in liquid magnesium did
nét‘succeed in removing oxide at the intefface cannot be discarded.
‘Since the stagnant drop calculation appears promising for this sys-

-”tem, it is of interest té investigate the assumption of additivity of

‘resistances, upon which the resuiﬁs of Table BVare based. The additivity
A:assumption involved in the comparison of fhe experimental and theoreti-

" ecal results ih Table 3 entérs'iﬁ'the followlng mamner. It has been
"assumed ﬁhat the fracfiohvextracted'can'be.calculated from individual
coefficients by Eqs. (7) and (8). The internal céefficient in Eq. CS);'
‘however, is computéd for 'the case of no external resistanmce. The effeét
of external resistance on ﬂhe extraction is approximated by the second
Aterm.on The right Sf Eq; (8).‘ For' drop extraction systems in gengral,
- and at short contact times in particular, the internal ccefficlent is
both time dependent and a function of the external resistance. These
'-characteristics render the concept of an Internal mass transfer coeffli-
ciént more of a complication than an ald in data interpretétion. The
exﬁernal'coefficient,von the other hand, is generally considered to be
a time independent constant of the system which is wiaffected by the mode
of transfer inside the drop.
A mbre direct approach to the analysis of thé experimental data i1s
‘}to assume a model for intermal transfer in the form of a‘conservatian
'-principley and sol&e the'resulting vartial differéntial egquation for the
'f fraction extracted as a function of contact time and the external re=-
sistancé parameter. The latter is obtainéd from independent theoretical
considerationé and enfers as a boundery condition on the conservation
equation fTor the interior of the drop. Incorporation of the external

resistance boundary condition inte the three models of Internal transfer
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mentiohed previously has been accomplished by the'éigenvalue expansion
technique (2,15,18). |
Because of the reasonable agreement between the exﬁerimental results
ofvTable 3 and the sﬁagnant diffusion prediction, only thils mode of in-
ternal transfer will be considered. The solution tb the problem‘of dif-
fusion in a sphere with the appropriate boundary condltions reflecting
~ the finiﬁé‘external_reéisténce has been obtained by’Newman (15) in tefms-.
of an eigenvalue expansion. This solution is very inconvenient for the
present study because the short contact timés reqﬁire a large numbgr of
.termsAof the series to be.retained. In addition, only‘a 1imited number
of fthe constants have been evaluateds A short-time approximation to the
 saﬁe problem, obtalned by‘the Laplace.transform method, 1s derived in

tef, 17. The result is:

- EEE ) el e

where |
(P-1)2T ool (v-1) 1. - (11)
L ,az;llce . " (22)

and 7 is the dimensionless time:
Dt
T o= 5 | ‘(15)

as (b~l)'J} o, g -0 and Eg.. (10) reduces to:
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o

) E | (1)

,; Although Equ._(lo) and (lh) are in princ iple "Short~t1me apprcxiu-
‘imations, theJ are val d over a Vﬂly large range. At a value of T required
for 90% extraculon, for example, the fraction eytracted from Ed. (1) 1s

~ wilthin OQQ% of the value given by the exponenulal expanSLOn‘ There LS.
 certainly #o restriction on the use of Egs. /TO) or (14) for the results
obtalned in uhis study, and in fact for stagnant diffusion analyses of
nearly all of the dzop extraction data in the therature¢ The theoretical
internal coefflc;ents for stagnant dlffu51on in maoLe 5 were computcd
from Eq. (lh) with b = o and Eq. {(7), in which K wes replaced by k.
Limiting cases of Eq;_(lo) can be obtained for large or small valﬁes
of the parameter (b~1} Jro Fof solute barium, the parameter b can be
_calculated from the distribution‘éoefficient and diffusivity in U-Cr from
| Table 1 as:
, by, = 96dx, | o (15)
The external coefficients were calculated from Bge (9) and are listed in
the last column of Table 3. The values of (b —1) Jr are less than Ogl5
for all'experiméntsy and a'three ferm‘Taylor serles expanslon of Ega (Ll)
1s adequate, When inéerted into Eq. (10), there results:

. - fBa = 5bBa’1’ | : (lo)

This is Just the expression for the fraction extracted under conditlons
of complete external control when thé'contaqt time is short. It does

not depend upon the model chosen for imternal mass transfer.
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For lanthanum, values of the paraméter. b are given by:

LN ‘= thOdke o (17)

.The parameter (bLa-l)'J} 1s no smaller than Six, which permits the func-
tion g to Be replacéd by zeros In addition, the minimum value of bLa is
180, and bﬁa/(bIaul)‘can be replaced by unity. In this case, Eq. (10)

! ) )

reduces ﬁo‘Eq¢ (lh); which can be rewritten as:

- 6 - 5<]‘ + bLaT> \/jr <l8>

fL —_— ————
. NE b J}
La

~In the expériments conducted here, the values of bLa and T were such
that thé sec&nd term in the brackets of Eg. (18) was always less than 15%
" Of the First term, and in addition, was constant to within 4%, Thus it
has been replaced by‘its average value for the ten experiments on Table 3,
and Eq. (18) written ast

£l. = .0t (19)

-Equatidns (16) and (19) represent theoretical predictions of the
fraction of each solute extracted, based upon molecular diffusion within
the drop coupled with an external resistance given by Higble’s model.

The predictions depend upon the measured distributibn coefficients of the
two solutes, thevmeasured fall velocities, and the estimated diffusion
coefficients in the two solvent phases. |

The experimental lanthanum data are compared to the predictions of"

Eq. (19) on Fig. 6. The scatter of the experimental points 1s due in
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part to the use of the single drOp technique, which is not subject to

the smoothing tendency of extraction measured after the passage of many

'Adrops through the continuous phasé; "All but one of the polnts are with-

- in a factor of two of the theoretical line. Excluding this pcint, the

average of the experimental values of_fLa/~f% is 2.8 £ 0.7, compared to
the theoretical value of 2.9 from Eq. (19). The stégnant drop model

appears to fit the data feasonably wells The turbulent drop model of

* Handlos and Baron predicts fractions extracted which vary from 0,45 at
-'J}.= 2X10-2 t6>0.55 at*f} =‘5x10"2, which is not in accord either with
' the magnitude of the experimental results or the observed three-fold

variation in fLa over the experimental range of T. No informetion on the

external coefficient can be obtained from the lanthanum data, since the

extraction of this species is governed. almost exclusively by transport

" within the drop« For the same reason, the additivity of resistances

- assumption is valid for lanthanum extraction; there is practically no

" external resistance to be added in the sense of Eq. {8).

The barium extraction data, on the other hénd, should be representa-

+tive of the external transfer process only, since the distribution co-

VLf, efficient of thié species is smaller than that of lanthanum by a factor

-~ of nearly 50.- Comparison of the barium data with Eq. (16) shown in Fig.

7 shows a qualitative agreement between theory and experiment. The
average of the experimental values of fBa/(bBaT} (using Eq. (9) for the

external resistance) is 2.3 * 1.3. According to Eqg. (16), this ratio

" should be 3. The barium fractions extracted are approximately an order

. of magnitude smaller than those for lanthanum, which is in accord with

the 50;fold smaller diétribuﬁion coefficient coupled with the factor of.

5 difference behween the ihternal and externsl coeffiéients, No information
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on the internal transfer process can be obtained from the barium data,
 since this proéesg is completely masked by transfer In the continuous
’phaée, The additivity assumption 1s also valid for barium extraction,

- since the 1/mke term in Eqs (8) is much larger than the l/ki contribution.



CONCLUSTIONS

The proximity of‘the experimental. internal coefficients to those
p:e"ictedbby‘moleéuiar difquioﬁ §ugge$tsvthat ﬁhe drops were not o8-
cillating or vibrating. Howevergvsome internal circulation must have
existed in the falling.drop; At-?éynold’s‘numbers much lower +than those
encountered here, ﬁhe'circulafiqn pattern follows the Hedamard pabbern
which generates the.mass'transfer-behavior demonstrated by Kronig and
Brink (11._).. Johns and Beckmann (9) have investigated the transition
from the stagnant diffusioﬂ limit to the Kronig and Brink limit ss &
function. of tﬁe Peclet number, bﬁt for any Peclet number, the stagnant
drbp model is approached fpr‘sufficiently small contact'times, The
liguid metal syétem studied here was characterized by'a combination of
large Peclet number (~ 104) énd small "n'.(lO—)+ - 10”5)} and it is net
possible to predict which limiting condition prevails, even if the cir-
culatioﬁ pattern were assumed to be that of Héaamard. Howevey, the stag-
nant diffusion limit ig prooably épproachedvfor any internal circulafion

pattern as the contact time approeches zero. The penetration depth be-

_comes so. small that transport is ho longer affected by the velocity

gradients ingide the drop. The contact times in the experiments reported
here may have been sufficiently small to yield the rates ¢

of molecular diffusion even though substantial circulation existed in

the falling drops



~2ho : UCRL~1T7190-Rev.

. ACKNOWIEDGMENT

This work was supported by the Inorganic Materials Research Division

of the Lewrence Rediation Labbratory under the auspices of the United

States Atomic Energy Commission.



)'L L4 ’

5.7
6.
o

9.

10.

1D

-25-

UCRL-17190 Rev.
LITERATURE CITATIONS

Angelo, J.B., E. N. Lightfoot, and D. W. Howard, A.I.Ch.E.J., 12,
751 (1966).

Elzir;ga," R. B., Jr.', and J. T. Banchero, Chem. Eng. Prog. Symp. Series,

‘No. 29, 55, 199 (1959).

. Garner, F. H., ‘A. Foord, and . M. Tayeban, J. Appl. Chem..9, 315

(une 19)9)

Girifalco, L. A. and R. J. Good, J. Phys. Chem. 61, 09k (19)7)

 Griffith, R. M., Chem. Eng. Sci. 12, 198 (1960).

Handlos, A. E., and T. Baron, A.I.Ch.E. J. 3, 129 (1957).

Higbie, R., Trans. A.I.Ch.E. 31, 365 (1935).

Hu, S., and R. C. Kintner, A.T.Ch.E. J. 1, b2 (195%).

Johns, L.E., Jr., and R. B. Beckmann, A.TI.Ch.E.J. 12, 10 (1966) .

Katz, H.M., F. B. Hill, and J. L. Speirs, Trans. ATME 218, 770 (1960) .
Kronig, R., and J. C. Brink, Appl. Sci. Res. 42, 1h2 (1950). -
Ofteu, Donald, unpublished manuscript. |

Olander, D. R., Nuc. Scil. Eng, submitted.

Olander, D. R., A.I.(Ch.E.J. 12, 1018 (1966) .

~ Newmen, A. B., Trans. A.T.Ch.E. 27, 203 (1931).

Pasternak, A. D., and D. R. Olander, A.I.Ch.E. J., to be published..
Pasternak, A. D., USAEC cht UCRL-16108 (1966).

Patel, J.. M., and R. M. Wellek, A.I.Ch.E.J. 13, 38k (1967)

Rose, D. M. and R. d. Kintner, A.I.Ch.E.J. 12, 350 (1966).

Wellek, R.M., A. K. Agrawal, and A. He P. Skelland, A.I.Ch.E. Je

12, 854 (1966).



26

UCRL-17190 Rev.

FIGURE CAPTIONS

F plot for the magnesium ingot after extraction for Run No. 10.

“Extraction column, reflux column and sheath.

Schematic of experimental arrangement.
Typical output of oscillograph for measurement of fall velocity.

Comparison of drop velocity measurements with Hu-Kintner corre-

lation (notation that of ref. 8).
- Comparison of lanthanum extraction with molecular diffusion model

with external resistance.

Comparison of barium extraction results with molecular diffusion

model with external resistance.
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NOTATION
a drop radius, cm -
2ra activity (radioactive) of Lalho iﬁ the magnesium ingot
b extsrnal.resiétance'parametér, defined by Eqb (12)
a drop diameter, cﬁ
D diffusion éoefficient, cm?/sec.
g function defined by‘Eq.'(li)'
k individual mass transfer coefficient, em/sec
K overall mass tranéfe? éoefficient defined by‘ﬁq. (8)4vcm/sec
kil fraction extracted |
F ' ratio of fraction of lanthanum to barium eitracted
m concentration distribution coefficiént
'TN> nurber of atoms |
t time;sec
. average fall velocity, cm/sec
A decay constant, sec™t
T dimensionless tige; Eg. (13) °
Subscripts
e external (coﬁtinuous).phéée‘
i iﬁternal_(drop) phase |
La Lalho
Ba - Balbro
Sﬁperscribts
0 immediately aftej extraction
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of fall velocity.
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Hu-Kinter correlation (notation that of ref. 8).
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