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! LTIQUID-LIQUID EXTRACTION OF MCLTEN

URANIUM WITH SILVER

by
C. W. Watson and G. H. Beyer

ABSTRACT

In recent years interesat in the United States 1n the nuclear
flield has been turning towards power reactors. Among the many
problems that must be solved before economical electrical power
can be produced from nuclear reactorsgs are the problems connected
with the processing of spent reactor fuels. The only reactor
fuel processing methods availlable at present, the aqueous procegses,
are relatively complex, destroy the metallic character of the
fuel, require "long-cooled" fuels necessitating high inventories
of fissionable materlal, and leave huge volumes of radloactlive
waste solutlons to be processed and stored.

For these reasons Ainterest has bteen Turnling towards other
processing methods, incliuding "pyroprocessing' by liquid-liquid
extraction of the molten fuel with silver. The purnose of this
study was to develop a part of the eqguipment and technology needed
to study the extracticn of uranivm with silver and to ascertain
some of the problems that might be expected in processing of spent
reactor fuels wlth a siiver extraction.

A vacuum system was bullt In whiech to carry out uranium-
silver contacting; induction heating equipment was set up to heat
the materials. Temperature measuring methods and techniques
for use in liquid metal extraction work also were studled.
Chromel-alumel, platinum-platinum rhodium, and columbium-tungsten
thermocouples were investlgated. Gravhite was selected as the
best container material Tor the molten metels and was used
satisfactorily in all of this work.

A number o;iurﬂnium—silvef melts were maede 1n which the
phase separation 'and mass transfer were studied. Phase separa-
tion was sharp but occaslonal microscopic inclusions were found in
both phases. Microscoplc phase separation was complete. Uranlum
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was found to crystallize out of the silver phases as they cooled
and to settle towards the interfaces. Mass transfer of the
uranium to the silver appeared to be fairly rapid.

A graphite extractor for passing silver through a pool of
molten uranium was designed and tested. It was found to be
very simple to operate, easy to fabricate, and capable of
transferring nearly equilibrium amounts of uranium to the sllver,

A number of recommendations are presented for improving
theequlipment and techniques used in this study, along with some
proposals for future work in this field. A pyroprocessing
scheme, based upon a silver extraction of the fuel in the ex-
tractor designed in this study, 1s proposed as a basis for
Yurther study.

k3

This report is based on an M, S. thesis by C. W. Watson guvbmitted
March, 1956 to Iowa State College, Ames, Iowa. This work wes done
under contract with the Atomic Energy Commission.
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INTRODUCTION

The 1nherent disadvantages and the high processing costs
of »resent day aqueous methods of processing irradlatied »e-
actor fuels have given rise to an inereasing incterest in the
"pyroprocesses' or high-temperature, non-aqueous processes.
One of the more promising of these processes 1is the liquid-
l1lcuid extraction of the molten fuel with silver.

Scouting work was done on the behavior of plutonliw: and
fission products in metallurgical Oﬁerations with irradiztad
uranium at Iowa State College in 1G42-1943. It was found ©that
nlutonium and sone of the fissilon products could be extracled
Dy metals that were irmiscible with uranium in the mclien state.
Te most promising of these metals was silver (1).

This work was extended 1in 1950-1955 and a paper suvmmarizing
ii{ was presented by Vcizt in 1955 (2). It appeared that the
Zisscion products could be divided into several groups whicn
exhiblited similar benavior. Certalin fission products such as
C3 and Sr were removedd by volatillzation. The non-voleatilz
rare earths extracted »eadlly into silver. A third group,
Te and Zr, wes removed by slilver but not as readlly as the
rare earths, Finell7, there was a group consisting cf Ru and
and Mo which remeined with the uranium. Plutonlium was Jound
to extrect falivly readlly into silver.

in a pyroprocessing scheme for spent reactor fuels a
sllver extraction o the moltTen fuel would be only a part of
the oveirall process. Filgure 1 shows a possible pyroprosessing
scineme using a sllver excvraction step. As can be seen, several
other pyroprocesses wculd be 1nvolved in such a scheme. Hest
of these lack the necessary technological development fox 1.
corporation into & vyronrocessing plant, but it 1s belleved
that these develcuvments are possible if such a scheme contlinues
to show promlse.

In undertaxing o study of the liquid-metal extractlion nro-
ceasing of irradisted uvranium, one finds that not only i3 tuiere
a lack of fundamental deta concerning the variables allfectlng
the removal of verlous flpsion products, ecuilibrium relatlou-
shirs, solublilities, aid operating conditions, but a serioua
dellclency also e:xicts in the development of facilitles
and %Yechnology wlth which to obtaln such data, The pulpese
ol the present investigation i1s to help to develop a vart

,
L.
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o This equipment and technology and to ascertaln some of the
nroblems that might be expected in the processing of meolten
»eactor fuels with molten silver.

EQUIPMENT

vacuum gystem

Uranium is highly reactive with oxygen (and nitrogen to
2 lesser extent) and 1s discolored in air at room temperatures.
AL high temperatures i1t burns readily. Thus, the malintenance
of an inert atmeosphere is necessary in any pyroprocess for uranium,

A vacuum system was bullt to maintain an inert atmosphe:re
in the runs of this study. Figure 2 shows a diagram of tnls
syatem., The system consisted of a quartz tube, two water-cooled
brass heads, a Welch #1400 Duo-Seal Vacuum Pump, and a Dis-
tillation Products Model TG-02 thermocouple vacuum gauge.

The working pressure of this system was 15 to 18 nicro.s
¢f Hg, obtained with pumping times of 30 to 45 minutes. The
ieak rate when the pump was turned off was 0.1 to 5 miecrons
o7 Hg per minute denending upon the pumping time used. Longe:r
aemping times always gave lower leak rates. Although the
addition of a diffusion pump would have reduced the pumping
time, the metal losses were not large with the system and
such an addition did not appear to be Justified in this study.

It was noted thrat the first pump-down of the system each
day or after the system had been open to the atmosphere gave
2 pump-down curve somewhat higher than pump-downs which lmmedlate-
1y followed. Thus, 1t appeared that some material was being
adaorbed from the atmosphere by the system-when 1t was open.
Te variance of the leak rate with pumping time also ind’-
ceted that some meterlal was adsorbed upon the surfaces Znside
the vacuum system.

Irductlon heating ecuvioment

To allow greater convenlence and flexlbility in heeting
tne materlals 1n this study, 1t was declded to use induction
heating. An Ajex-¥erthrup, 220 v., 60 eycle, single phase,
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6-kw, closed spark-gap converter was used in conjunction with
a 2 7/8" I. D. x 31" high induction coil purchased with
the converter.

Figure 3 shows a dlagram of the heating coll and itis
sliding mount for positioning 1t around the quartz tube.

To obtaln the usual operating temperatures of 1200 tu
1350°C with no insulation around the load required a converier
power setting of 3.0 to 4.0 kw using 1" 0. D. x 2" long
crucibles with 1" thick walls and 3.5 to 5.0 kw.for the
1 5/8" 0. D. x 5 3/4" long extractors used in later work.

An attempt wes nade to establish a temperature vs,
converter power setting curve for a given graphite crucible.
lowever, the curve was easily shifted parallel to itself by
very small varlatlors 1n the relative positlons of the load
and the induction coll in different experiments. A famiiy
of such curves might be of value for controlling the tempers-
ture durlng a run by controlling the converter power secting,
after having first established one point on one of the curves.

TUMPERATURE MEASUREMENT

An optical or railation pyrometer could not be uged to
meagure temperatures at varlious locations in this extractor
without talloringz the equipment to meet the "black body"
conditions required by such a pyrometer. This would have imn-
posed serious limitations upon furpace and extractor desig: in
thls study. A »pyrowever's view mikht also be obscured by
vapors and gases from the hot metals. The use of some type
of thermocouple enpeared, then, to be essential.

Three types of thermocouples were investigated. Thesge
thermocouples and their published useful ranges were {3)
(#) (5): Chromel-zlumel, about 1300°C; platinum-plaginum zhodium,
about 16C0°C; columbium-tungsten, greater than 1900 C.

Fallure of platinum-platinum rhodium thermocouples wes
encountered repeztedly at 1450 to 1550°C. Graphite aprpeared
to have a detrimentel effect, but even with protection fron
the graphite the thermocouples were not rellable above
1500%¢C. '
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Temperaturas of 13C0 to 1320°C were measured for relatively
long perioés (orne to two hours) with chromel-alumel thermoccuples
with no apparent damage to the thermocouples. Temperatures cf
1325 to 1350°C were measured consistently for periods of about
30 minutes. However, at these temperatures the thermoccuples
were often attvacked, although little difficulty was encountered
from thermococuplie fallursess.

It was concluded from these studies that the additional
temperature range afforded by the use of platinum-platinum
rhodium thermoccouples was nct sufficlent to warrant their use
in view of the expense and extra precautions that would be
necessary.

Columbium-tungsten thermocouples were investigated briefly
(5). It was concluded that they do not offer much promise
for use in this work. The initial brittleness of the tungsten
makes thermocouple fabrication difficult and the additional
embrittlement caused by heating makes the thermocouples very
difficult to reuse. The calibration also changes from thermo-
couple to thermocouple (6). A more serious limitation was found
in attempiing to calibrate columbium-tungsten thermocouples.
The cslibration epparently shifts with a given thermocouple
as it is heated. This calibration shift is presumably re-
lated To the crysial changes 1n the metals which lead to the
embrittlement.

Ciuclibles and refractory materlals

After a survey of possible materials to contaln molten
uranium and silver, it was decided that the only falrly satis-
factory material for this study was graphite. Graphite has
excellent resistance to thermal shock, has adequate structural
strength, 1is easy to fabricate, and 1s relatively inexpensive.
There is evidernce alsc (7) that zirconium, which 1s one of
the more difficult fisslion products to remove, can be remcved
by carbide slagging. Graphlte has been used with coaglderable
success in previous investigations (8) (9). The carbon dis-
persed throughout the uranium, when usling graphite to ccntain
molten uranium, does ncot appear to be a prcohibitive factor.

Type AGR graphite was used in this work. Ash content of
this graphite was 0.10 to 0.16% and consisted mainly of Ca
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with moderate amounts of Ti and traces of Zr also present.

A disadvantage in using graphite as a contalner materilal
is the degassing requlred before each ruvun in order To keep
adsorbed gases from contriubilng to uranium losses. Degassing
of the crucibles used in thls study required heating them under
vacuum for 1 to 2% hours at temperatures of 1200 to 1400°C
to bring the pressure in the (hot) system down to 30 to 60
microns of Hg. Dezasslng times were longer for new cruclbles;
also degassing times for previously degassed cruecibles incregsed
as a function of time exposed to the atmosphere. Thus, it
appeared that some material was adsorbed from the atmosphere
upon the graphite. Hligher degassing temperatures also produced
faster degassing. The development of a thermocouple to measure
temperatures above 14%00°C would be of advantege in allowing a
crucible to be degassed in place at high temperatures just
before a run.

Graphite "pot" eruscilbles were used 1in preliminrary eguip-
ment testing and phase study runs. These were of two sizes,
7/8" I. D. x 2" long with 3/16" thick wells, and 1" I, D, x
2" long with £" thalek wells. In some o7 tiese »uns graphlite
lids were fabricaved to T1t the eiucibles.

A uranlum-silver contactor was designed for use in
later work. Figure ) shows a full-size sectlion view ol this
contactor. It was Tebhricated from a solld cylinder of graphlte
1 5/8" in dlamter Dy 3" long with lholes drilled 3n it as
shown. Portions ol the holes were cloged off by Torce-fitted
graphlte plugs to form & contlinuous leg inslide the contactor,
A threaded graphite plug closed the ton of the cenver leg.
Also shown in Fizure &4 are a silver holder and 11d, a solvent
recovery capsule, & condensing lid, and a reclaimed silver
collector.'

The contector was used to pass a ziven anocunt of slliver
through a pool of vranium and operated as follows: The uranium
and silver legs were 7illed with pre-cutl uranium and silver
rods such that the two heads wovld be ecuzl when tie metals
were melted. The tareaded »lug was taen put n place. Tae
silver holder (full of silver) was put in place on top o the
extractor ard the extractor wes put in mlace o top of the silver
recovery cansuie. "he urnlt was then evecuated Iin the vacuum
system and the center (extractor) poritlon of the unit was
heated. When the extractor temperature was above the melting
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point of uranium, the silver holder was at about the melting point
of silver. The silver was then melted into the silver leg. As
the silver dropped into the silver leg, silver was forced out

the bottom of this leg into the uranium leg where it rose to the
top of the uranium and overflowed througn the overflow leg

into the solvent recovery capsule.

A scheme that might be used to recover the silver from
such an extraction was devised using a method similar to a
North American Aviation proposal (10). This is also shown
in Figure 4. Although it was not tested, it would operate as
follows: After an extraction has been made and the extract
has been collected in the capsule, the contactor and silver
holder would be removed and a condensing 1id and silver collector
put in place (dotted l1lines in Figure 4). The recovery capsule
would then be heated and the silver vaporized, condensed on the
condensing 1id and dropped into the reclaimed silver collector.
The plutonium and fission products would remain in the. lower
part of the capsule whlle the recovered silver would be removed
in the collector and reused in another extiraction.

OPERATING PRCCEDURES

The general procedures followed in making the runs were
as follows:

(1) After a preliminary evacuation of the cold syastem
contalning the crucilble or extractor to be used, tThe system
was heated to degas the refractory materisls,.

(2) The power was then saut off aad the asystem was allowed
to cool to about 150°C.

(3) While the system cooied, the uranium was cleaned
with 1~ to -1 or 3- to -1 ratio nitric acid to water and the
metals were pirepared for chnarging to the system.

(4) The cooled systiem was then opened, the metals were
charged, and the system weas reassembled agalirn as gquickly as
possible to minimlize the adsorbtlon menticned earlier,

(5) The system was reevacuated after the run was completed
and was allowed to cool agailn.



ISC-696 11

(6) The melt was then sectioned with a carborundum wheel
and cut into samples elther to be analyzed for thelr constituents
or to be examined microscoplcally. _

The samples were analyzed for uranium, silver, carbon,
and nitrogen. The analytical methods used in these analyses
were:

Uranium (high uranium content) - reduced with lead and
titrated with ceric ion,

Uranium (low uranium content) - spectrophotometric analysis
via thiocyanate complex.

Silver (high silver content) - precipitated as silver
chloride and weighed.

Silver (low silver content) - spectrophotometric analysis
via silver rhodanine
method.

Carbon - burned in an induction furnace, collected as
carbpn dloxide on ascarite, and welghed.

Nitrogen - Kjeldahl method.

Microscopic examinatlions and microphotographs of some of the
melts were also made. These were made with an American Optical
Company Model 2400 Metallograph.

EXPERIMENTAL RUNS

Uranium melting runs

A number of uranium melting runs were made in 14" 0. D. x
2" long "pot" crucibles to check the temperature measurements at
the melting polint of uranium and to study the effect upon uranium
losses of final degassing pressure, leak rate of the system, and
heating time of the runa. Uranlium losses were determined by the
welght difference before and after the runs,

The melting points of uranium measured by the chromel-
alumel thermocouples agreed quite well with the Handbook value
of 1130°C. Placing the thermocouples in the top of the crucibles
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gave essentlally the same results aas placing them in the bottom.
Thus, the cruclbles were apparently at uniform temperature
throughout.

The most 1lmportant factor in determining how muech uranium
was lost 1n a given run was the length of time that the metal
was hot. Uranlum losses ranged from about 0.1% in 10 to 15
minute runs to about 0.7% in 60 to 70 minute runs. The effect
upon metal losses of leesk rate of the system and of the final
degassing pressure before the run were masked by the effect
of heating time. The varlations of uranium losses due to the
two former effects were apparently small for leak rate variations
from 3 to 18 microns of Hg per minute and for final degassing
pressure varlations from 34 to 120 microns of Hg.

Two uranium melts were made to test the flowing of uranium
through graphite holes. The uranium wes placed in a 1 3/8"
0. D. x 1 5/8" long graphite crucible with a funnel bottom
(3/8" dlameter hoie). It was then melied through the hole into
another erucible. No difficulty was encountered in melting the
uranium through the 3/8" hole, except that a metallic scum
wes left 1n the funnel. From a chemical analysis of this scunm
its composltion was determined to be as follows:

U (metal) - 79.23%
UOs - 12.15% (estimated)
U3N4 - 0.81%
U02 - 8.10%
This corresponded to about 0.7% of the original uranium,
The low nitrogen content should be noted in this and other runs.
This indicated tThat little air contamination was present in the

system.

Uranium-silver cerucible contactling

Uranium and silver were contacted in the "pot" crucibles
mentioned previously to situdy the rate of mixing of the two mclten
metals in an 1rnductlon fleld ard also to study thelr phease
separatlon characteristics.

Number 1 and number 2 of Table 1 show two of these runs.
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Table 1

Uranium-Silver Contacting Runa

Description Analyses (%)
No. of Run Sample Uranium Silver Carbon Nitrogen
1 "Pot" con- Top of silver
tacting in phase 5.12 94,49 - -
l#" 0. D. x Bottom of silver
2" long cru- phase 8.47 90.12 - -
cible Uranium phase 98.28 1.50 - -
2 " Top of silver
phase 5.01 95.62 - -
Bottom of silver
phase 8.96 90.48 - -
Uranium phase 99.59 0.23 - -
3 Extractor Silver overflow 3.60 95,4 0.0103 0.0085
contacting
4 " Silver overflow 3.85 95.22 - 0.0040
5 " Silver overflow 4,85 94,51 - -

The uranium was molten for 14 minutes in number 1 and for 4 minutes
in number 2. Since the solubllity of silver in uranium is about
0.3%, the analysls of the uranium phase in run number 1 is apparently
in error. Thils was probably due to silver inclusions taken with
the uranium sample vhich was used for analysis. Such silver inclu-
sions could be seen in the uranium phase near the sample taken.

No uranium inclusions were present near the samples taken from

the silver phases and these analyses are believed to be correct.
Since the uranium concentrations in the silver phases were

nearly identical for both the 14 minute run and the 4 minute run,
these were apparently equlilibrium values,

The difference in the uranium concentration between the
upper and the lower parts of the silver phases 1s attributed
to the settling out towards the interface of uranium which
crystallized out of the silver as the molten metals cooled.
Figure 5 shows the lower part of the sllver phase in one of
these crucible runs. A number of dendrites of uranium can
be seen. Figure 6 shows the interface in one of these runs.
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Here, the difference can be seen between the uniform rounded
inclusions found only near the lnterface and the dendrites found
at some distance above the interface. The rounded inclusions
are belileved to be uranium which ce¢rystallized out of the silver
whlile the sllver was still above the melting polint of uranium.
These apparently had time to settle nearly all of the way out

of the silver before 1t solldified.

Phase separation was dlstinct in these crucible contacting
runs, although a few large inclusions could be seen in both phases.
Figure 7 shows the sectloned crucible contacting runs of Table 1.

A large "finger" of uranium can be seen extending up into the

silver phase in one of the runs (number 2 in Table 1). A few

other small inclusions were also noted in both phases near the
interface in each run.

It was concluded from these crucible runs that: (1)
Equilibrium mass transfer of uranlum to slilver can be attalned
with inductive mixing in a comparatively short time (less than
4 minutes) in static melts of this size. (2) Phase separation
is distinct, although care must be exercised in cooling the melts
and in separating the phases in order to avoid macroscopic in-
clusions in both phases. (3) Microscopic phase separation
is complete. (4) Uranium crystallizes out of the silver phase
as i1t cools and settles towards the interface causing the con-
centration of uranium to be higher in the lower part of the
silver phase than in the upper part. Closer control of the temp-
erature might enable the silver to be maintained Just above 1its
meltling point long.enough for these crystals of uranium to
completely settle out of the silver. (5) "Oxidation" products
and slags are apparently taken out of the uranium by the silver
leaving a relatively "elean" uranium phase.

Uranium-silver extractor contacting

After the uranium-sllver cruclble contacting runs were com-
pleted, a number of extractor contacting runs {numbers 3, 4,
and 5 in Table 1) were made with the extractor pilctured in
Figure 4,

Figure 8 shows the sectioned extractor unit of run number 5
and an unused unit (extractor-silver holder recovery capsule)
ready for another run. The path of the silver as it was forced
over into the uranium (center) leg can be seen, plus a few
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"bubbles" of silver that were frozen in the uvranium before
they reached the silver above the uranium.

The following other polints were noted in these runs:
(1) As in the crucidle contacting runs, the "oxidation"
products were swept out of the uranium by the silver. This
"slag" formed a th’n gold-colored film on top of the silver
above the uranium, In the overflow lez, and on top of tae
silver overflow (Figure 8). This action might offer an im-
portant means of decontaminatling uranium fuel since fission
products are known to concentirate in such slags. (2) The
uranium wetted the granhite and caused suriace Iractures on the
extractor in the uvranium leg when the uvranium contracted upon
solidifying., (3) No silver losses through volatilization
from the unit were found, although the bottoms of tihe extractors
were covered with silver which was distilled from the silver
overflows in the solvent recovery capsules.

Phase separatlon in these extractor runs was quite snarp,
although, as in the statlc runs, mecroscoplc inclusions were
occasionally found in both paases. Figure G shows the lnterface
in run number 3. Small, rounded inclusions in tae sfiver (light)
phase near the interface, simnller to those dlscussed 1in connection
wlth the crucible contectling runs, can he seen in the figure.

The dendrites of uranium were also found in the extractor
runs. Two silver inclusglons can be seen in The uranium (dark)
phase in Figure 9.

Figure 10 ia a micropaotograpn ol the silver used in run 3
before 1t contacted the vranium., This silver contained 0.03%
uranium. Figure 11 shows a sinilar nlcture of the same silver
after having passed through the uranium. ‘Me uviraniun-silver
eutectic at about 5% uranium (11) cen be seen throughout the
phase. Two of the dendrltes mentioned before can also be seen
in the lower left-hand corier of Figure 11. As can be seen,
micraoscoplc phase separatlon was quite good. The uranium-
silver eutectlc was well dispersed throughout the silver
phase and no uranium Iinclusions were found Iin the silver be-
sides the "crystals' in {the lower partv, as nentioned previously.

Run 3 (Tadie 1) had a +" leg connecting the uranium and
silver legs while run3 4 and 5 had 5/32" legs. It was found
that connecting legs smalle:r than 5/32” would not allow tne
silver to pass througn into the uranium. The head of uranlum
through which the silver was passed was 3,/4" in runs 3 and 5
and 3" in run 4. As can be seen from Table ., run 4 trans-
ferred more uraniuvm to the silver than run 3, although run 3
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had a longer path of uranium through which the silver was
passed. This was because of the smaller connecting leg
between the silver and uranium legs; hence, the flner the
"pubbles" of silver that were forced into the uranium leg

in run 4. Run 5 with a wuranium height the same as run

3, but a smaller connecting leg between the uranium and silver
legs as in run 4, gave a uranium concentration in the silver
overflow approaching that at equllibrium., Equilibrium solubility
of uranium in silver at the extraction temperatures 1s about

5 to 5.5%, whereas, the concentration of uranium in the silver
overflow from run 5 was 4.85%.

Mass transfer of uranium to the silver in this extractor
was apparently falrly rapid. A considerable improvement in
the dispersion of the silver throughout the uranium phase
could be accomplished by feeding the silver in a slow, con-
trolled manner during -the extraction run rather than melting
1t through as qulckly as possible as was done 1n thils study.
This slow feeding of the silver and, posslbly a longer uranium
leg through which the silver 1s passed, should accomplish equilib-
rium transfer of uranium to the silver. It 1s hoped that this
will also be true for the fission products and plutonium in
processing actual fuel elements.

It was concluded from this study that this extractor
offers promise as a contacting unit for uranium and silver
in a sllver extraction pyroprocessing scheme for irradiated
reactor fuel elements.

CONCLUSIONS

The following conclusions were drawn from this 1nvesti-
gatlion:

(1) The addition of a diffusion pump or a purified inert
gas supply to the vacuum system 18 not Justified until the
small uranium losses become more important.

(2) Some material is adsorbed inside the vacuum system
and upon refractory materials (crucibles, thermal shields,
ete.) when they are exposed to the atmosphere.

(3) The contamination of the vacuum system during a
run comes primarily from the 15 to 20 microns of Hg pressure
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left iIn the system after evacuatlion and from the naterials
adsorbed by the system and the refractory materials while
the system 1s open to tne atmosphere.

(4) The additional temperature range afforded by platinum-
platinum rhodium thermocouples 1is not sufficient to warrant
thelir use instead of chromel-alumel thermocouples, in view of
the additional expense and extra precautions that would be
needed. '

(5) The use of cclumbiun-tungsten thermocouples in this
work does not show mucn pronmlse. The tungsten becomes very
brittle upon belilng heated whlch makes the thermocouples very
difficult to handle and reuse. Furthermore, the calibration
changes from thermocouple to thermocouple and also for a given
thermocouple when 1t 1s heated.

(6) There appear to be no sharp temperature gradients in
graphite crucibles and extractors of varied shapes when they
are heated by inductiion colls.

(7) Type AGR graoarite coatains uranium and silver quite
well and 18 a satisfactory contalner metverial for uranliunm-
silver contactling. It 1s easy to fabiricate, has adequate
structural strength and excellent resistance to thermal
shock,

(8) The dezassing time for graphite ecuipment 1s very
dependent upon the previous history of the granhlte and upon
the degassing temperatures used. This degessing requires
from one to thiee hours depending upon these factors and the
extent of the degassing.

(9) Phase separation in uranium-silver contacting 1is
qulte sharp. However, care must be exercised in allowing
the phases to separ-ate to avold macroscopiec inclusions in both
phases. Microscopic phase separation is complete,

(10) Uranium crystallizes out of tie silver phase 1In
uranium-silver melts a8 the metals cool and forns rounded
inclusions and dendrites of uranium. 7%hese particles settile
to the lower part of tine silver phase before 1t sclidifies
and cause the uranlium concentration to be higher there than
in the upper part of the silver pnase.
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(11) "oxidation" and slags are removed from the uranium
by the sillver in uranium-silver melts, leaving a relatively
"elean" uranium phase. Thils slag forms a hard, gold-colored film
on top of the silver phase.

(12) Mass transfer of uranium to silver in "static'" melts
1s failrly rapid with inductive mixing.

(13) Uranium will flow easlly, in graphite, through legs
3/8" in diameter. Silver will flow through legs 5/32" in
diameter, but willl not flow easily through smaller legs.

(14) The extractor designed in this study passes silver
through uranium qulte well. Nearly equillibrium transfer of
uranlum to the slilver can be accomplished. The extractor offers
promise as a contactor for uranlum and silver 1n a sllver ex-
tractlon pyroprocessing scheme for spent reactor fuels. It 1s
simple, has no valves, and 1s easy to operate so that 1t could
be used 1n a remote pyroprocessing plant. It 1s easy to fabricate
and 1s lnexpensive so that 1t could be sacrificed at 1little
cost after an extraction run. The comblration of high-
temperature volatlilizatlon of fission products, the affinity of
silver for fission products and plutonium, the carbide (and
oxlde) slagging afforded by the graphite, and the slag removal
by the silver should accompllsh conslderable decontamination
of a reactor fuel eleument.

RECOMMENDATZIONS

On the basis of this study the following recommendatlions
are made:

(1) The adsorbdtion by the cruclbles and vacuum system
of materlals from the atmospnere should be investigated.
3Steps should be taken to determine what meterial 1s adsorbed,
what sigrniflcance the adsorbtion will have in pyroprocessing
uranium, and how the adsorbtion can be elinminated or mininmized
should it prove to contrlibute signiflicantly to metal losses.

(2) The relative merits of a high vecuum and a purified
inert gas atmosniere in vdyroprocessing work should be studled.
This should be done to determine which atnouphere should be
used in an eventuval pyroprocessing plant.
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(3) The possibility of using some type of higih-temperature
thermocouple in thls work should be explorad. The measurement
of higher temperatures than those which can be measured with con-
ventional thermocouples would be advantageous Iin cdetermindng
operating conditions, in silver dlstillatlion studles, and in
allowing higher temperatures to be uvsed in degassing ciucibles
in place before a run.

(4) A means of obtaining temperatures at various »oints
in an extractor (or of obtalning tewmperature traverses) during .
a run should be developed. This will he necessary because
temperature 1s such an lmportant variavle in metallurglecal
operations and nearly all phases of any pyroprocessing scheme.

(5) The establishment of a family of temverature vs.
converter power settiing curves for a glven extractor wouvuld be
of value. This would allow the temperatuire to be controlled
by controlling the converter powe: setting for a glven ex-
tractor.

(6) A finer power cutput adjustment should be added to
the converter used in {tals study. This would ellow more
accurate temperatuvre control. -

(7) A means of feeding the silver in a slow, conirolled manner
to the extractor uvsed ’n tiais study should be cevised. A method
of measuring the amount ol sllver fed siiould be developed at
the same time.

(8) A method of obtaining small samples, periodically,
of silver from the overllow leg of the extractor should be
developed for use 1n operating conditions studies,

(9) Techniques for alloying one or more fission product
elements with uranium should be developed to engdble actuval
extractions to be carriled out. These eleme.nts should Dde
capable of belng followed in an extraccion and thelr study
should give information applicable to actual flssilon products.

(10) The distribviion of fisaion product elemnents among
all of the phases present (grapnite, silver, uranivm, siags,
etc.) in extraction iuns should be detevwined.

ta con-
cerning equilibrrium velationsihins, exitrzetion efficlencies,
and operating conditlons for the extractor should he developed.

11 Methods of obntaini and of evaiuvatl: aa
ng L
cli
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(12) A method of recovering the sllver from the extract
after an extraction run shnould be devised. The sc¢lvent re-
covery capsule described in this study should be tested and,
if feasible, developed as a means of recovering the silver.

PYROPROCESSING SCHEME PROPCSED AS A BASIS
FOR FURTHER STUDY

A pyroprocess that uses a silver extractlon sitep and which
might serve as a basis for further study ls outlined belew.

(1) The fuel element from the reactor 18 decanned and
the bonding materlals are removed., If the fuel is of a unlque
shape. 1t may have to be put into a form suitable for further
pyroprocessing in the plant. (If the fuel must be melted
in thisstep the volatile fisslon products could be removed
at the same time.)

(2) The volatile fission products are then removed (if they
were not in step 1) by melting the fuel and, if necessary,
sparging with an inert gas. Thls step might be carrlied out in
an extractor suchh as the one described in this report by melting
the fuel after charging it to the extractor and before putting
the threaded graphite plug in place. An inert gas could be
introduced into the silver leg for sparging.

(3) The mclten fuel Zs contacted with silver to remove
most of the remaining fisslon products and the plutonium.
This might be done with the extractor of this study by vutting
the threaded plug in place (after havlng charged the fuel to
the extractor 1f sten 2 was not carried out in the extractor),
filling the silver leg with silver, and feedlng a pre-determined
amount of sllver tThrough the extractor at a zlow, measured
rate, A multi-stage extractlon could be carrled out by stacking
several of the extractors on top of one another. The silver
would enter the topmozt extractor, contaet the uranium there,
overflow lnto the silver lez of the next {(lower) extractor,
contact the uranium there, overflow into the silver leg of
the next extractor, etec. The silive:r extract would be collected
at the overflow leg of the hoittom extractor. The uranium would
be moved from the bottom of the stack to the top by periodically
removing the top-most extractor (containing the most completely
decontaminated fuel) and placing another extiractor (contalning
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a fuel not yet extracted) at the bottom of the stack.

(4) After the silver extraction, the extractor (containing
the fuel) i1s removed 7Trom the top of the solvent recovery capsule
(containing the silver extract). A condensing 1lid and reclailmed
silver collector are put 1n place in the recovery capsule (Figure
4) and the silver is distilled into %the sllver collectior and
removed.

(5) The plutonium-uranium-rission products concentrate
1s then processed to recover the plutonium. (7his mizht be
done by aqueous processing or by further »yroprocessing.)

(6) The extractor, after being separated from the solvent
recovery capsule, is broken open and the uranium and siive:r
removed. The majority of the sllver is removed from the uranium
mechanically and the remainder is distiiled away along with
the sllver dissolved in the uranlum,.

(7) The uranium is then reconstituted by adding the proper
amount of fresh flssloneble material and rexnotely refabricated
into fuel elements for the eactor,

In considering this nyroprocessing schene, or any pyroprocess-
ing scheme, 1t must be rememvered that all of tThe processing
must be done remotely, and that tne tecarlques, the equipnent,
and the operatlonal data needed to car ey out these cryeratlons are
in a very embryonic state of develowvment. It 1s Helileved,
however, that the formidavle disadvantages lnherent 11 agueous
processing schemes offer» consideranle Iincentive for such
development. It 1s quite possivle, 1f not provahle, that the
liquid-liquild extractlon of moliten wranium with silve.r will
play a significant role in %l parer reaccor tecimolongy of the
future.
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