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REMOVAL OF URANTUM FROM MOLTEN FLUORIDE MIXTURES

J. R. Hightower, Jr. B. A. Hannaford
M- J. Bell : Ln EO MCNeese

1. INTRODUCTION

The MSBR is fueled with a molten mixture of LiF, Ber, e.nd mll in which |
233UFh is dissolved. The reference flowsheet for the processing plant calls .-
for continuously removing the uranium from the molten fluoride mixture by

Aﬂuorination before extraction of Pa ard the rare earth Tission products. In _
the fluorination step fluorine would be bubbled through the molten salt from '

the reactor to convert the nonvolatile UF’# to vo.'!.a.tile UF6 wvhich would be re-

moved in the fluorinator off-gas.

Another flowsheet which is being examined cells for removal of ursnium
from the fluoride salt by precipitation as U02. In this process a gaseous
mixture of water and argon is budbbled through the sait converting,UFh to U02,
- camparativeiy insolutle material, which precipitates as a U(Ja--’.'l.'ho2 solid

solution.

The purpose of this paper is threefold: (1} to describe our conceptio’n
of & contimous fluorinator, (2) to &escribe our work on fiuorina.tor develop-

ment, and (3) to briefly describe results of small-scale uranium oxide pre-

cipitation experiments.

2, CONCEPTION OF CONTINUOUS FLUORINATOR

A conceptual draving of & continuoué fluorinator. .’Ls shown in Kig. 1. The

fluorinator is an open bubble column through whicﬁ fluorine and mclten salt flow
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cbuntercurrent to each other. The speciel feature of this'piece of equipment is .
the means for prote'cting against corrosion by t:luorine. ' The .vessel itself will
be made of nickel, which, in the absénce of molten salts, exhibits satisfactory
resistance to fluorine attack. This resistance results from & passivating film
of N1F2 corrosion product. However, when the molten salts are present, the NiF2
is dissolved, leaving the metal substrate unprotected. We propose to keep the
N1F2 film on the vessel walls by covering the wal{l.s with & layer of frozen salt.
In order to maintain the salt frozen near the wall vhile the inner core is
molten an internal heat source is necessary to support the temperq‘bure gradient.
The requisite heat will be supplied in the MSBR processing plant by fission prod-
‘uet decsy. Heat generation rates in the molten salt will be up to 12.6 kw/fts.
The gas inlet must als® be protected against corrosion, which precludes

-~

the use of an efficient gas distributor. fresently, large dismeter, angled side

entrances are fbeing plé.nned.

3. DEVELOFMENT FOR CONTINUOUS FLUORINATORS

Development ot; continuous fluorinators has teen divided into .four separate
areas vhich will be discussed. These areas are (1) measurement and correlation
of axial dispersion in open bubble columns, (2) measurement of basic r'ate~c_on-
stants for the fluorination reaction, (3) studies of frozen filﬁ formation for
corrosion protection, and (l4) methods for simulating heat generation in molten

salts caused by the decay of fission products..

3.1 Axial Mixing in Open Fubble Columns

The successful operation of a fluorinator depends upon the establishment of
. & signiricant axial concentration gradient of dissolved uranium fluoride in the
salt. It is important to be able to predict the effects of axial mixing caused

- by rising gas bubbles in the column, since mixing adversely affects the fluorinator




performance by flattening the concentration gradient, thereby lowering the
frastion of uranium removed for & given fivorinator volume. -

Because of difficulties associated with direct measurements of axial dis-

persion in molten salt systems, a comprehensive study of bubble—produced longitu~
dinal dispersion was undertaken using air and aqueous solutions. The study was
- carried out using a range of conditions in order to be able to extrapolate to
.molten salt systems. A model for correlating the data was chosen in 'which mix-
ing is quantized in teras of an effective longitudinal diffusivity or dispersion
coefficient that is defined by the one-dimensional diffusion equation. 'l'he ef-
'Pects of column diameter, liquid physical properties, gas distributor design*‘-‘u;
and gas ﬂov rate were determined and a generalized correlation of tnese ef— -
fects was developed. |
Gas holdup and axial dispersion were determ:.ned by both steady state and

trensient techniques by measuring concentration profiles of a dye or an eélec-
trolyte tracer in columns having dianiet’ers renging from 1 to 6 in. Glycerol~
water solutions, with viscosities ranging from 0.9 to 12 cP, an'd aqueous iso-"" "
nntanol or isopropanol solutions whose surface tensions varied from 72-27
dyne/cm were used. Superficial air velocities were varied up to about hO cm/sec :
'(79 ft/min). - The gas distributor was either e single orifice or a pla.te with - ’
5 gas inlets. Two flow regimes were noted. At low superficial gas’ velocities,
the bubbles rose as discrete entities and no coalescence wes observed. At high |
superficial gas velocities, the bubbles coalesced into large 'bub'bles whose ‘
dismeter vas essentially equal to the column diameter. The axial dispersion co-?.-.{ :
e.ﬁ'icient was found to follow a power law dependence on the snperficial; gas‘ C
velocity as shovn in Fig. 2. The exponent is 0.12 in the-bubbl& region and"0.6

in the slug flow region.

Q

. The dispersicn was found to increase with increasing column diameter, increasing :

suri'ace tension, and decreasing liquid viscosity. i'he dispersion.-increased_ .vith in




czféasing or:lfice» dismeter in bubbly flow, but it was independent of orifice

diemeter in slug flow.
'Y

A dimensional analysis identified the dimensionless groups perti,\ent to a
quahtitat:lve description of dispersion, and a correlation between these groups
wé.s developed. Different correlations were found for ‘bubble and for slug flow
conditions. The correlation for bubble flow is shown in Fig. 3. The correla-
tion expresses & Peclet number which contains the dispersion coefficient, the
superficial gas velocity and the column diameter, as a power function of a
Reynclds number, an Archimedes number, & Suratman nﬁmber, and the number of
orifices in the gas distributor.

Figure I shows the correlation for .sl_ug flow. Here the Peclet number is
proportional to the Reynolds number to the 0.4 power, the Archimedes number
to the 0.11 power, and the Suratman number to -0.38 power. Ia slug flow there
was no influence of number of orifices. |

-The correlating veloecity is the superficial gas velocity end the correlating
-length is the column diameter. The Reynolds numbers account for gas velocity ef--

hfects; the Arch:l.medés.mzm'ber, for buoyancy effects; and the Suratman num‘be'i', for

surface ‘tension effects.

3.2 Measurements of Uranium Removal in & l-in.-0D Bubble Column

Experimental studies 61‘ continuous ifluorination of molten salt have been
made :l.iz g 1~in.~-diam, 72—in.-1ong nickel fluorinator which allowed countercurrent
contact of molten salt with F2. The equipment is shown in Fig. 5.

The fluorinator was made of 1 in. sched 40 nickel pipe with & salt depth of
.h8 in. The off-gas passed through a 400°C NaF bed for removal of chromium flu—

' -'or:l.des, ‘a 100°C NaF bed for removal of UFG’ and a soda 1:I.me bed for F2 disposel.
‘ g A .gb.s chroma.tograph was used 1;0 anelyze the off-gas for F UFG’ and N Just
, ?'ﬁrior to the 100°C NaF trap. The uranium concentration in the salt after flu-

' . orination was determined from salt samples.

A
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In these fluorination teetj molten salt (41-25-35 mole % ﬁa.F-I.:I.F—Zth) con~
taining UFI; was contacted countercurrently with a quant:n.ty of F in excess of
that required for conversion of the UF!; to UF6 During a given experiment,
salt and fluorine feed rates, operating temperature, and UFll concentra.tion in

- the feed salt remained constant; All the experiments covered the following
range of the pa:'axceters: operating temperature ranged from 525 to 600°C; salt
-feed rate, ranged from 5 to 30 cm3/mi:fz; fluorine feed vra.tes ranged' from 215 to
410 em /mn, and UF), concentration in the feed salt ranged from 0. 12 to 0.35
mole ¥ UF),. |

The results of the fluorination experiments are shown in Fig. 6: The data

. are based on the concentration of uranium rema.ining in the fluorinated salt. The
uranium remaining in the salt increased as the salt throughput increa.aed, as the
operating temperature was lowered, and as the concentra.t:.on in the feed salx: was
decreased. As long as the quantity of fluorine was stoich:lometr:l.cally adequate,
no significant effect of fluorine feed rate was not:lced.. v

The equations for chemic‘al reaction in a tubular rea.ctor ﬂth dispersion |

were used to eveluate & rate constant for the fluorinat:lon reaction ass'unine

tha.t the reaction was first order with respect to the uranium concentration |
in the liquid. Given the experimental gas flow rates, liquid propértieé -a.nd -
column dimensions, the dispersion cocefficient in each experiment was evaluated
from the correla.t:lon previously described. These dlspersion coefficients wer
used in conJunct:lon with the uranium removal data taken at 52590_ t_of evelua;;te -
the rate constant. This rate constant was used, along with the dispersioﬁ cor— l
relation, :ln estimating the size of fluorina.tors needed for processing MSBRs.: |
The reference flowsheet calls for fluor.ma.t:lon of fuel salt at the rate of

- 170 rtslday. A 6-in.-diam fluorinator having a height of 10 2 ft \r.lll 'be re- g
quired for a uraniuvm removal efﬁciency of 95% a.nd an’ 8-in.-diam fluor...nator

hav:l.ng a height of 1T 8 rt will 'be required .for a ura.n:lum rcmova.l eft‘lciency of ;

99’0




3.3 Frozen Film Formaticn

The feasibilify of meintaining frozen films in a gas-~salt contactor haé
been demonstrated. Figure T shows & diégram of equipment used for form}f;jzgn
salt on the wall of a gas-salt contactor. The test vessel was a 5~in.~-diam,
8-ft-high column fabricated from sched 40 Ni pipe; The internal hest source
' consisted of 3 Celrod hecaters comtaired in a 3/b-in. Ni pipe at the centerline
of the tést vessel. The salt was 66-34 mole % LiF-ZrF) vhich has a liguidus
of 595°C. Argon was fed countercurrert to the salt in the system.

Frozen wall thicknesses were inferred from temperature readings from sets
of' thermocouples protrudiné verious distances into the vessel from the wali.
‘These thicknesses were confirmed in selected expériments by radiographs made
after quickly draining the column and leaving the frozen wall 1ﬁ'place. After
the final experiment, the vessel was seétioned in order to examine the frozen
f£ilm. A photograph of a sectlon of the column is shown in Fig. 8. It can be
seen that the selt film was in fact uniform and symmetrical. The actual film
was the lighter material; the darker layer froze during draining after the last
experihent. |

| The experiments were performed at equivalent volumeiric heating rates of
10 to 55 kW/ft which is higher then the heat generation in l-day cooled salt
_from aireactor operating at steady state. '

The inciined pipe fluorine inlet was found to be workable.

3.4 Internal Heat Source Developrment

o Further studies of contlnuous fluorination . in a system that uses frozen wall

!ﬂ'corrosion protection are planned using a salt which contalns no radioactive fission




products. For this experiﬁent)meens for generating heat in the molten salt
- is required; the device for generating heat should not be subject to corrosiog
by the combined action of fluorine and molten salt. We have considered tﬁo
methods for internal heat generation. These consist of radio-frequency induction
heating and autoresistance heating with 60 Hz power. Details of these methods
are shown schemstically in Fig. 9. |
With the induction heating ﬁethod, aniduction coil is imbedded in frozen
salt which electrically insulates the coil from the vessel wall and from the .
molten salt. Electrieal leads pass through the top of the vessel in such e
manner that neither the coil nor the leads contact both fluorine ai.d molten ralt. -
With the autoresistance heaeing method, an electrode contacts the molten
ealt in & side arm near the top of the fluorinsting section. The lower part'ef -
the vessel is the other electrode and an electrically insulating salt film.must’
\_be present to cause the heating current to pase along the section in which the
filuorination reaction will be carried out. -

A study of high frequency induction heating using nitric acid eolutionS»in‘
fluorinator simulations indicated that sufficient heat could be genersted in the
molten salt. waever, the required generator, transmission lines, end power
controls are complex; and it was found that there is e relatively Narrov renge..
of acceptable operating conditions.

Preliminary tests of autoresistance heating in a vessel with no side arm
have been partially succescful and autore81stance heating ah the desired rates
has been observed. The formation of an electrically insulating frozen salt 1ayer
has been more difficult than had been initially expected. However, it is believed ;5'
that a method can dbe develbped,for reliably forming & froﬁen layer tha@-ia elec-'
trically insulating. Since ﬁower supplies for autoresistence heating'ere’simpler i'”f?i

and more flexible then ones for induection heating, .a wigder range of acceptable

operating conditions is awaileble and autoresistance heating is the preferred ;ii

heating method.




After additional studies of autoresistance heeting have been completed, we

w:lll design and build a continuous fluorinator that will operate with a molten

zone diameter of about 5 in. and a height of about 5 ft.

4, EXPERIMENTS ON URANIUM REMOVAL BY OXIDE PRECIPITATION

Oxide precipitation is being considered for removing uranium and iso-
lating protactinim from the fuel salt of MSBRs because it would be less
drmanding on materials of comnstruction than would bPe a plant that uses flu-

orination.

The chemistry of separating uranium from the fuel salt by oxide precip~

itation appears favorable. Baes and Bamberger, of the Reactor Chemistry

' Division of ORNL, have measured the equilibrium between U02-Th02 solid solu-

 tions and molten fluoride salts. This data is shown in Fig. 10. With UFh

compositions in the -salt in the range found in ths fuel salt, the 1102-1'1102

so0lid soiution in equilibrium with the salt is abou: 95% U02. The i’raction

_of UO2 in the solid solution drops off sharply as the UFh ‘concentration de-

“ereases below 0.1%. In order to reach fuel salt compositions of 30 ppm UF),»

this date shows that large quantities of ThO2 must be precipitated with the

»U02 if_precipitation is carried out in a single equilibrium precipita.tion

stage. However, if a multistage equilibrium precipitator is used, calcula-

tions have .shown that greater than 99% of the uranium can be precipitated as

a solid solution containing less then 10% 'I'hO using orly 3 to b equilibrium

stages.
Initial engineering studies 'of precipitation of UO -Tho solid solutions

ﬁ'om MSBR fuel salts have been carried out in e single-stage precipitation

e facility. The purpose of these experiments were:

(l) to measure the effects of temperature and reactent feed rates )

on precipitation rate, .

o

o
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(2) to measure the'composition_of the U02:Th02 solid solutions formed
under the nonequilibrium conditions,

(3) to gain experience with eeparating salt and oxide phases, and with
ges~liquid-solid contacting during precipitation and hydrofluorine-

tion.

The basic components of the system are shown in Fig. 11. The facility

onsists of:

(1) e nickel precipitator vessel,

(2) an argon—steem gas nikture which was the source of oxide,
(3) a scurce of HF to convert oxide back to fluoride, and
(4) an EF collzction and disposal system for treating:off-gas from
precipitation and hydrofluorination operastions. .
The opefating sequence was as follows: Selt in the precipitator vessel was
ontacted with an argon-watzr mixture in a draft fube to precipitate U0_2-Th02
olid solutions. =ad the progress of the reection is folloﬁed by collecting

nd measuring the HF evolved. -Whenia sufficient amount of oxide had been pre-~

ipitated the prec1pitate was allowed to settle for about l hr, after which
amples of oxide and filtered salt samples were taken. After sampling, salt was
lowly decanted by pressurizing the precipitator vessel with argon. The salt in‘

he receiver was then hydrofluorinated to conmvert to fluoride eny oxide which

ight have been transferred, then the salt was sampled. The salt was then fe-

irned to the precipitator vessel, and the salt and oxide ﬁere hydrofluorinatedi

~ convert the oxides *+o fluorides in preparation for the nex* experlment.“

Results of oxide sample analyses obtained through th 1rst 8 runs are“”
i L A
iown in Fig. 12. The ratio of ThO2 to Uo in these oxide samp‘_s are given as(

function:of the'uranium concentration in the salt.

o
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At high UF, eoxicentratione, the 'da.ta.'”'po_ints agree fairly closely with. the equi-
librium calculation bﬁt fall well beJwa‘. the equilibrium curve at low uranium
concentratiens. These resulte have indicated‘ that U02-Th02 s'olid‘ solutions are
precipitated at- equ:Ll:.br:.um with the UFh concentra.t:.on in the~sa.1t at the moment
of formation; but the solid solutions, once formed, do not rap:.dly re-equilibrate
with the rema:ming salt which has progress:.vely 1ower-.UFh concent;‘ations. Thus,
-golid solutions which ere formed »eari}? in the precipitetipn process, eonfeining
90-95% U02, are‘ still presen‘i‘. in theafiﬁa.l .stages of precipj.tation, vhen the
sol:l.d solutions being formed contain much less an A eurve»which rep:esents thi
model of the prec:.p:.tation process is also shown in the f:.gure. Based onkthis
. model, 99% of the uranium could be precipitated from the sa.lt in one stage as
u solid which contained 85% U0,. It is believed that the experimental data
actualli’ fall betveen the two c‘urves because inadequate ‘m'ixing in the salt phase
caﬁses prec.ipitation of a .thorium-rich phase. The observed uranium content of
'the sol:.d solut:.ons are still well within the range of that requ:l.red for & flow=
sheet using a s:.ngle sta,ge UO2 precipitator. " ' '
| Experiments were ca.rr:.ed out ‘in the temperature range of 5ho-630°c . Only
a slight increase of. rea.ction rate with temperature was observed, but the rate
of precip:.tatiqn appeared to Ya.ry in direct’ proport:.on to the rate a:t,vhich
veter was supp;!,ied to the syste\m.: ' The preeipitates were e_bserved-to settle
rapidly and the sa.lf. vas separated from the solids by riécan;baf:ion with litt:].e‘
entrainment. ‘ ~- - :

" These experiments "sh.ew'that' .oxide. precipitation appaar's t0 be an attractive
alternative f‘o”'i“‘ltiorination 'fer-remoﬂng uranium from :E'uellsalt from which the

protactinium has been 'pre#iously removed@’ o o
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Fig. 9. Inteml Hea.ting Methods for Demonstration of Frozen WB.'I.].
Corroa:lon Protection in a Continuous Fluorina.tor.
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Fig. 10. Composition of U0Op-TnOp Solid Solution as a Function of

Salt Temperature and Uranium Concentration in 72-16-12 mole % LiF-BeFo-
ThF), Mixture. ‘
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Fig. 12. Results of Oxide Analyses Taken from Oxide
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