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SUMMARIES

ANALYSIS OF THE FLUORINATION--REDUCTIVE EXTRACTION
AND IIETAL TRANSFER FLOWSHEET

Recently obtained data on the distribution of several rare earths
between molten salt and bismuth containing reductant have been used in
additional calculations made to identify the important operating para-
meters in the flowsheet and to determine the optimum operating condi-
tions. The behavior of fission products more noble than uranium in the
fluorination--reductive extraction process has also been considered, and
the effects of these materials on the reactor breeding ratio have been
calculated. Calculations were also carried out to determine the heat
generation rates associated with the decay of halogen fission products

that will be removed by fluorination.

DEVELOPMENT OF A FROZEN-WALL FLUORINATOR: DESIGN CALCULATIONS
FOR INDUCTION HEATING OF A FROZEN-WALL FLUORINATOR

Calculations were made to show the effects of coll current, fre-
quency, wall temperature, and fluorinator diameter on the thickness of
the frozen salt film in a continuous fluorinator that employs high-fre-
quency induction heating. An approximate analysis of the dynamics of
frozen film formation was carried out, and methods for controlling the
frozen film thickness were examined. Calculations were also carried
out to estimate the power requirements for a 5-ft-long experimental

fluorinator that employs rf heating.
DEVELOPMENT OF THE METAL TRANSFER PROCESS

The first engineering experiment (MTE-1) for studying the removal
of rare earths from single-fluid MSBR fuel salt by the metal transfer
process was completed during this reporting period. The main objective
of the experiment was to demonstrate the selective removal of rare earths
(La and Nd) from a fluoride salt mixture containing thorium fluoride.

The experiment was performed at 660°C in a 6-in.-diam carbon-steel vessel,
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which contained two compartments interconnected at the bottom by a pool
of molten bismuth that was saturated with thorium. One compartment con-
tained fluoride salt to which 2 mCi of lh7Nd and a sufficient quantity of
LaF3 to produce a concentration of 0.38 mole % had been added. The

second compartment contained LiCl.

The distribution coefficients for the rare earths between the fluo-
ride salt and the thorium-saturated bismuth were relatively constant
throughout the run and were in agreement with expected values. The dis-
tribution coefficients for the rare earths between the LiCl and the thorium-
saturated bismuth were higher than anticipated during the first part of the

run but approached the expected values near the end of the run.

Approximately 50% of the lanthanum and 25% of the neodymium originally
present in the fluoride salt were removed during the run. The rates at
which the rare earths were removed are in close agreement with expected re-
moval rates; however, the rare earths did not collect in the lithium-bismuth
solution (with which the LiCl was contacted) as expected. Instead, most of
the rare earths were found in a 1/8-in.-thick layer of material located at
the interface between the LiCl and the thorium-saturated bismuth. It is
believed that the presence of oxide in the system may account for the ac-

cumulation of the rare earths at this point.

STUDY OF THE PURIFICATION OF SALT BY CONTINUOUS METHODS

The system was charged with 28 kg of salt (66-3L4 mole % LiF-BeFQ),
and ten flooding runs were carried out using hydrogen and argon. During
these runs, salt flow rates of 50 to L0QO cm3/min were used with argon
and hydrogen flow rates of up to 7.5 and 30 liters/min, respectively.

The temperature of the column was 700°C in each case. The pressure drop
across the column increased linearly with increased gas flow rate; however,
the salt flow rate had only a minor effect on pressure drop. The maximum
flow rate possible with the present system is about 19% of the calculated

flooding rate.
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SEMICONTINUOUS REDUCTIVE EXTRACTION EXPERIMENTS
IN A MILD-STEEL FACILITY

Following routine H_ -HF treatment of the bismuth and the salt in

the system, the phases wire transferred to the respective feed tanks.
Then 90 g of purified LiF—UFh eutectic salt was added to the salt phase
to produce a UFh concentration of about 0.0003 mole fraction for the
first mass transfer run (UTR-1). Hydrodynamic performance during the
140-min run was excellent, and ten pairs of bismuth and salt samples
were taken. The column was operated at 62% and T6% of flooding (at a
bismuth-to-salt volumetric flow rate ratio of unity); nevertheless, vir-
tually none of the uranium was extracted from the salt due to an oper-

ational difficulty that prevented reductant from being added to the bis-
muth.

Dissolution of thorium in the bismuth feed tank in preparation for
the second mass transfer experiment proceeded slowly as the result of
poor mixing in the tank. In run UTR-2, 95% of the uranium was extracted
from the salt. The run was made with a 200% excess of reductant over
the stoichiometric requirement and with bismuth and salt flow rates of
247 ml/min and 52 ml/min, respectively. These flow rates are equivalent
to about 77% of flooding. This experiment represents the first known
demonstration of the continuous extraction of uranium from molten salt
into bismuth containing reductant. The results indicate that high
uranium removal efficiencies can be obtained in a packed column having

a reasonable length.

MEASUREMENT OF AXIAL DISPERSION COEFFICIENTS IN
PACKED COLUMNS

We have continued our measurements of axial dispersion in packed col-
umns during the countercurrent flow of fluids having high densities and a
high density difference. These experiments (which use mercury and water)
were intended to simulate the conditions in packed columns through which

bismuth and molten salt are in countercurrent flow. Results reported
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previously for a 2-in.-~ID column packed with 3/8-in. Raschig rings are
compared with data obtained during this reporting period for 1/U-in.
Raschig rings, 1/4-in. solid cylinders, and 1/2-in. Raschig rings. In
each case, the axial dispersion coefficient was independent of the dis-
persed-phase (mercury) flow rate. Dispersion coefficients for 3/8- and
1/2-in. packing were also independent of the continuous-phase (water)
flow rate; their values were 3.5 and 4.8 cm2/sec, respectively. Data
for the 1/4-in. packing indicate that the dispersion coefficient is in-
versely proportional to the continuous-phase flow rate. The data ob-
tained during this study are compared with a published correlation of
axial dispersion coefficient data. The present data are found to be

in good agreement with the published correlation; this is remarkable
since the correlation was developed from data obtained with systems
having density differences between one and two orders of magnitude less

than the density difference of the mercury-water system.



1. INTRODUCTION

A molten-salt breeder reactor (MSBR) will be fueled with a molten
fluoride mixture that will circulate through the blanket and core regions
of the reactor and through the primary heat exchangers. We are develop-
ing processing methods for use in a close-coupled facility for removing
fission products, corrosion products, and fissile materials from the

molten fluoride mixture.

Several operations associated with MSBR processing are under study.
The remaining parts of this report describe: (1) optimized conditions
for operation with the combined flowsheet that utilizes both fluorination--
reductive extraction and the metal transfer process, and results of calcu-
lations showing the effect of noble-metal removal time on reactor breeding
performence and the heat generation rates associated with decay of the
halogen fission products; (2) results of calculations that show the sen-
sitivity of the frozen film thickness in s continuous fluorinator heated
by high-frequency induction heating to coil current, frequency, wall temp-
erature, and fluorinator diameter; (3) results of the first engineering
experiment for demonstrating the metal transfer process for removal of
rare-earth fission products from fluoride salt mixtures; (4) studies of
the continuous purification of salt; (5) experiments made in a mild-steel
reductive extraction facility to demonstrate the extraction of uranium
from molten salt by countercurrent contact with bismuth containing reduc-
tant; and (6) measurements of axial dispersion in packed columns during
the countercurrent flow of mercury and water. This work was carried out

in the Chemical Technology Division during the period April through June

1970.



2. ANALYSIS OF THE FLUORINATION--REDUCTIVE EXTRACTION
AND METAL TRANSFER FLOWSHEET

M. J. Bell L. E. McNeese

A flowsheet that uses fluorination--reductive extraction and the
metal transfer process for removing protactinium and the rare earths
from the fuel salt of a single-fluid MSBR has been described previously.l
Calcuwlations to identify the important operating parameters in this flow-
sheet and to determine the optimum operating conditions have been continued
using recently obtained data on the distribution of several rare earths
between molten salt and bismuth containing reductant. The behavior of
fission products more noble than uranium in the fluorination--reductive
extraction process has also been considered, and the effects of these
materials on the reactor breeding ratio have been determined by means of
calculations. Calculations were also carried out to determine the heat
generation rates associated with the decay of halogen fission products
that will be removed by flucrination. These items are discussed in detail

in the remainder of this section.

2.1 Distribution of Rare-Earth and Alkaline-Earth Elements Between
Molten Salt and Bismuth Containing Reductant

Ferris and co-worker32 have continued to measure the equilibrium
distribution of fission product and actinide elements between molten
salt and bismuth containing reductant. They have found that, at a given

temperature, the distribution coefficient for element M, defined as

_ mole fraction of M in bismuth phase

M  mole fraction of M in salt phase

b

can be expressed as

*
log DM =n log XLi + log KM )



where
XLi = the mole fraction of lithium in the bismuth phase,
n = the valence of M in the salt phase, and
log KM* = & constant.

Plots of the log KM* values vs reciprocal absolute temperature are linear
over the temperature range 625-750°C, as shown in Fig. 1. Thus, the temp-
erature dependence of log KM* can be expressed as log KM* = A+ B/T. Val-
ues of the constants A and B used in the present flowsheet calculation are
shown in Table 1 for several elements. These data indicate that the dis-

tribution of the rare earths is relatively insensitive to temperature and
that the distribution coefficients for a given element are about the same,
regardless of whether lithium chloride or lithium bromide is used as the

salt phase.

2.2 Isolation of Protactinium Using Fluorination--Reductive Extraction

Calculations were made for selecting optimum operating conditions for
the protactinium isolation system. Optimum conditions were tentatively as-
sumed to be those resulting in the minimum partial fuel cycle cost. The
partial fuel cycle cost includes the following components of the fuel cycle
cost which are associated with the isolation of protactinium: (1) bismuth
and uranium inventories in the protactinium decay tank, (2) the loss of
bred uranium resulting from inefficient protactinium isolation, (3) the

7

cost of 'Li reductant required to extract uranium and protactinium from
the fuel salt, and (4) the cost of BeF, and ThF), which must be added to
the system in order to maintain a constant fuel salt composition. An in-
terest rate of 14% per annum was used to compute inventory charges, and
the value of 233U was taken to be $12/g. The following costs were used
for chemicals: bismuth, $5/1b; ThF), , $6.50/1b; BeF,, $7.50/1b; and s

metal, $55/1b.
Values that were obtained for the partial fuel cycle cost include

only those charges directly related to the isolation of protactinium and

include no contribution either for fluorination of the fuel salt to remove
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Table 1. Temperature Dependence of log KM for Several Elements:
*

log KM = A + B/T (°K)

(Temperature range:

625 to 750°C)

Sta. Dev.*
Salt Element A B of log K,
Licl Ba"t ~0.6907 2,189 0.02
La>* -2.6585 9,697 0.1
nas* ~3.3568 10,900 0.08
sm=t 0.7518 1,950 0.05
mut ~0.158L 2,250 0.05
LiC1-LiF (97.55-2.45 mole %) Pt ~1.2356 8,536 0.33
LiBr Bat ~0.0733 1,333 0.02
na3* k.06 4,297 0.1




uranium or for removal of fission products (notably zirconium) in the

protactinium isolation system.

The effect of the number of equilibrium stages in the extraction
‘columns above and below the protactinium decay tank on the partial fuel
cycle cost is shown in Fig. 2. In the final selection of the number of
stages for these columns, one must consider the expense associated with
an increased number of stages. The decision to use two stages below
and five stages above the protactinium decay tank was made because a
larger number of stages results in only a small decrease in cost. For
a reductant feed rate of 429 equiv/day and a thorium concentration in
the bismuth entering the column equal to 90% of the thorium solubility
at 6L40°C, the bismuth-to-salt volumetric flow rate ratio in the columns
is 0.1k. The required column diameter is 3 in. if the column is packed

with 3/8-in. molybdenum Raschig rings.

The effects of changes in the reductant addition rate and in the
volume of the protactinium decay tank on the partial fuel cycle cost
are shown in Fig. 3. The capital cost of the decay tank, a relatively
expensive equipment item, will also influence the final choices for the
tank volume and the reductant feed rate; however, this cost has not yet

been taken into consideration. Values of 161 ft3

for the decay tank
volume and 429 equiv of reductant per day were selected as optimum. De-
creasing the reductant feed rate from 429 equiv/day to L0OO equiv/day re-
duces the partial fuel cycle cost by 2% and increases the inventory charge
on bismuth in the decay tank by about 5%. The effect of the operating
temperature on the performance of the protactinium isoclation system, as
shown by changes in the partial fuel cycle cost, is given in Fig. 4. A
minimum partial fuel cycle cost of 0.0453 mill/kWhr is observed for the
following conditions: a temperature of 6L40°C, a column having two stages
below and five stages above the protactinium decay tank, a decay tank
volume of 161 ft3, and a reductant addition rate of 429 equiv/day. These
conditions, which have been chosen as the reference processing conditions,

result in a protactinium removal time of 10.T7 days and a uranium inventory

of 12.7 kg (about 0.67% of the reactor inventory) in the protactinium
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decay tank. The components of the partial fuel cycle cost are as follows:
bismuth inventory charge, 0.0097 mill/kWhr; uranium inventory charge,
0.003 mill/kWhr; loss in 233
0.0013 mill/kWhr; TLi metal consumption, 0.0151 mill/kWhr; and BeF2 and
ThF) addition, 0.0163 mill/kWhr.

U due to inefficient protactinium isolation,

2.3 Removal of Noble Metals with the Fluorination--
Reductive Extraction Flowsheet

Previous calculations of fission product inventories and poisoning
in an MSBR have assumed that most of the noble metals (Se, Nb, Mo, Te,
Ru, Rh, Pd, Ag, Sb, and Te) have been removed from the fuel salt on a
short (50-sec) cycle by being plated out on metal surfaces or by being
transported to the off-gas system as a "smoke.'" As a result of these as-
sumptions, the neutron poisoning by these materials was negligible; how-
ever, the heat load on the off-gas system was increased by about 10 MW.
A more conservative assumption with regard to both neutron poisoning and
heat generation in the processing plant would be that a significant
fraction of these materials will remain in the fuel salt and will be re-
moved in the processing plant. Accordingly, we have made calculations
to estimate the neutron poisoning caused by these materials in the event
that they remain in the fuel salt. These calculations assumed a chemical
processing system in which protactinium was removed by fluorination--
reductive extraction on a 1l0-day cycle and the rare earths were removed
on a 25-day cycle by the metal transfer process. Many of the noble
metals (i.e., Se, Nb, Mo, Tc, Ru, Sb, and Te) form volatile fluorides
during fluorination and can be separated with varying degrees of dif-
ficulty from UF6 by sorption on materials such as NaF. The remaining
materials (Ga, Ge, Rh, Pd, Ag, Cd, In, and Sn) are relatively soluble
in bismuth and will be extracted into the bismuth with the same removal

time as Pa.

In these calculations, the removal time of the individual noble-
metal elements was varied from 2.5 to 640 days, and the effect of this

variation on the reactor performance was determined. Figure 5 shows the
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effect of the removal time for important noble metal elements which form
volatile fluorides on the fuel yield of an MSBR. The elements that have
the most effect on neutron poisoning are Tc, Ru, and Mo; Se, Sb, Nb, and
Te have virtually no effect. The curves in Fig. 5 are relatively flat
for removal times shorter than about 100 days, indicating that the re-
moval efficiency for an individual element may be as low as 10% without
seriously impairing reactor performance. Figure 6 shows the effect of
removal time on the fuel yield for elements with nonvolatile fluorides.
Here, a relatively large decrease in fuel yield is associated with long
removal times for Rh, while the elements Cd, Pd, and Ag have only a small
effect. Negligible effects were observed for Ga, Ge, In, and Sn. In
these calculations, a 10-day removal time for all noble metals was taken
as the reference condition. For this condition, the total neutron poi-
soning (¥) for the noble metals is 0.0010 absorption per fissile absorp-
tion. The principal isotopes contributing to this poisoning are: lOSRh

¥ = 0.00085; 113 Cd, ¥ = 0.00005; 99Tc, ¥ = 0.00003; and lO3Rh, ¥ = 0.00002.

b

If the noble metals are removed on a 10-day cycle, their combined
thermal power will be 0.98 MW. The heat load on the fluorinator off-gas
system will depend on the fractions of noble-metal fluorides that are
collected in this system and their residence time. The important heat
sources among noble metals having volatile fluorides are given in Table
2. The maximum amount of heat that could be produced in the UF6 separa-
tion system, assuming that these isotopes were collected with 100% ef-
ficiency and retained indefinitely would be 0.95 MW. Similar data are
shown in Table 3 for the noble-metal fission products whose fluorides
are not volatile. These isotopes will add a maximum of 30 kW of heat

to the bismuth stream in the protactinium isolation system.

2.4 Halogen Removal in the Uranium Removal System

In the fluorination--reductive extraction flowsheet for removal of
uranium and isolation of protactinium from MSBR fuel salt, the halogen
fission products will be removed as volatile fluorides and will enter

the UF6 separation system with a 10-day removal time. These materials
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Table 2. Thermal Power of Isotopes of Noble-Metal Elements
That Have Volatile Fluorides

Removal time, 10 days

Thermal Power

Isotope (kW) Half-Life
1320e Ls6 78 h
o 139 67 h
103y 106 40 4
lO6Ru 45,1 1.0y
T29mng Li.6 3k 4
1 Lk.o 35 4
2Ta 27.2 3.9 d
131y 18.7 1.24
l3hTe 14.3 L2 m
1264, 12.3 12.5 @
129y, 10.7 4.5 h
1330, 9.k 50 m
M, b5 72 m
1253b 3.5 2.7y
131g, 3.0 25 m
12T 3.0 105 a
128, 2.8 9.6 h
1095, 2.2 543 1
99, 1.7 6.0 h
130

Sb 1.5 39 m
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Table 3. Thermal Power of Isotopes of Noble-Metal Elements That
Form Nonvolatile Fluorides

Removal cycle, 10 days

Thermal Power

Isotope (kW) Half-Life
126Sn 20.2 '\4105 y
2550 5.2 9.62 a
1e9msy 4.9 1h
128Sn 2.k 62 m
2Tgn 2.k 2.1 h
1058n 1.8 36 h
g 0.56 7.5 a
112pg 0.48 21.0 h
15cq 0.47 2.34
109p4 0.18 13.5 h
106mp, 0.1k 2.2 h
Homeg 0.09 43 4
H3g 0.08 5.3 h
11Teq 0.07 2.5 1
11250 0.07 3.2 h
107

Rh 0.03 21.7T m
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will contain a number of isotopes which could contribute as much as 0.3
MW to the heat load on the fluorinator——UF6 collection system. The
principal heat sources in this group are given in Table 4. With the ex-

131I, all of the important materials are isotopes of iodine

ception of
with half-lives of less than 1 day. The maximum rate at which iodine

and bromine would be collected in the uranium removal system is 1 g/day.

3. DEVELOPMENT OF A FROZEN-WALL FLUORINATOR: DESIGN CALCULATIONS
FOR INDUCTION HEATING OF A FROZEN-WALL FLUORINATOR

J. R. Hightower, Jr. C. P. Tung

We are continuing to study rf induction heating of molten salt as
a method for providing a corrosion-free heat source for an experimental
continuous fluorinator in which a film of salt is frozen on the walls
to protect against corrosion. A previous study3 showed that induction
heating may be suitable for batch fluorinators, and we have made calcu-
tions and experimentsh which indicate that induction heating can also be

used with a continuous fluorinator.

This section summarizes results of calculations that show the ef-
fects of coil current, frequency, wall temperature, and fluorinator
diameter on the thickness of the frozen salt film in a continuous fluori-
nator employing high-frequency induction heating. Methods for control-
ling the thickness of the frozen film are also discussed. Since the ef-
ficiency of heating the salt cannot be reliably calculated, an experiment
that uses an aqueous electrolyte as a substitute for molten salt will be
carried out in order to measure heating efficiency in equipment similar

to the fluorinator.

3.1 Effects of Wall Temperature, Current, Frequency, and
Fluorinator Diameter on the Thickness of the
Frozen Film

In the proposed fluorinator configuration (designated previouslyh as

configuration I), the induction coils are embedded in the frozen salt film
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Table 4. Thermal Power of Isotopes of Halogens
Removed on a 10-day Cycle

Thermal Power

Isotope (kW) Half-Life
131; 117 8.05 d
133; 93.2 21 1
1351 66.3 6.7 h
1327 12.8 2.3n
134, 11.2 53 m
8hBr 1.8 32 m
83, 0.58 24 n
875y 0.37 5.5 s
883r 0.1k 16 s
136; 0.12 83 s
85nr 0.11 3.0 m
86Br 0.10 54 s
82Br 0.06 35.7T h
1371 0.06 2 s
138, 0.06 6.3 s
89Br 0.0k 4.5 s
130

I 0.02 12.5 h
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near the fluorinator vessel wall. In treating the system mathematically,
it was assumed that the molten zone would behave as a solid cylindrical

charge in an induction coil and that the effect of bubbles in the molten

salt

would be negligible.

The heat generation rate in an infinitely long cylindrical charge

placed inside an infinitely long coil is given by:

=2_mi13 (i) ber a ber' ( )+ bei (—)bel (;) 1)

g P i

ber —- + |bei (%)
where
P = heat generated in molten salt, W'm_l,
g = conductivity of molten salt, Q-l-nfl,
n = coil spacing, turns/m,
I = rms coil current, A,
a = radius of molten salt zone, m,

ferre

1/2

p = (2nfgu) / , m,

f = frequency, Hz,

U = permeability of salt, assumed to be 4 x lo;TWb.A—l.m'l

ber, ber', bei, and bei' are bessel functions.

At steady state, the heat generated in the molten zone will be trans-

d by conduction through the frozen film that surrounds the molten core

of the fluorinator. The equation relating the rate of heat flow to the sys-

tem dimensions and properties is:
2wk(Ti - TC)
Q = - : (2)
1
1 -
n ry t
where
Q = heat transferred through the salt film, W'm_l,
k = thermal conductivity of the frozen salt, w-m_l-OC—l,
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t = thickness of the frozen salt film between the molten zone and

the inside of the induction coil, m,

ry = inside radius of the induction coil, m,
5 = ligquidus temperature of the salt, °C,
e = temperature et the induction coil; here we assume that this

temperature can be set when, actually, the fluorinator wall

temperature is the quantity set.

Combining Egs. (1) and (2) results in an expression that defines the
steady-state frozen film thickness in terms of system properties and the
operating variables. Equation (1) contains bessel functions, and it is
somewhat cumbersome to use; a more useful approximate equation, valid
for a/p < 1.4, is:

|
P = 2rn’ I 0.06077 (%) 3.98 } . (3)

The salt phase, which is assumed to have the composition 68-20-12

mole % LiF-Bng—ThFh, has the following properties:

LI}

1.54 g teem™t at 4B0°C (ref. 5)s
Toog™t gt 455°C (ref. 6).

g
k

0.0159 W-.em

It was assumed that the induction heating generator operated at L00 kHz.
Combining Egs. (2) and (3) and using the above values yields the following

expression for the frozen film thickness:

D

1 3.988 _ 5 AT
In {5——>¢ (Dl - 2t) = 6.376 x 10 <7 (L)
1 n I
where
Dl = the inside diameter of the coil, in. (the equation is valid
for D, < 5 in.),

1
t = the frozen film thickness, in.,

AT Ti - Tc’ °c,
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coil spacing, turns/m,

o]
1

rms coil current, A.

The effect of temperature difference across the frozen film for a
range of coil currents was determined from Eq. (4), using an assumed
coil spacing of 78.7 turns per meter (2 turns/in.)and a 5-in.-ID coil.
The results are shown in Fig. 7. For a constant coil current, the steady-
state thickness of the frozen film thickness increases with increasing
temperature difference across the film, as would be expected. The sensi-
tivity of the film thickness to changes in temperature difference also
increases as the temperature difference increases. Finally, the temp-
erature difference can become so large that a condition is reached in
which the heat generated in the molten zone is not sufficient to balance
the rate of heat loss from the system and the fluorinator will freeze
completely. The thickness of the film at this critical temperature dif-
ference is dependent only on the diameter of the fluorinator vessel and
the relationship between the heat generated per unit length of fluorinator
and the diameter of the molten zone. To illustrate this, assume that the

heat generation rate is given by the relation

b
P =a(D - 2t), (5)
where
P = heat generation rate, W-cm_l,
a,b = constants, and
Dl and t are as defined for Eq. (L4).

If P in Eq. (5) is equated to Q in Eq. (2) (rewritten in terms of diameter

rather than radius), the following general equation is obtained:

o | Dl b
AT =5 In ——-—Dl % (Dl - 2t)". (6)

The critical film thickness occcurs when dt/dAT - «, or dAT/dt = 0. If an
expression for the quantity dAT/dt is determined from Eq. (16) and set
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equal to zero and then the resulting equation is solved for the critical

frozen film thickness, the following relation results:

where tc is the maximum steady-state film thickness that can be main-

rit
tained in a fluorinator of diameter Dl'
For an rf generator operating at 400 kHz or less, the exponent b

is 3.988 and the critical film thickness is given by:

tcrit = 0.111 Dl. (8)

For a 5~in.-ID coil, the critical film thickness is 0.56 in.

For a generator operating at 1000 kHz, Eq. (3) would not be valid;
however, the following equation would approximate the heat generation
rate:

-4 22
n

I® (D, - 2t)

3.1L46
1 ) (9)

P = 2.387 x 10

in the range 3 in. < (D, - 2t) < 5 in. The value of b is seen to be

1
3.146, and the critical film thickness is given by:

topit = 0.136 D, . (10)

Thus, a larger steady-state film thickness can be obtained in this case.

The following equipment size and coil spacing were chosen somewhat
arbitrarily and for convenience for further calculations: a 5-in. coil,
which will easily fit inside a 6-in. sched L0 pipe; and a spacing of 2 turns
per inch, which is easily obtainable with 1/L4- or 3/8-in.-diam conductors.

A frequency of 400 kHz is a standard operating frequency for induction
heating generators and was used for this reason. The calculations indi-

cated that these choices are acceptable; with a coil current of 11 A, a
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frozen film about 0.3 in. thick (which is reasonably insensitive to var-
iations in temperature difference) can be maintained with a temperature
difference of 51°C. This temperature difference could be easily measured
and controlled. Because of the proportionality between the maximum stable
film thickness and the fluorinator diameter, we probably would not use a
smaller-diameter vessel for the experimental fluorinator because the frozen
film would have to be impractically thin. We would not use a larger-
diameter vessel because the effect of axial dispersion would be significant,

and would result in a low uranium removal efficiency.

3.2 Control of Frozen Film Thickness, and
Approximate Dynamics of Freezing

The existence of a maximum, stable steady-state thickness of the
frozen film suggests that controlling the thickness of the film in a
fluorinator in which the heat generation rate varies with the diameter
of the molten zone may be difficult. The following considerations of
the dynamics of the freezing process indicate, however, that this is not
the case. The analysis is necessarily approximate since a more realistic
formulation results in partial differential equations for a region with
a moving boundary; such equations are solved only with great difficulty.
In the present analysis, we have neglected the heat capacity of the ma-
terial in the frozen film and have assumed that the temperature profiles
and the heat fluxes are the same as those that would exist at steady
state. The effect of this assumption is that the calculated rate of move-
ment of the solid-liquid interface is more rapid than would actually be
the case. We conclude that the time required to freeze the fluorinator
is sufficliently long to permit corrective action to be taken to prevent

salt in the fluorinator from freezing.

As the frozen film interface moves the distance "da" in time "d6,"
the heat that must flow through the frozen film consists of the heat
being generated in the molten zone of radius a, the latent heat of fusion
given up by the material which has changed phase, and the sensible heat

contained in this amount of liquid as a result of the change in tempera-
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ture between the liquidus and the bulk liquid temperatures. Neglecting
the last contribution, the heat passing through the frozen film (per

unit length of fluorinator) is given by:

d
Q = ~ AHf P 2na E§'+ P(a), (11)

where
Q = total heat removed, W/m,
AH_ = heat of fusion of the salt, W'sec/g,
p, = density of the solid salt, g/mB,
a = radius of the molten zone, m,
6 = time, sec,
)

= heat generation rate in molten zone of radius a, W/m.

With the assumption that the heat capacity of the frozen film is
negligible, Egs. (2) and (11) can be combined [with r, -t =ain Eq.
(2)] to obtain the following ordinary differential equation, which

approximates the dynamics of the frozen film:

éﬁ l ) (12)
i

The heat of fusion, AHf,was taken to be 58 cal/g (ref. 7), and the
density of the solid salt was taken to be 3.k g/cm3. For the operating

conditions listed in Fig. 8, the heat generation rate can be expressed

as:
P .
é:) = 0.00002326 n212a3 988, cal*sec/cm, (13)
where
n = turns/m,
= coil current, A,
a = diameter of molten zone, cm.
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Substitution of the values for the constants into Eq. (12), substitution

of Eq. (13) into Eq. (12), and assumption of a 5~in.-ID eoil for the flu-
orinator yield an expression for the time required for the solid-liquid

interface to move from the edge of the coil to the position of radius a.

The resulting equation is:

a

da
6 = 0.05L478 F & . (1k)
J 0.00380 AT | o 46000306 12123988
*Toqp (_a___)
6.35

As shown in Fig. 7, the maximum stable film thickness with a coil current
of 11 A is obtained with a temperature difference of 62°C. Calculations
were made with an assumed temperature difference of 82°C (20°C greater
than could be allowed for steady-state operation while maintaining a
frozen film). Other conditions assumed in the calculation were: a coil
spacing of 78.T7 turns per meter, and coil currents of O A and 11 A. The
results of the calculations are shown in Fig. 8, which shows that, with

no heat generation in the molten zone, the time required to freeze the
fluorinator completely will be greater than 1.5 hr. With the heat gen-
eration resulting from an 11-A coil current, the time required for com-
plete freezing will be about 2.9 hr. Equation (12) shows that the
freezing process can be reversed by decreasing the temperature difference.
We conclude, on the basis of this analysis, that the frozen film thickness
in the fluorinator could be controlled, without severe problems, by adjust-
ing the temperature of the wall of the fluorinator. Reliable control of
the frozen film thickness could be accomplished most effectively by using
a direct measurement of the film thickness in a feedback loop to adjust
the wall temperature. We are attempting to devise a convenient method

for measuring the thickness of the frozen film.

3.3 Power Requirements for an Experimental Fluorinator

One of the purposes for making the previous analysis was to estimate
the size of the high-~frequency generator that would be required for a 5-ft-

long experimental fluorinator. In the fluorinator considered, the power
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supplied by the generator would be dissipated as heat in the molten salt

in the fluorinator, in the induction coil, and in the metal walls of the
fluorinator. Estimates of the amount of heat generated in the molten

salt core and in the induction coil can be made from relationships found
in standard textbooks on induction heating (e.g., ref. 8). However, no
relationships exist in the literature for estimating the heat generated

in a metal cylinder surrounding a cylindrical coil. For our calculations,
we have assumed that heat would be generated in the fluorinator vessel at
the same rate as in a vessel which has an outside diameter equal to the
inside diameter of the fluorinator and which is placed inside a coil having
the same spacing and carrying the same current as the coil in the fluorina-

tor.

We have assumed that the fluorinator vessel and the induction coil
will be made from nickel since nickel exhibits excellent resistance to
fluorine when molten salt is not present and since its specific electrical
resistivity is lower than that of other alloys which might be used (pro-
viding the coil temperature can be kept above the Curie transition temp-
erature of nickel, which is 358°C). A low specific resistivity for the

coil material results in a low heat generation rate in the coil.

Sufficient power can be generated in the molten salt to maintain a
salt film 0.3 in. thick inside the coil with a temperature difference of
51°C between the liquid-sclid interface and the induction coil when the
following conditions are used: a 5-in.-ID coil plaéed inside a fluorina-
tor vessel made from 6-in. sched 40 pipe, a coil spacing of 2 turns per
inch, and a coil current of 11 A at a frequency of 400 kHz. The estimated
heat generation rates in the molten salt, the induction coil, and the
fluorinator vessel wall are 1661, 133, and 42.7 W/ft, respectively. A
total heat generation rate of at least 9180 W would be generated in the

case of a S5-ft-long fluorinator.

The reactance of a 5-in.-ID by 5-ft-long coil is very large, and a
.. 8 .
power factor of 0.15 was estimated from standard expressions for this

type of coil. With a power factor this low, a generator that has a
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reactive power of 61,200 V-A is required. In order to obtain a coil cur-
rent of 11 A, more than 5500 V would have to be impressed across the coil.
The required voltage can be reduced by dividing the coil into a number of
shorter coils that have that same diameter and spacing and are connected
in parallel, with adjacent coils wound in opposite directions. If the
coil is divided into 10 sections having 12 turns per section, the es-
timated power factor would be 0.11 and the voltage that must be impressed
across each coil would be about 760 V (which is still undesirably high).
If the coil were divided into 20 sections having 6 turns per section, the

power factor would be 0.093, and the required voltage would be about 450 V.

Although voltages of the magnitude mentioned above would be potential-
1ly hazardous and would complicate the removal of molten salt samples from
the system during operation, the sampling hazard is decreased by the fact
that the induction coil must be electrically insulated from the fluorinator
vessel. Use of a higher frequency may result in lower required voltage
values; we will investigate this possibility later. Even if high voltages
are required, we do not expect to encounter any serious problems in provid-

ing the necessary electrical insulation.

In estimating the power requirements for the generator, we have as-
sumed that the coil and pipe are infinitely long and that the voids pro-
duced by bubbling fluorine through the molten salt will not affect the
heat generation rate; also, we have essentially assumed a value for the
heat generati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>