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Fig. 15.35. Photomicrographs of Duplex Tubing of Incoloy 800 and Nickel 280 in the As-Received Condition. Nickel is the upper 
material in each photomicrograph. (Q) Longitudinal view. (b )  Transverse view. As polished. 
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16. Support for Chemical Processing 
J. R. DiStefano 

The reductive extraction process for removal of 
protactinium and fission products from molten-salt 
reactor fuels requires materials that are corrosion 
resistant to bismuth and molten fluoride salts at 600 to 
700°C. On the basis of solubility data in bismuth, 
molybdenum, tungsten, rhenium, tantalum, and 
graphite might all be satisfactory containment ma- 
terials, since they also appear to have reasonably good 
compatibility with molten salt. 

After considering other factors such as cost, availa- 
bility, fabricability, and reactions with gaseous environ- 
ments, as well as corrosion resistance, we have decided 
to concentrate on the development of molybdenum for 
this application. At present our program is divided into 
two parts. One is the fabrication of a molybdenum loop 
for the Chemical Technology Division to determine 
hydrodynamic data relating to the reductive extraction 
process. The second is research to study the compati- 
bility of several of the above materials under various 
processing conditions and to investigate some possible 
techniques of coating these corrosion-resistant materials 
on conventional alloy substrates. 

16.1 CONSTRUCTION OF A MOLYBDENUM 
REDUCTIVE EXTRACTION TEST STAND 

J. R. DiStefano 

In conjunction with the Chemical Technology Di- 
vision, a molybdenum test stand for studying a reduc- 
tive extraction process for molten-salt purification has 
been designed. Both bismuth and salt will counter- 
currently flow through a packed column, and we will 
obtain engineering data relating to column per- 
formance. In addition we shall also obtain valuable 
experience in fabricating complex molybdenum equip- 
ment as well as compatibility data on molybdenum 
under a variety of experimental conditions. 

Although welding and brazing will be used to fabri- 
cate and assemble the loop, we are also investigating 

H. E. McCoy 

various types of molybdenum mechanical couplings. We 
have obtained experimental metal seal couplings from 
Stanley Corporation and Aeroquip Corporation, and 
these are currently being evaluated by leak checking 
during thermal cycling from 650°C to room temper- 
ature. 

Three sizes of tubing will be used for the connecting 
lines of the loop. These are '4 in. OD by 0.020 in. wall, 
3/8 in. OD by 0.025 in. wall, and in. OD by 0.030 in. 
wall. This material was purchased from a commercial 
vendor and is currently undergoing additional non- 
destructive inspection for defects. 

More detailed information on the design of this loop 
is presented in Part 5 of this report. Progress on 
welding, brazing, and fabrication of molybdenum com- 
ponents is reported in this section. 

16.2 FABRICATION DEVELOPMENT OF 
MOLYBDENUM COMPONENTS 

R. E. McDonald A. C. Schaffhauser 

We are supplying molybdenum components for a 
chemical processing test stand. This involves procure- 
ment of materials that are commercially available as 
well as the development of fabrication processes for 
other components. 

We have developed a back-extrusion process' for 
fabrication of 37/8 -in.-diam closed-end vessels required 
for the bismuth and salt head pots and the upper and 
lower disengagement sections of the extraction column. 
Figure 16.1 shows two types of end geometries we have 
back-extruded. Figure 1 6 . 1 ~  shows a head with a thick 
end section, and Fig. 16.lb shows an end with extruded 
bosses. Both can be machined to provide internal 
trepans for welding and support for the inlet and exit 

'R. E. McDonald and A. C. Schaffhauser, MSR Program 
Semiann. Progr. Rept. Feb. 28, 1970, ORNL-4548, pp. 
253-54. 
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TUBE 3/8-in, O.D. 

( b )  BOSS, 4 5 4 - 1 n  0 D 
x V4-in. WALL 

Fig. 16.1. End-Cap Geometries Fabricated for the 37/8-in.- 
diam Vessels for the Molybdenum Test Stand. 

tubes. Test pieces of both designs have been back- 
extruded at 1300 to 1400°C and are being machined 
for welding studies. The maximum inside length we 
have been able to back-extrude in a single step is about 
4 in. at temperatures up to 1500°C. At 1650°C an 8-in. 
length was back-extruded; however, reaction with the 
tooling produced surface tears. We will attempt to 
produce the 10-to-1 2-in. inside lengths required for 
upper and lower vessels of the extraction column by 
multiple back-extrusion steps. We are also modifying 
the tooling in order to provide some relief in back of 
the working surfaces to reduce frictional forces resisting 
flow during back extrusion. 

Some 6f the components, such as small-diameter 
tubing, round bar, rod, plate, and sheet are com- 
mercially available, and we are developing specifications 
for the procurement and machining of these com- 
ponents. 

16.3 WELDING OF MOLYBDENUM 

A. J. Moorhead T. R. Housley 

An assembly procedure has been developed for 
fabrication of the chemical processing loop which was 
described in an earlier report.2 Our basic philosophy is 
that welds will primarily provide corrosion-resistant 
seals and that proper joint design and brazing will 
provide joint strength. Therefore, all of the welds will 
be reinforced by brazing. 

There are two major types of joint in this loop: 
tube-to-header and tube-to-tube. There are 17 tube-to- 
header joints in which tubes either terminate at the 
header or extend into the pot. Ten of these will be in 
direct contact with bismuth, and welding will be 
required for corrosion resistance. The other seven joints 
are in the gas region above the salt and bismuth, where 
brazing is considered adequate. Two headers (plus a 
center section for the disengaging pots) will be electron 
beam welded circumferentially to form a pot. This 

2A. J. Moorhead and T. R. Housley, MSR Program Semiann. 
Progr. Rept. Feb. 28, 1970, O R N L 4 5 4 8 ,  pp. 254-55.  
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Fig. 16.2. Typical Tube-to-Header Joint. 
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TREPAN- 
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WELD 

Fig. 16.3. Electron-Beam-Welded Molybdenum Tube-to-Header Joints. (0) 3/8-in.-OD tube. ( b )  'h-in.-OD X 0.040-in.-waIl tube; 
etchant - 50% NH40H,  50% HzOz. 
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entire assembly (including the tubes which are brazed 
only) will then be vacuum furnace brazed using a 
bismuth-corrosion-resistant filler metal. Next, the four 
pots will be fastened to a vertical support stand, and the 
interconnecting tubes will be attached. After each 
tube-to-tube weld is made, a reinforcing sleeve will be 
induction brazed around the joint. 

We are developing procedures for joining the tubes to 
the headers using the electron beam process. A typical 
joint design is shown in Fig. 16.2. Electron beam 
welding minimizes both oxygen contamination and 
excessive grain growth, and this type of joint will 
provide mechanical support of the weld and is amenable 
to back-brazing. Welding parameters and specific joint 
dimensions have been developed (on '1. X 3 X 3 in. flat 
coupons) for welding '4 -, 'I8 -, and -in.-diam tube-to- 
header joints. A typical weld is shown in Fig. 16.3~~.  All 
of the welds were excellent in appearance and helium 
leak-tight, even those made while welding parameters 
were being developed. Most had helium leak rates less 
than 1 X atm cm3 sec-' . Several of these welds 
were sectioned for metallographic examination, in- 
cluding the one shown in Fig. 16.3b. Note the narrow 
heataffected zone and the small grains in the weld 
compared with those usually found in welds made by 
the gas tungsten arc process. 

Two tube-to-header joints have been back-brazed with 
a different filler metal. Visually, the brazes look 
acceptable, but examination is not complete. 

Tube-to-tube joints in the loop will be welded by the 
gas tungsten arc process, either manually in an argon- 
filled chamber or automatically in the field using a 
commercial orbiting arc welding head. In order to select 
tubing with wall thicknesses that would allow us to 
weld by either technique, manual gas tungsten arc welds 
were made joining six different sizes of tubing. If a tube 
can be manually welded without burn-through or 
excessive root reinforcement, it should also be weldable 
using automatic equipment. The outside diameter and 
the wall thicknesses of the tubes which were welded 
were '4 in., 20 mils; '4 in., 32 mils; 'I8 in., 25 mils; 'I8 
in., 35 mils; 'I2 in., 30 mils; and 'I2 in., 40 mils. The 
tubes with the thinner wall in each size were fabricated 
by drawing, while the thicker-wall tubes were manu- 
factured by drilling rod. All of the welds except those 
in the two '4 -in., 32-mil tubes had helium leak rates less 
than 1 X atm cm3 sec-' . However, none of the 
tubes showed an indication of a leak when they were 
fluorescent-penetrant inspected. Three typical welds are 
presented in Fig. 16.4. Since we were able to  success- 
fully weld both the thin- and thick-wall tubing, the 
thin-wall tubing was purchased, since it was less 
expensive and more readily available. 

We are presently developing procedures for making 
tube-to-tube field welds using the orbiting arc head 
pictured in Fig. 16.5. Eight bead-on-sheet-type welds 
have been made, all on '4 -in.-diam, 20-mil-wall molyb- 
denum tubes. Hot cracking in the weld center line was 

Fig. 16.4. Typical Manual Gas Tungsten Arc Welds in Thin-Walled g-, 3/8-, and '/2-in.diamMolybdenurn Tubes. Filler wire was 
l/3 Z-in.-diam low-carbon, low-oxygen molybdenum. 
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Fig. 16.5. Commercial Orbiting Arc Tubewelding Head. 
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very bad with the first four tubes, but t h s  problem was 
eliminated when the welding speed was doubled, 
Increasing the welding speed (reducing the welding 
time) also reduced the amount of discoloration near the 
weld. We have also made improvements by optimizing 
the argon gas flow (at about 10 ft3 /hr) and minimizing 
the clamping pressure in the weld head. However, each 
of the last three welds has had a single short crack near 
the weld tie-in area as revealed by penetrant inspection. 

16.4 DEVELOPMENT OF BISMUTH-RESISTANT 
FILLER METALS FOR BRAZING MOLYBDENUM 

N. C. Cole J. W. Koger 

In building complex structures of molybdenum, 
brazing can be used as the primary joining technique or 
as a backup to welding (as in back-brazing). Since no 
commercial filler metals for brazing molybdenum are 
corrosion resistant to bismuth, we are developing 
brazing alloys for use in fabricating parts of a chemical 
processing test stand. 

An additional experimental filler metal, Fe-Mo-Ge- 
C-B (42M), has been added to our braze alloy evalua- 
tion program. This alloy brazes at the lowest temper- 
ature (1 100°C) of our experimental iron-base brazing 
alloys and, like the others discussed previ~us ly ,~  wets 
and flows on molybdenum very well. 

Successful brazes with four iron-base filler metals, 
Fe-Mo-C-B-Ge (42M), Fe-Mo-C-B (35M and 36M), and 
Fe-C-B (16M), were made in a variety of joint designs, 
positions (horizontal and vertical flow), atmospheres, 
and furnaces. Molybdenum sheet and tubing have been 
brazed with each of these alloys in vacuum, helium, and 
argon atmospheres. However, it should be noted that in 
induction brazing these iron-base alloys must be 
securely attached to the joint area (by wiring, etc.) to 
prevent the magnetic field from pulling them away. 

Additional tests have been conducted to determine 
the compatibility of 35M, 36M, and 42M with static 
bismuth. Each brazing alloy was tested for 644 hr at 
600°C in separate molybdenum capsules to eliminate 
interactions between the alloys. The volume of bismuth 
was sufficient that corrosion would not be limited by 
the bismuth becoming saturated with the braze alloy 
constituents. The braze alloy 42M appeared to be the 
most corrosion resistant. As seen in Fig. 16.6, little, if 
any, attack occurred. After testing, the chemical 
analysis of the bulk bismuth surrounding this alloy 

showed only 10 ppm iron and <3 ppm germanium. The 
Fe-Mo-C-B brazing alloys, 35M and 36M, showed only 
slight attack. Figure 16.7 shows molybdenum brazed 
with 35M, before and after test. The chemical analysis 
of the bismuth surrounding 35M and 36M was 50 ppm 
iron and 10 ppm iron respectively. However, after 
handling, cracks were found in the joint brazed with 
36M. Apparently the higher molybdenum concen- 
tration in this alloy (25 vs 15% in 35M) increased the 
brittleness of this joint. 

These alloys are currently being tested in a quartz 
loop circulating bismuth to determine their compati- 
bility under mass transfer conditions. 

16.5 COMPATIBILITY OF STRUCTURAL 
MATERIALS WITH BISMUTH 

0. B. Cavin L. R. Trotter 

We have continued studying the compatibility of 
potential structural materials and braze alloys with 
bismuth in static tests and quartz thermal convection 
loops operating at a maximum temperature of 700°C 
and a AT of 95 f 5°C. The results of several quartz loop 
tests are summarized in Table 16.1. 

We have used several cleaning procedures to remove 
the bismuth that adheres to the test samples after 
draining the bismuth from the loop. In early tests some 
of the samples were scratched while removing the 
bismuth, and all of the bismuth was not always 
removed. For these samples, weight changes may not be 
an accurate measure of the effect of bismuth during 
test. Recently we have found that the bismuth can be 
removed effectively by amalgamating it for a short 
period at 100°C and then removing the amalgam. 

Previously we reported4 no significant attack of 
molybdenum or TZM in contact with bismuth for 3000 
hr. The weight changes and room-temperature me- 
chanical properties of 0.020-in.-thick tensile samples are 
summarized in Table 16.2. The tensile properties of 
exposed specimens were not significantly different from 
as-received specimens. The microstructure control (heat 
treated for 1 hr at 1500°C) and test samples are 
compared in Fig. 16.8. These specimens show no 
significant effects of the bismuth exposure; however, a 
layer of extremely fine grains is evident at the surface 
of the molybdenum specimens, and these grains in some 
cases were dislodged from the hot leg specimen after it 
was etched for metallographic examination. When 100 

R. W. Gunkel, N. C. Cole, and J .  W. Koger, MSR Program 3 

Semiann. Progr. Rept. Aug. 31, 1969, ORNL-4449, p. 211. 
40. B. Cavin and L.  R. Trotter, MSR Program Semiann. Prop. 

Rept. Feb. 28, 1970, ORNL-4548, pp. 256-59. 
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Fig. 16.6. Molybdenum Brazed with Fe-M0-C-B-Ge (42M) Brazing Alloy. (a) As brazed. (b )  After exposure to bismuth at 6OO0C 
for 644 hr. 
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Fig. 16.7. Molybdenum Brazed with Fe-Mo-C-B (35M) Brazing Alloy. (a) As brazed. (b )  After exposure to bismuth at 6OO0C for 
644 hr. 
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Table 16.1. Quartz Thermal Convection Loop Results 

Loop Operating 
No. Time(hr) Samples Tested Results 

3 3024 Mo,TZMa Very little if any 

4 115 Nb, Nb-1% Zr Severe dissolution and 

6 3000 T a , T - l l l *  T-111 brittle; some 

7 3000 Mo,TZMd Slight attack' 

8 >2000 Graphite In progress 

9 423e Fe-5%Mo Severe attackC 

four different Fe- 
base braze alloys 

attack 

mass transfer 

attackC 

10 >200 Mo tabs brazed with In progress 

aTZM: Mo-0.5% Ti-0.1% Zr alloy. 
*T- l l l :  Ta-8% W-2%Hf alloy. 
'Analysis of test results still in progress. 
dBismuth contained 100 ppm lithium. 
ePower failure terminated test; one sample in hot leg came 

loose and floated to the top after 216 hr. 

ppm lithium was added to the bismuth (loop 7), there 
are indications that some attack did occur at 700°C, as 
evidenced by the weight change on tensile samples, but 
again the mechanical properties were unaffected. The 
maximum weight loss was 2.5 mg/cm2 (0.3 mil/year), 
and the weight gain was 1.3 mg/cm2. The samples had a 
dark surface finish, as seen in Fig. 16.9 (unlike those 
removed from loop 3): and preliminary metallography 
shows shallow intergranular cracks limited to  the small 
surface grains discussed above. Chemical analyses of 
bismuth samples taken from loops 6 and 7 are shown in 
Table 16.3. The samples from the drain pot of loop 7, 
which had contained molybdenum and TZM samples, 
showed a measurable increase in the concentrations of 
zirconium and molybdenum but a decrease in lithium 
concentration. 

In loop 6, which contained tantalum and T-111 
specimens, the tantalum showed a weight loss of 16.1 
mg/cmz (1.1 mils/year) and the T-1 1 1 a weight gain of 
4.5 mg/cmZ. An increase in the tantalum concentration 
in the bismuth was also noted (Table 16.3), and 
preliminary metallographic examination indicates some 

Table 16.2. Weight Change and Mechanical Properties 
of Tensile Samples Tested in Bismuth 

Yield 
Strengtha 

Ultimate 
Tensile 

Strength 
(Psi) 

Test Weight Percent 

(" C) (g) (in./in.) (psi) 
Material Temperature Change Elongation 

Mob 660 
6 10 
6 10 
690 

As received 
As received 

Ta 650 
690 

As received 
T - I l l  620 

610 
As received 

Mod 650 
630 
607 
690 

-0.004 1 
+0.0013 
+0.0036 
4 . 0 0 2 6  

-0.0814 
4 . 1 5 7 3  

No change 
+0.0459 

-0.0020 
No change 
+0.0091 
-0.0178 

11.0 

12.5 
9.0 

10.0 

36.0 
27.5 
25.0 

0.0 
0.0 

22.0 

11.0 
11.0 
13.0 
14.5 

x io3 x 103 

112 104 

107 93 
114 87 
116 97 

51 33 
53 36 
55 45 

73c 
66c 
96 84 

113 54 
114 90 
112 75 
109 81 

a0.02% offset. 
bSpecimens scratched during removal of bismuth. 
'Brittle fracture. 
dBismuth contained 100 ppm lithium. 
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HOT LEG C O L D  L E G  

Y- 99457A 

Fig. 16.8. Photomicrographs of Molybdenum and TZM Tested in Bismuth-Quartz Thermal Convection Loop 3 at 700°C and a 
A T  of 100°C for 3024 hr. Annealed at 1500°C for 1 hr prior to test. Control specimens are as annealed. Etch: 50% H 2 0 2 ,  50% 
NH40H. 

Table 16.3. Chemical Analysis of Bismuth 
Before and After Tests 

Loop Chemical Analysis (ppm) 
No.a C H N 0 Li Mo Ni Si Ta Zr 

gb 36 1 1 2 < O S  70 30 2 0.5 
6c 20 1 1 6 0.7 20 30 20 3 
6d 20 1 1 2 0.5 70 30 7 0.3 
7b 9 1 1 2 100 0.5 70 8 3 0.3 
7c 30 1 1 8 76 6 70 10 2 3 
7d 30 1 1 5 41 2 70 10 2 0.5 
9e 36 1 1 23 

%ee Table 16.1. 
bBefore test. 
CFrom top of drain pot. 
dFrom near center of drain pot. 
eMaterial at top of cold leg. 

dissolution of the tantalum sample by the bismuth. The 
T-11 1 specimens appear relatively unaffected. In con- 
trast, the mechanical properties of pure tantalum were 
essentially unaffected, but T-11 1 was very brittle after 
exposure to bismuth. Since increases of oxygen and 
carbon in the T-111 were small (<lo0 ppm) and no 

other significant changes in composition were noted, it 
is difficult to explain the brittle behavior of the T-1 1 1. 
We are now heat treating some T-111 samples in 
vacuum at 700°C to determine if an aging reaction 
could be responsible for our observations. 

Static capsule tests indicated that an Fe-5% Mo alloy 
did not dissolve a detectable amount when tested in 
bismuth at 650°C for 600 hr. To evaluate the resistance 
of this alloy to mass transfer it was tested in flowing 
bismuth (loop 9) at a maximum temperature of 700°C. 
After 216 hr we observed that one of the samples in the 
hot leg came loose and floated to the top of the 
bismuth. A power failure after 423 hr caused termi- 
nation of the test, and the only sample located in the 
salvaged bismuth was the one that had floated to  the 
top. To explain why dissolution occurred in both hot 
and cold leg portions of this loop, refer to Fig. 16.10, 
which shows a schematic of the loop and sample 
positions. The level of the bismuth in the cold leg was 
approximately 3 in. above the upper inlet and was the 
coldest portion of the loop. Material dissolved in the 
hot leg. could have precipitated in this area because of 
supersaturation, and in the case of iron it would float 
on the bismuth. The bismuth entering the cold leg 
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Fig. 16.9. Molybdenum and TZM Samples After Exposure to Bismuth Containing 100 ppm Lithium for 3000 hr at a Maximum 
Temperature of 70OoC. 

P 
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\ TO VACUUM SYSTEM 

TO FILL POT L 
Fig. 16.10. Schematic of Quartz Loop Showing Bismuth 

Level and Sample Positions. 

would, therefore, not be saturated and would continue 
to dissolve material in this region as well. Since the 
power failure caused the bismuth to freeze, the quartz 
loop material fractured, and the only uncontaminated 
and recoverable bismuth was solidified in the top of the 
cold leg. Analysis indicated that it contained, in 
addition to bismuth, 13% iron and 0.018% molyb- 
denum by weight as well as the other components 
shown in Table 16.3. 

From these results we can conclude that molybdenum 
is still the most promising material for a chemical 
processing structural material in contact with molten 
bismuth at or below 700°C. The effect of bismuth 
containing 100 ppm lithium on molybdenum is some- 

what puzzling at this point. There is no reported 
solubility of molybdenum in pure bismuth at this 
temperature, and the solubility of molybdenum in pure 
lithium has been reported as <1 ppm (limit of 
detection) at 1320°C.5 However, there has been evi- 
dence of mass transfer of molybdenum in lithium when 
another metal such as iron or niobium was present in 
the system. It  is also possible that lithium getters 
oxygen in the system to an extent that promotes 
wetting of the molybdenum by bismuth, thereby 
enhancing the rate of dissolution and mass transfer. We 
shall continue to study the effect of lithium in bismuth 
on compatibility with molybdenum in a natural circula- 
tion loop fabricated entirely of molybdenum. Speci- 
mens will be included in both hot and cold leg regions, 
and the lithium concentration of the bismuth will be 
increased to 3 wt %. 

16.6 CHEMICALLY VAPOR DEPOSITED 
COATINGS 

L. E. Poteat J. I .  Federer 

Since iron- and nickel-base alloys are attacked by 
liquid bismuth, we are investigating the use of chem- 
ically vapor deposited tungsten and molybdenum coat- 
ings as barriers to corrosion. The coatings are being 
applied by H2 reduction of WF6 and MoF, at about 
600 and 900°C respectively. 

We have continued to characterize tungsten coatings 
on small sheet-type specimens, and the tungsten coating 
process is being scaled up for components of practical 
size and interest. The molybdenum coating process is 
less advanced than that for tungsten coating; however, 
the parameters for obtaining smooth coatings have been 
determined. 

16.6.1 Tungsten Coatings 

Additional thermal cycling tests were conducted with 
Hastelloy C, Inconel 600, and nickel-plated types 304 
and 430 stainless steel specimens. Cracking of the 
coating can occur during thermal cycling due to the 
large difference in thermal expansion between the 
coating and the substrate. The average coefficient of 
thermal expansion between 25 and 600°C ranges from 
11.2 to 18.5 p in .  in.-' OC-' for types 430 and 304 
stainless steels, respectively, while that for tungsten is 

5R. E. Cleary, S. S. Blecherman, and J .  E. Corliss, Solubility 
of Refractory Metals in Lithium and Potassium, USAEC report 
TIM-850 (1965). 



only 4.6 /.tu-in. in.-' "c- '  . Several 10 x '4 X '116 in. 
specimens were coated with about 0.006 in. of tungsten 
and then thermally cycled by alternate exposure to the 
600°C zone and the 15°C water-cooled zone of a 
furnace tube. Examination at a magnification of 3 X  
revealed no cracks after five or ten cycles. After 25 
cycles a dye-penetrant inspection did indicate a few 
cracks in the coating on one end of the type 304 
specimen, but the coatings on the other specimens were 
uncracke d. 

Bond strengths between tungsten coatings and several 
iron- and nickel-base alloys were further evaluated by 
tensile tests. Specimens coated on both sides were 
brazed between steel pull bars so that a tensile force 
could be applied normal to the coating substrate 
interface.6 The results of tensile tests are shown in 
Table 16.4. Initially the cross-sectional area of most of 
the specimens was about 0.56 in.2 (34 X '4 in.). This 
resulted in an applied stress of 17,800 psi when the 
maximum load of the tensile machine (10,000 lb) was 
applied. If the specimen sustained this stress, its 
cross-sectional area was decreased in steps until fracture 
occurred. Inconel 600, Fe-35% Ni,  and Fe-50% Ni 
specimens sustained a stress of 33,300 psi without 
fracture, although a second Inconel 600 specimen 
subsequently failed at a lower stress (1 7,800 psi). 
Hastelloy C was not .tested to fracture; however, we 
would expect a bond strength similar to the above 
specimens. The type 304 and 430 stainless steel 
specimens had bond strengths of about 22,000 psi. 
However, our data are not sufficient to precisely 
conclude what the bond strength is for a particular 
coating-substrate combination, since bond strengths are 
affected by the quality of the braze joint and by cracks 
in the coating inadvertently caused by cutting the 
specimens to size for the tests. 

A method was developed for coating the inner wall 
and bottom of 13/8-in.-ID vessels so that the compati- 
bility of the coating with liquid bismuth could be 
determined. A water-cooled injector releases the H2 - 
WF6 mixture near the bottom of the vessel while an 
induction-heated zone (approx 600°C) traverses the 
length of the vessel. A 0.005- to 0.007-in. coating was 
applied to a nickel-plated type 405 vessel using this 
technique. Subsequently the vessel contained static 
bismuth for 667 hr at 600°C. Posttest examination 
revealed no attack of the tungsten coating; however, 
there were a few cracks in the coating, and the stainless 
steel substrate was attacked in these areas. We suspect 

6L. E. Poteat and J. 1. Federer, MSR Program Semiann. Progr. 
Rept. Feb. 28, 1970, ORNL-4548, p. 259. 

Table 16.4. Results of Tensile Tests 
on Tungsten-Coated Specimens 

Cross- 
Sectional Location of 

Area Fracture 

Maximum 
Specimen Braze Stress 

(Psi) (in.2) 

Inconel 600 

Inconel 600 
Inconel 600' 
Inconel 600' 

Hastelloy C 
Fe-35 Ni 
Fe-35 Ni' 
Fe-35 Ni' 
Fe-50 Ni 
Fe-50 N P  
Fe-50 Ni' 
Type 304 (Ni)b 

Type 405 (NDb 
Type 430 (NDb 

Type 430 (Ni)b 

Type 430 (Ni)b 

Type 442 (NUb 

Cu-Ag 

cu 
c u  
cu 

c u  
cu 
c u  
cu 
c u  
c u  
cu 
c u  

Cu-Ag 
Cu-Ag 

c u  

c u  

Cu-Ag 

16,000 

17,800 
33,300 
17,800 

17,800 
17,800 
33,300 
36,800 
17,800 
33,300 
35,500 
22,400 

2,900 
8,500 

22,300 

17,300 

6,400 

0.563 

0.563 
0.300 
0.143 

0.563 
0.563 
0.300 
0.146 
0.563 
0.300 
0.156 
0.144 

0.563 
0.563 

0.143 

0.141 

0.563 

Braze and 
coating 

No fracture 
No fracture 
Braze and 

coating 
No fracture 
No fracture 
No fracture 
Coating 
No fracture 
No fracture 
Coating 
Braze and 

coating 
Braze 
Braze and 

coating 
Braze and 

coating 
Braze and 

coating 
Coating 

,'Retest of specimen after a step decrease of the cross- 
sectional area because of a 10,000-lb load limit on the jaws of 
the tensile machine. 

bNickel plated before coating with tungsten. 

that the cracks developed upon heating to the test 
temperature, since a dye-penetrant inspection revealed 
no cracks after coating. The bismuth was found to 
contain about 100 ppm nickel after test. 

We have coated the inner wall of 7/16-in.-ID stainless 
steel tubes with a uniform 0.005-in.-thick coating over a 
length of 4 ft using a technique that would be 
applicable to lengths of 20 ft. The method consists in 
moving the tube through a furnace while Hz and WF6 
flow through the inside of the tube. We have also 
coated the inner surfaces of a 41/2-in.-OD by 24-in.-long 
vessel closed on both ends except for '4 -in.-OD tubing 
penetrations. The coating was accomplished at 550°C in 
a static hot zone. 

These results and those previously reported show that 
CVD tungsten coatings bond to nickel and nickel-base 
alloys, Fe-35% Ni and Fees% Ni alloys, and nickel- 
plated stainless steels. The coatings remain adherent 
during thermal cycling and bend tests, and exhibit bond 
strengths greater than 20,000 psi. The coating is 
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compatible with bismuth at 600"C, but cracks in the 
coating may allow some corrosion of the base metal to 
occur. We have demonstrated that the inner wall of 
tubing can be uniformly coated over long lengths and 
that vessels of practical size can be coated. 

16.6.2 Molybdenum Coatings 

The results of molybdenum coating experiments 
indicate that the optimum gas mixture has an H2 /MoF, 
ratio of 3 to 6. At lower ratios severe reactions with the 
substrate occur. At higher ratios the coatings are rough 
textured and nonuniform in thickness. Smooth coatings 
were obtained on Inconel 600 and Hastelloy C speci- 
mens at about 900°C using an H2/MoF6 ratio of 6. 
Specimens have also been coated with about 0.005-in.- 
thick tungsten and then coated with molybdenum. The 
tungsten coating protected the substrates from attack 
by MoF,, and a smooth molybdenum coating was 
obtained. 

We are presently preparing a small molybdenum- 
coated vessel for a bismuth corrosion test, and we plan 
to scale the coating process to vessels similar in size to 
those coated with tungsten. 

16.7 MOLYBDENUM DEPOSITION FROM MoF, 

J. W. Koger 

We have completed a second experiment to deposit 
molybdenum on stainless steel by an exchange reaction 

between MoF6 and constituents of the stainless steel. 
Gaseous MoF, was dissolved to a level of 10 wt % in 
molten LiF-BeF2 (66-34 mole %), and the solution was 
allowed to react with the constituents of type 316 
stainless steel at 700°C for 50 hr. Metallographic 
examination and microprobe analysis disclosed three 
separate layers on the stainless steel. In some areas these 
layers were quite adherent and in other areas were 
easily removed. The outermost coating (0.1 mil thick) 
was nickel. Next to the nickel there was a layer of 
molybdenum metal (1.5 mils thick), and adhering to the 
stainless steel there was a 2.5-mil layer of black fluoride 
corrosion products. Results of a microprobe analysis of 
the three layers are shown in Fig. 16.1 1 .  

The fluoride corrosion products (identified as fluo- 
rides of Li, Be, Fe, and Cr) would appear to be largely 
responsible for the nonadherence of the molybdenum 
layer. After reaction the salt was removed from the 
system. It was analyzed as LiF-BeF2 (2:l  mole ratio) 
with 5.4 wt 5% iron and 1.4 wt % chromium (approx- 
imate ratio of iron to chromium in the stainless steel) 
and very little nickel or molybdenum (ppm range). 
Thus all the MoF, in the salt reacted with the stainless 
steel, and the concentrations of iron and chromium 
produced apparently exceeded the solubility limits of 
the respective ions in the salt at 700°C. 

Based on the results of this experiment, we plan to 
evaluate deposition kinetics at a lower MoF, concen- 
tration. 
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Fig. 16.1 1. Cathode-Ray-Tube Displays Showing the Distribution of Various Elements in Type 316 Stainless Steel on Which 
Molybdenum Was Deposited. The stainless steel was exposed to LiF-BeF2 (66-34 mole %) with 10% MoF6 for 50 hr at  7OO0C. 



Part 5. Molten-Salt Processing and Preparation 
M. E. Whatley 

Part 5 deals with the development of processes for the 
isolation of protactinium and the removal of fission 
products from molten-salt reactors. During this report- 
ing period we have continued to evaluate and develop a 
new flowsheet based on fluorination-reductive extrac- 
tion for protactinium isolation and the metal transfer 
process for rare-earth removal. Calculations to deter- 
mine the usefulness of this flowsheet continue to be 
promising. 

Additional data on the distribution of rare earths 
between liquid bismuth solutions and molten LiCl 
confirm that these materials distribute favorably. We 
have shown that temperature does not markedly affect 
distribution and that our previous extrapolation of 
distribution data to conditions involving lithium con- 
centrations in bismuth as high as 50 at. % appears t o  be 
valid. Since contamination of the LiCl with fluoride 
reduces the thorium-rare-earth separation factor, the 
fluoride concentrations will have to be kept below 
about 2% in order to avoid discarding significant 
quantities of thorium. Maintaining fluoride concentra- 
tions at this level is considered to be practical. 

Our work on contactor development was quite 
successful during this reporting period. Flooding data 
obtained during the countercurrent flow of bismuth 
and molten salt in a 24-in.-long, 0.82-in.-ID column 
packed with %,-in. molybdenum Raschig rings are in 
good agreement with flooding rates predicted from 

studies with mercury and water. These studies indicate 
that the flow capacity of packed column contactors is 
sufficiently high for use in MSBR processing systems. 
Using the same column, we also demonstrated that 
uranium can be extracted from molten salt by bismuth 
containing reductants in a flow system. Greater than 
95% of the uranium was extracted from a molten-salt 
stream by countercurrent contact with a bismuth 
stream. 

Our efforts to develop a continuous fluorinator are 
continuing; a relatively large continuous fluorination 
experiment that will demonstrate protection against 
corrosion by use of a layer of frozen salt is planned. A 
simulated fluorinator system was installed for studying 
heat generation and heat transfer in a system having the 
geometry to be used in the planned fluorination 
experiment. 

Our first engineering experiment for study of the 
metal-transfer process for removing rare earths from 
single-fluid MSBR fuel salt was completed. The rare 
earths (lanthanum and neodymium) were extracted 
from the fluoride salt at about the predicted rates, and 
approximately 50% of the lanthanum and 25% of the 
neodymium were removed. The rare earths did not 
collect in the lithium-bismuth solution as expected; we 
believe that this was the result of oxide contamination 
in the system. A second experiment, similar to the first, 
is planned. 

17. Flowsheet Analysis 
M .  J. Bell L. E. McNeese 

A flowsheet that uses fluorination-reductive extrac- eters in the flowsheet and to determine optimum 
tion and the metal transfer process for removing operating conditions have been continued. The reactor 
protactinium and rare earths from the fuel salt of a 
single-fluid MSBR has been described previously.' 'L. E. McNeese, MSR Program Semiann. Progr. Rept .  Feb. 
Calculations to identify the important operating param- 28, 1970, ORNL-4548, pp. 277-88. 
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considered was a 2250-MW (thermal) single-fluid MSBR 
containing 1683 ft3 of fuel salt with a nominal 
composition of 71.7-16.0-12.0-0.3 mole % 7LiF-BeF2- 
ThF4 -UF4. Chemical processing for both protactinium 
and rare-earth removal was assumed to be on a ten-day 
cycle. 

Oxide precipitation is being considered as an alterna- 
tive to fluorination for the removal of uranium from 
fuel salt from which protactinium has already been 
removed. Calculations have been made to investigate 
the operation of an oxide precipitator. 

17.1 PROTACTINIUM ISOLATION USING 
FLUORINATION-REDUCTIVE EXTRACTION 

Calculations were made for selecting optimum operat- 
ing conditions for the protactinium isolation system: 
optimum conditions were tentatively assumed to be 
those resulting in the minimum partial fuel cycle cost. 
This 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 in bred 
uranium resulting from inefficient protactinium isola- 
tion, (3) the cost of 7Li reductant required to extract 
uranium and protactinium from the fuel salt, and (4) 
the cost of BeF, and ThF4 which must be added to the 
system in order to maintain a constant fuel salt 
composition. A rate of 14% per annum was used to 
compute inventory charges, and the cost of U was 
taken to be $12/g. The following chemical costs were 
used: bismuth, $5/lb; ThF4, $6.50/1b; BeFz, $7.50/lb; 
and 7Li metal, $55/lb. The partial fuel cycle costs 
which were obtained include only those charges that are 
directly related to the isolation of protactinium and 
include no contribution either for fluorination of the 
fuel salt to remove uranium or for removal of fission 
products (notably zirconium) in the protactinium isola- 
tion 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. 17.1. In the final selection of the number of stages 
for these columns, one must also consider the cost 
associated with an increased number of stages. A 
selection of two stages below and five stages above the 
protactinium decay tank has been made, since a larger 
number of stages results in only a small decrease in cost. 
For a reductant feed rate of 429 equivalents/day and a 
thorium concentration in the bismuth entering the 
column equal to 90% of the thorium solubility at 
640°C, the bismuth-to-salt flow ratio in the columns is 

0.14. The required column diameter is 3 in. if the 
column is packed with -in. molybdenum Raschig 
rings. 

The effects of the reductant addition rate and changes 
in the volume of the protactinium decay tank on the 
partial fuel cycle cost are shown in Fig. 17.2. 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 
equivalents of reductant per day have been selected as 
optimum values. Decreasing the reductant addition rate 
from 429 equivalents/day to 400 equivalents/day 
reduces the partial fuel cycle cost by 2% whde 
increasing the inventory charge on bismuth in the decay 
tank by about 5%. 

The effect of the operating temperature on the 
performance of the protactinium isolation system, as 
shown by changes in partial fuel cycle cost, is given in 
Fig. 17.3. A minimum partial fuel cycle cost of 0.0453 
mill/kWhr is observed at a temperature of 640°C for a 
column having two stages below and five stages above 
the protactinium decay tank, a decay tank volume of 
161 f t3 ,  and a reductant addition rate of 429 equiva- 
lents/day. These conditions, which have been chosen as 
the reference processing conditions, result in a protac- 

ORNL-DWG 7 0 - 1 0 9 9 O A  
0.052 

0.050 - 
L = 
5 
1. = 0.048 
E - 
+ 
v) 

0, 
w 0.046 
_1 

0 > 
u 
J 
W 

L L  
3 0.044 

STAGES IN UPPER COLUMN 

Fig. 17.1. Partial Fuel Cycle Cost for Protactinium Isolation 
System as a Function of the Number of Stages in the Extractors 
Above and Below the Protactinium Decay Tank. 
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Fig. 17.2. Partial Fuel Cycle Cost for Protactinium Isolation 
System as a Function of Protactinium Decay Tank Volume and 
Reductant Addition Rate. 

tinium removal time of 10.7 days and a uranium 
inventory of 12.7 kg (about 0.67% of reactor inven- 
tory) in the protactinium decay tank. The components 
of the partial fuel cycle cost are as follows: bismuth 
inventory charge, 0.0097 mill/kWhr; uranium inventory 
charge, 0.0030 mill/kWhr; loss in 2 3 3 U  due to inef- 
ficient protactinium isolation, 0.001 3 mill/kWhr; Li 
metal consumption, 0.0151 mill/kWhr; and BeF2 and 
ThF4 addition, 0.0163 mill/kWhr. 

17.2 RARE-EARTH REMOVAL USING 
THE METAL TRANSFER PROCESS 

Calculations have been continued to show the impor- 
tance of several variables in the metal transfer process. 
The quantity that was used as a measure of reactor 
performance was the breeding gain (breeding ratio 
minus 1). Figure 17.4 shows the effect of the number 
of stages in the fuel-salt-bismuth and the LiC1-bismuth 
contactors, which have an equal number of stages. 
Little benefit is realized from using more than three 
stages in each contactor, and three stages are considered 
optimum. 

The effects of the bismuth and LiCl flow rates are 
shown in Fig. 17.5. A substantial increase in the 
breeding gain is obtained by increasing the bismuth 
flow rate from 8.3 to 12.4 .gpm; however, further 
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increases in the flow rate do not produce corresponding 
gains in reactor performance. The reactor performance 
is relatively insensitive to increases in the LiCl flow rate 
above 33 gprn. Bismuth and LiCl flow rates of 12.4 and 
33 gpm have been selected for the reference processing 
conditions. At a bismuth flow rate of 12.4 gpm, the 
metal-to-salt flow ratio in the fuel-salt-bismuth contac- 
tor is 14.1. The column will be packed with 1/2-in. 
Raschig rings and will be 13 in. in diameter. The 
LiCI-bismuth contactor, which will also be packed with 
'4 -in. Raschig rings, is 12 in. in diameter. 

The presence of fluoride in the LiCl acceptor salt 
causes a significant decrease in the thorium distribution 
coefficient. As a result an increase in the rate at  which 
thorium transfers to the LiCl is observed as the LiF 
content in the LiCl is increased. This is undesirable 
since the thorium is subsequently extracted, along with 
rare earths, from the LiCl into the lithium-bismuth 
solutions and is subsequently discarded. As shown in 
Fig. 17.6, the thorium transfer rate increases from 0.41 
mole/day with no LiF in the acceptor salt to 280 
moles/day when the acceptor salt contains 5 mole % 
LiF. It is likely that the LiF concentration in the LiCl 
will have to 'be kept below about 2 mole %, which 
corresponds to a thorium transfer rate of 7.7 
nioles/day. Discard of thorium at this rate would add 
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Fig. 17.6. Effect of LiF Contaminant in LiCl on Thorium 
Loss Rate in Metal Transfer Process. 

0.0013 mill/kWhr to the fuel cycle cost. The effect of 
the presence of fluoride in the LiCl on the removal of 
rare earths is negligible; in fact, the rare-earth removal 
efficiency increases slightly as the fluoride concentra- 
tion in the LiCl increases. 

17.3 REMOVAL OF URANIUM FROM FUEL SALT 
BY OXIDE PRECIPITATION 

Oxide precipitation is being considered as an alterna- 
tive to fluorination for removal of uranium from fuel 
salt from which protactinium has already been re- 
moved. Calculations have been made for an oxide 
precipitation method that consists in countercurrently 
contacting the fuel salt with a UOz-Th02 solid solution 
in a precipitator, which results in a specified number of 
equilibrium contacts (stages) between the molten salt 
and the oxide precipitate. It was assumed that the oxide 
is initially produced by precipitating a specified number 
of moles of oxide per mole of salt fed to the last stage. 
(i.e., the stage in which the salt has the lowest UF4 
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concentration). The oxide initially precipitated is 
largely Tho2  ; however, after subsequent contact with 
salt having higher UF4 concentrations (in remaining 
stages of the precipitator), the oxide becomes princi- 
pally U 0 2 .  A computer program was written that 
calculates the concentration profiles in the precipitator; 
temperature, the number of stages, the number of 
moles of oxide precipitated per mole of salt fed, and 
the number of moles of salt remaining with the oxide 
during the transfer of salt are the independent variables. 
The equilibrium data of Bamberger and Baes2 for 
U02-Tho2 solid solutions in contact with fuel salt were 
employed. 

Typical results showing the effects of temperature 
and number of stages on system performance are shown 
in Fig. 17.7. The results indicate that greater than 99% 
of the uranium can be removed from MSBR fuel salt 
with relatively few stages and that the oxide stream 
produced will have a U02 concentration of greater than 
90%. A decrease in performance is observed with 
increasing temperature. The amount of salt remaining 
with the oxide during the transfer of salt was varied 
from 2 to 10 moles of salt per mole of oxide without a 
significant effect on precipitator performance. 

2C. E. Bamberger and C. F. Baes, Jr., J. Nucl. Mater. 35, 177 
( 197 0). 
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18. Measurement of Distribution Coefficients in 
Molten-Salt-Metal Systems 

L. M. Ferris 

Studies relating to the development of the metal 
transfer process' , 2  for the removal of rare earths from 
MSBR fuel salt were continued. The major effort 
involved measuring the effect of temperature on the 
equilibrium distribution of various elements between 
liquid bismuth solutions and either molten LiCl or LiBr. 
In addition, distribution coefficient data were obtained 
for europium and promethium using LiCl-LiF salt 
solutions. Studies of the solubilities of rare earths in 
lithium-bismuth solutions of high lithium concentration 
and of the solubility of LaOCl in molten LiCl were 
initiated. 

Uranium and protactinium must be isolated from 
MSBR fuel salt before the metal transfer process can be 
utilized for rare-earth removal. One isolation technique 
being evaluated' consists in fluorination of the salt to 
remove the uranium as UF6,  followed by reductive 
extraction to isolate the protactinium. We have also 
been considering an alternative method in which protac- 
tinium and uranium would be selectively precipitated 
from the salt as oxides, leaving the rare earths in 
solution. Experimentation on oxide precipitation proc- 
esses has just begun. 

18.1 METAL TRANSFER PROCESS STUDIES 

F. J. Smith 
C. T. Thompson 

J. C. Mailen 
J. F. Land 

Measurement of the equilibrium distribution of sev- 
eral lanthanide and actinide elements between liquid 
bismuth solutions and molten LiCI, LiBr, and LiCI-LiF 
solutions was continued. At a given temperature, the 

'L. E. McNeese, MSR Program Semiann. Progr. Rept. Feb. 

'Clzern Technol. Div. Ann. Progr. Rept. May 31, 1970, 
28, 1970, ORNL-4548, p. 271. 

ORNL-45 7 2. 

distribution coefficients, 

i 1) 
mole fraction of M in bismuth phase 

mole fraction of M in salt phase D ,  = ' 

could be expressed as 

in which XLi is the mole fraction of lithium in the 
bismuth phase, n is the valence of Mn+ in the salt phase, 
and log K& is a constant. Our studies during this 
reporting period have consisted mainly in determining 
the effect of temperature on log KG for several 
elements. The apparatus and general technique have 
been described In many of the experi- 
ments, distribution coefficients were obtained only at 
one temperature, and the value of log KG was obtained 
from the isotherm represented by Eq. (2). In other 
experiments, the temperature of the system was varied, 
and values of log KG were calculated, using Eq. (2), 
from analyses of several samples taken at each temper- 
ature. 

Distribution coefficients obtained prior to this re- 
porting period, using LiCI, LiBr, LiCI-LiF, and LiBr-LiF 
as the salt phases, were summarized in the previous 
semiannual r e p ~ r t . ~  Additional data obtained from 
isotherms are given in Table 18.1, and several isotherms 
are shown in Fig. 18.1. In general the uncertainty in 

3L. M. Ferris, J .  C. Mailen, F,  J .  Smith, J. F. Land, and C. T. 
Thompson, MSR Program Semiann. Progr. Rept .  Feb. 28, 1970, 
ORNL-4548, p. 289. 

4L. M.  Ferris, J .  C. Mailen, J .  J .  Lawrance, F. J.  Smith, and E. 
D. Nogueira, J. Inorg. Nucl. Chem. 32, 2019 (1970). 

'D. G. Schweitzer and J. R. Weeks, Trans. A m .  Soc. Metals 
54, 185 (1961). 
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Table 18.1. Values of log K& Obtained from Distribution 
Coefficient Isotherms: log D M  = n log XLi + log K &  

Element log K G  Temperature 
(" C) Salt 

LiBr 640 Th4+ 14.8 (i0.7) 

U- 10.6 ( ? O S )  
Pa4+ 15.7 (50.8) 

LiC1-LiF (9 7.5 5-2.45 640 Pm3+ 8.22 

LiCl 650 Eu '+ 2.325 

LiCl 700 La3+ 7.185 
Nd3+ 7.831 
Sm" 2.756 
Eu2+ 2.133 
Th4+ 13.772 
€'a4+ 15.8 (i0.4) 
Uj+ 10.192 

mole %) 
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Fig. 18.1. Distribution Coefficient Isotherms Obtained for 
Several Elements with Various Salt Phases. 

log KG was 0.06 or less; exceptions are noted in Table 
18.1. Plots of log KG vs l/T, using data obtained with 
several elements, were found to be linear over the 
temperature range of about 625 to 750°C (Fig. 18.2); 
thus for each element the temperature dependence of 
log K& could be expressed as log K &  = A  + BIT. Values 
of A and B for several elements, obtained with either 
LiCl or LiBr as the salt phase, are given in Table 18.2. 
These data confirm earlier indications' that the distri- 
bution behavior of most elements is rather insensitive to 
temperature changes and that the distribution coeffi- 
cients for a given element at a given temperature are 
about the same with LiCl and LiBr. A detailed analysis 
of the effect of temperature on the metal transfer 
process has not yet been made. 

An experiment was performed to determine qualita- 
tively the behavior of zirconium in the metal transfer 
process. Zirconium tetrachloride (enough to make the 
salt 1 wt 76 in zirconium), along with about 1 mCi of 

'Zr tracer, was mixed with about 50 g of LiCl and 300 
g of bismuth in a molybdenum apparatus. The two- 
phase system was treated with HCl-H2 (80-20 mole %) 
for 3 hr at 650°C to dissolve the zirconium in the salt 
phase. During this period about 50% of the zirconium 
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Table 18.2. Temperature Dependence of log K &  for Several 
Elements: log K &  = A + B/T K) 
Temperature range: 625 to 750°C 

Salt Element A B 

LiCl Baa 
La3+ 
Nd* 
SmB 
ELI 

LiC1-LiF (97.55-2.45 Pm* 

LiBr Ba* 
Nd* 

mole %) 

-0.6907 
-2.6585 
-3.3568 

0.7518 
-0.1584 

-1.2356 

-0.0733 
4.046 

2,189 
9,697 

10,900 
1,950 
2,250 

8,536 

1,333 
4,297 

Standard Deviation 
of log K G  

0.02 
0.1 
0.08 
0.05 
0.05 

0.33 

0.02 
0.1 

was volatilized from the system. After hydrochlorina- 
tion, sufficient thorium and lithium-bismuth alloy were 
added to  the system to give a bismuth solution 
containing about 1500 wt ppm of thorium and 15 wt 
pprn of lithium. The system was maintained under an 
argon atmosphere for two weeks, with samples of both 
the salt and bismuth phases being withdrawn period- 
ically. The zirconium distribution coefficients calcu- 
lated from chemical analyses of the samples were 
scattered between 10 and 230; the average value was 85 
when the mole fraction of lithium in the bismuth phase 
was 4.5 X (15 wt ppm). This distribution 
coefficient is about the same as that obtained with 
LiF-BeF2-ThF4 (72-16-12 mole %) at the same lithium 
concentration in the bismuth phase. Consequently, if 
zirconium has not been removed from the salt with 
either the protactinium or uranium, i t  will be extracted 
along with the rare earths in the metal transfer process. 

During the two weeks that the system was maintained 
at 650"C, the zirconium concentration in the LiCl and 
bismuth phases did not decrease detectably. In  addi- 
tion, no increase in 95Zr  activity was detected in the 
colder regions of the apparatus, where condensation of 
volatilized zirconium compounds might be expected to 
occur. These observations indicate that the partial 
pressure of zirconium tetrachloride above the LiCl 
solution in contact with bismuth containing reductants 
was much lower than that predicted from the vapor 
pressure of pure ZrC4 .  This could be an indication that 
the oxidation state of the zirconium species in the salt 
was lower than 4'. 

The main feature of the metal transfer process is the 
selective transport of rare earths from a fluoride fuel 
salt into an LiCl or LiBr acceptor salt. In one flowsheet 
being considered' the rare earths would be stripped 

from the acceptor salt by extraction into lithium- 
bismuth solutions having lithium concentrations of 5 at. 
% or higher. More specifically, the trivalent rare earths 
(and the small amount of thorium that would also be 
present in the acceptor salt) would be extracted into 
liquid lithium-bismuth (5-95 at. %), and the divalent 
rare earths (europium and samarium) would be ex- 
tracted into liquid lithium-bismuth (about 40-60 at. %). 
In the analysis of the flowsheet,' it was assumed that 
the values of log KL obtained with bismuth solutions 
of low lithium concentration were also valid when the 
lithium concentration in the bismuth phase was 5 at. % 
or higher. This assumption appears to be warranted, 
based on the results of the experiment at 650°C in 
which europium was extracted from LiCl into lithium- 
bismuth solutions having lithium concentrations of 10 
to 35 at. % (Table 18.1, Fig. 18.1). The value of log 
KEu obtained in this experiment (2.325) is in good 
agreement with the value of 2.28 expected from the 
correlation (Table 18.2) of the europium distribution 
coefficients obtained previously. In the earlier experi- 
ments the lithium concentration in the bismuth phase 
was always lower than about 1 at. %. 

The distribution behavior of several solutes, using 
LiCI-LiF and LiBr-LiF solutions as the salt phase, is 
being studied to determine the effect of fluoride on the 
metal transfer process in the event that the acceptor salt 
becomes contaminated with fluoride fuel salt. It was 
shown previously3 that the presence of fluoride in 
either LiCl or LiBr caused a change in the distribution 
behavior of lanthanum and thorium, particularly 
thorium. Recently we obtained some data for pro- 
methium and europium, using LiCI-LiF solutions as the 
salt phase (Table 18.3). At 640°C the values of log K;m 
decreased systematically as the LiF concentration in the 
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Table 18.3. Effect of LiF Concentration on Values of log K S  
Obtained for Promethium and Europium, Using LiCI-LiF 

Solutions as the Salt Phase 

I I I1 I 
1 I I 

0 TEMPERATURE INCREASING 

- 0 TEMPERATURE DECREASING 

LiF Concentration 

(mole %) 
in Salt log K &  Temperature 

(" C) 
Element 

Pm * 640 0 (8.4Ia 
2.45 8.22 
6.59 7.22 

10.22 6.86 
17.56 6.14 

Eu2+ 650 0 2.279 
4.39 2.265 

11.5 2.398 
17.3 2.381 
24.6 2.374 

salt phase increased. This behavior is similar to that 
found previously for lanthanum, and shows that the 
thorium-promethium separation factor will also be 
decreased if the acceptor salt becomes contaminated 
with fuel salt. No value for log Kp*, was obtained with 
pure LiCl as the salt phase; however, the estimated 
value of 8.4 indicates that the behavior of promethium 
is similar to that of neodymium, The estimated 
neodymium-promethium separation factor at 640°C 
with pure LiCl as the salt phase is 3 f 2. Furthermore, 
this separation factor is not expected to change 
significantly with temperature because the values of log 
K:m obtained with LiC1-LiF (97.55-2.45 mole %) had 
about the same temperature dependence as the values 
of log K t a  and log KGd obtained with LiCl as the salt 
phase; that is, the values of B were of the same 
magnitude (Table 18.2). 

As shown in Table 18.3, the values for log KEu at 
650°C showed a slight increase when LiF was present in 
the salt phase. The magnitude of the change is such that 
contamination of the acceptor salt with fluoride would 
not markedly affect the behavior of europium in the 
me tal transfer process. 

18.2 SOLUBILITY OF NEODYMIUM IN Li-Bi-Th 
SOLUTIONS 

F. J. Smith C. T. Thompson 

As mentioned in Sect. 18.1, one method for removing 
rare earths and thorium from an LiCl or LiBr acceptor 
salt in the metal transfer process is extraction into 
lithium-bismuth solutions in which the lithium concen- 

tration is 5 at. % or higher. Consequently we are 
investigating the solubilities, both individual and mu- 
tual, of rare earths and thorium in lithium-bismuth 
solutions. In our first experiment the solubility of 
neodymium in liquid lithium-bismuth (-38-62 at. %) 
was measured over the temperature range 475 to 
700°C. The experiment was initiated by heating 
bismuth, neodymium, and lithium (about 186, 10, and 
4 g respectively) in a molybdenum crucible under argon 
to 475°C and maintaining the system at this tempera- 
ture for 24 hr before sampling the liquid phase. The 
temperature of the system was then increased progres- 
sively to 700°C; after reaching 700°C the temperature 
of the system was lowered incrementally to 475°C. At 
least 4 hr was allowed at each temperature for the 
attainment of equilibrium before a filtered sample of 
the liquid phase was removed for analysis. Flame 
photometric analyses of the samples indicated a vari- 
ation in lithium concentration between about 1.9 and 
2.2 wt % during the experiment; the average lithium 
concentration was 2.0 wt '36, which corresponds to 38 
at. 5% in the liquid phase. The results of neutron 
activation analyses of the samples for neodymium are 
shown in Fig. 18.3 as a plot of logl S (wt % 

MEASURED SOLUBILITY OF Nd 
IN L I -B I  ( 3 8 - 6 2  at. 70) 

0.5 G 
9 10 I 4  12 13 14 15 

Fig. 18.3. Solubility of Neodymium in Lithium-Bismuth 
(38-62 at. 5%). 
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neodymium) vs 1 /T  ("K). The absence of a hysteretic 
effect in this plot indicates that equilibrium was 
attained at each temperature. The solubility data can be 
expressed as log, S (wt ppm neodymium) = 6.257 - 
1809/T ("K). As seen in Fig. 18.3, these values are 
considerably higher than the reported solubility of 
neodymium in pure b i ~ m u t h . ~  

Following the determination of neodymium solubil- 
ities, about 1 g of thorium was added to the system. 
Analyses of filtered samples showed that at 650°C the 
solubility of thorium in liquid Li-Bi-Nd (38.0-61 .I-0.9 
at. %) was less than 15 wt ppm. For comparison, the 
solubility of thorium in liquid bismuth at 650°C is 
about 3500 wt ppm.6 

18.3 SOLUBILITY OF LaOCl IN MOLTEN LiCl 

F. J. Smith C. T. Thompson 

A study of the reactions and of the relative stabilities 
of lanthanide and thorium halides, oxides, and oxy- 
halides in molten LiCl and LiBr has been initiated. 
Lanthanide and thorium halides that are dissolved in 
these potential acceptor salts for the metal transfer 
process can possibly react with oxygen-containing 
impurities (such as water vapor) in an argon or helium 
cover gas to yield unwanted insoluble products. Our 
initial work was done with LaOCl that had been 
prepared by the thermal decomposition of LaCI3.6Hz 0 
in air at 750°C following the procedure given by 
Wendlar~dt.~ X-ray diffraction analysis indicated that 
the product was pure LaOCI; no La203 or residual 
LaCl, was detected. Chemical analysis of the LaOCl 
gave the following results: La, 72.7 wt %; CI, 18.2 wt %. 
These results compare favorably with the corresponding 
calculated values, 73.0 and 18.6%. Some of the 
powdered LaOCl was contacted with molten LiCl under 
argon at about 640°C for 144 hr. The system did not 
change visibly during this period. Finally, two filtered 
samples of the liquid phase were taken; chemical 
analysis showed their lanthanum concentrations to be 
50 and 73 wt ppm respectively. These results indicate 
that the solubility of LaOCl in molten LiCl is very low 
and that LaOCl apparently will not decompose into 
LaC13 and La203 to any appreciable extent in the 
presence of molten LiCI. 

6C.  E. Schilling and L. M. Ferris, J. Less-Common Metals 20, 

'W. W. Wendlandt, J. Inorg. Nucl. Chern. 5,118 (1957). 
155 (1970). 

18.4 OXIDE PRECIPITATION STUDIES 

J. C. Mailen J. F. Land 

Results of recent work by Baes, Bamberger, and Ross 
(Sect. 10.5) indicate that protactinium dissolved in 
MSBR fuel salt could be almost completely oxidized to 
Pa5' by treatment of the salt with an HF-H2 mixture 
and that the protactinium could be precipitated selec- 
tively, probably as pure PaZO5, by adding oxide to a 
salt containing Pa". Earlier work by Bamberger and 
Baes' defined the equilibria between molten LiF-BeFz - 
ThF4 solutions and UOz -Thoz solid solutions. Their 
data indicate that under certain conditions most of the 
uranium could be precipitated from the salt with the 
attendant precipitation of only a small amount of 
thorium. These results have led us to consider oxide 
precipitation methods (instead of fluorination and 
reductive extraction) as means for isolating both protac- 
tinium and uranium from MSBR fuel salt. Once these 
elements are isolated, the salt would be suitable for use 
as feed for the metal transfer process, in which rare 
earths would be removed. The flowsheet we are 
considering would be approximately as follows: (1) Salt 
from the reactor would be treated with an HF-H2-H20 
gas mixture to convert most of the protactinium to PaS+ 
and to precipitate a large fraction of the protactinium 
as Paz 05. (2) The Paz Os would be removed contin- 
uously by centrifugation or other suitable means. (3) 
Most of the protactinium-free salt would be returned to 
the reactor; however, a side stream would be diverted to 
a metal transfer system for removal of the rare-earth 
fission products. (4) Uranium (and a small amount of 
thorium) would be precipitated from the salt fed to the 
metal transfer system by reaction of dissolved UF4 and 
ThF4 with water vapor. (5) The U 0 2  (and attendant 
Tho2)  precipitated in this step would be isolated by 
centrifugation (or other means) and then would be 
redissolved by hydrofluorination in fluoride salt that 
had been depleted in rare earths in the metal transfer 
process. We have just begun experimentation on oxide 
precipitation processes. Preliminary calculations relating 
to the stagewise precipitation of uranium oxide have 
been made. 

Our first protactinium oxide precipitation experiment 
was conducted as follows: About 100 g of LiF-BeF,- 
ThF4 -UF4 (71.7-16-1 2-0.3 mole %) containing 100 wt 
ppm of z31Pa  along with z33Pa  tracer was treated at 
600"C, first for 24 hr with HF-Hz (50-50 mole %) and 

'C. E. Rambecger and C. F. Baes, Jr., J.  Nucl. Mater. 35, 177 
(1 970). 
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then for 24 hr with HF-Hz (80-20 mole %). Residual 
HF and H2 were removed by sparging with pure argon. 
Then UOz microspheres were periodically added to the 
system in small amounts (-10 mg). The total amount 
of UOz added was insufficient to saturate the salt with 
oxide. After each addition of UO, , the system was left 
undisturbed at 600°C for at least 24 hr before a filtered 
sample of the salt was removed for analysis. After 
several samples had been withdrawn at 600”C, the 
temperature of the system was increased to 655°C and 
another sample was obtained. 

The results of this experiment (Table 18.4) showed 
that the protactinium concentration in the salt de- 
creased systematically as UOz was added to the system 
at 600°C. Values of the solubility product, K = 

(Xpa5+) (X , , - ) z .5 ,  in which X denotes mole fraction, 
were calculated from the data assuming that: (1)  the 
protactinium species in the salt was pentavalent after 
hydrofluorination, (2) the solid phase formed was pure 
P a z 0 5 ,  (3) the oxide content of the salt after hydro- 
fluorination was practically zero, (4) the UO, micro- 
spheres dissolved in the melt, and (5) equilibrium was 
established in each case. Analyses of three samples 
taken at 600°C yielded log K,, E -15.5, whereas the 
value of log Ksp obtained at 655°C was about -14.9 
(Table 18.4). Solubility products are not given for 
samples 5 and 6 because of the inaccuracy of the 
protactinium analyses. It should be noted that the 
presence of some oxide in the system initially would 
make the true values of log Ksp less negative than the 
values actually obtained. 

Uranium analyses of samples taken at 600°C showed 
that no more than 5% of the uranium could have been 
precipitated along with the protactinium oxide. How- 
ever, since the solid phase could not be isolated and 

S? 

analyzed, we could not prove that the solid phase was 
pure Pa2O5 (as we assumed). It was obvious, on the 
other hand, that the technique employed did result in 
the preferential precipitation of protactinium. 

Calculations were made, using the equilibrium data 
reported by Bamberger and Baes* for the exchange of 
U4’ and Th4+ between molten LiF-BeF, -ThF4 -UF4 and 
(U-Th)O, solid solutions, in order to investigate pos- 
sible modes of operation for the selective precipitation 
of U 0 2  from MSBR fuel salt by reaction with water 
vapor. The initial fuel salt was taken to be LiF-BeF,- 
ThF4-UF4 (71.7-16-12-0.3 mole %). It was assumed 
that when water vapor was allowed to contact the salt 
at 600” a U02-ThOz solid solution was produced and 
that the solid was in equilibrium with the resulting 
liquid salt. In a single equilibrium stage, about 29% of 
the thorium would have to be precipitated in order to 
remove 99% of the uranium (Table 18.5). This amount 
of thorium is probably prohibitively large. As shown in 
Table 18.6, the uranium can be precipitated more 
selectively by making successive equilibrium precipita- 

Table 18.5. Single-Stage Precipitation of U02-Th02 
from LiF-BeFz-ThF4-UF4 (71.7-16-12-0.3 Mole %) 

by Reaction with Water Vapor at 600°C 

Amount Composition Composition 
Precipitated of Solid of Liquid 

(70) (mole %) (mole %) 

U Th UO, Tho2 LiF BeF, ThF4 UF4 

70 0.257 87.18 12.82 71.87 16.04 11.998 0.0902 
90 1.5 60.0 40.0 72.02 16.07 11.873 0.0301 
95 4.24 35.89 64.11 72.27 16.13 11.58 0.0151 
99 29.17 7.82 92.18 74.53 16.63 8.835 0.0031 

Table 18.4. Results of Experiment Involving Precipitation of Protactinium Oxide 
from LiF-BeFz-ThF4-UF4 (71.7-16-12-0.3 Mole %) 

Protactinium “Equilibrium” 
Concentration Concentration UOZ 

(mg) 
Added in Salt in Salt (mole ppm) 1% K,, 

Temperature 

(wt ppm) Pa* 02- 
(” C )  

Sample 

6 00 0 100 27.4 0 
6 00 10.8 90.4 24.7 44.2a -15.5 
6 00 12.0 39.3 10.8 65.2 -15.4 
6 00 10.0 12.7 3.47 93.8 -15.5 
6 00 8.8 -2 -0.6 128 
600 9.4 -2 -0.6 172 
655 0 10.2 2.8 178 - -  14.9 

~ ~~~ 

OOxide added as U 0 2  minus oxide consumed in the formation of Pa205 
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tions. For the case given in Table 18.6, in which 90% of 
the uranium present in the liquid is precipitated in each 
stage, a total of only about 4.5% of the thorium would 
accompany 99% of the uranium in two successive 
stages. Other calculations have indicated that, in 
principle, the best mode of operation would involve the 
countercurrent contact of molten salt with solid oxide 
phases. In a countercurrent system containing about 

three equilibrium stages, 99% of the uranium could be 
removed from the salt, and the amount of thorium in 
the ThOz-U02 solid phase exiting from the system 
would correspond to less than 1% of the thorium 
present in the fuel salt. The results of the calculations 
presented above illustrate that uranium can be removed 
from MSBR fuel salt without the attendant precipita- 
tion of a large fraction of the thorium. 

Table 18.6. Successive Three-Stage Precipitation of U02-Th02 
from LiF-BeFp-ThF4-UF4 (71.7-16-12-0.3 Mole %) 

by Reaction with Water Vapor at 600°C 

Total Composition of Liquid Composition 
Precipi- After Precipitation of Solida 

Stage tated (%) (mole %) (mole %) 
U Th LiF BeF2 ThF4 UF4 UOz Tho2 

1 90 1.5 72.02 16.07 11.87 0.0301 60.0 40.0 
2 99 4.5 72.31 16.14 11.55 0.003025 6.9 93.1 
3 99.9 7.8 72.60 16.20 11.21 0.0003 0.7 99.3 

. 

nThe composition of the combined solids from stages 1 and 2 
would be U02-Th02 (35.3-64.7 mole %); the composition of the solids 
from all three stages would be U02-Th02 (24.4-75.6 mole %). 
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19. Engineering Development of Process Operations 
L. E. McNeese 

19.1 REDUCTIVE EXTRACTION ENGINEERING 
STUDIES 

B. A. Hannaford C. W. Kee 
L. E. McNeese 

We have continued our experimental work in the 
flow-through reductive extraction facility after making 
system modifications which were described in the 
previous semiannual report.’ The principal modifica- 
tion consisted in installing a column packed with ‘/4 -in. 
molybdenum Raschig rings in place of the column 
packed with ‘/4 -in. molybdenum solid cylinders. 

Three successful hydrodynamic experiments (HR-9, 
-10, and -11) in which bismuth and molten salt were 
countercurrently contacted were made with the new 
column. The resulting flooding data are compared in 
Fig. 19.1 with values predicted from a flooding correla- 
tion developed from studies with a mercury-water 
system.2 The agreement between the measured and 
predicted values is good in that points obtained under 
nonflooded conditions lie below the predicted flooding 
curve and points obtained under flooded conditions lie 
above or close to the flooding curve. This is particularly 
important because it indicates that simulated systems, 
such as the mercury-water system, can be used to 
develop correlations applicable to bismuth-molten-salt 
systems. Such correlations aid in the planning and 
analysis of experiments using molten salt and bismuth 
and facilitate development of the technology required 
for designing and operating salt-metal systems. 

‘MSR Program Semiann. Progr. Rept. Feb. 28, 1970, 

J .  S. Watson and L. E. McNeese, “Hydrodynamics of Packed 
Column Operation with High Density Fluids,” Engineering- 
Development Studies for Molten-Salt Breeder Reactor Process- 
ingNo. 5, ORNL-TM-3140 (in publication). 

ORNL-4548, p. 298, 

ORNL-DWG 70-4549A 
~ 

I I I 

P R E D I C T E D  F L O O D I N G  C U R V E  

( VD {’2 + ( V, /’2 = 4 9.7 ( f t/ hr,”2 \ 

Fig. 19.1. Flooding Data for the Bismuth-Salt System Com- 
pared with the Flooding Curve Predicted from Data for a 
Mercury-Water System. Column, 0.824 in. ID, packed with 
‘4-in. Raschig rings, E = 0.84; temperature, 600’C; molten salt, 
LiF-BeF2-ThF4 (72-16-12 mole %). 

The final hydrodynamic experiment (HR-I 2) was 
carried out to measure pressure drop through the 
column when only salt was flowing through it. Since 
only a small pressure drop was expected, it was 
necessary that the bismuth-salt interface at the bottom 
of the column be depressed below the salt inlet. This 
was accomplished by routing the argon off-gas flow 
through a mercury seal to pressurize the top of the 
column, the salt overflow sampler, and the salt receiver. 
Observed pressure drops through the column were 2, 
2.5, and 5 in. H2O at salt flow rates of 68, 127, and 
244 ml/min respectively; values predicted by the Ergun 
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equation3 for these flow rates were 0.5, 1, and 2 in. 
H2 0 respectively. These measurements indicate that 
little if any iron deposition has occurred in the column. 
Additional measurements will be made to detect pos- 
sible iron deposition. 

Jn preparation for the first mass transfer run (UTR-l), 
a sufficient quantity of LiF-UF4 eutectic mixture was 
added to the salt feed tank to produce a uranium 
concentration of 0.0003 mole fraction, and thorium 
metal was added to the bismuth in the treatment vessel. 
Hydrodynamically, run UTR-1 was successful. A uni- 
form flow rate of each phase was maintained at 105 
ml/min (-62% of flooding) for 90 min; during this 
period seven sets of simultaneous samples (salt out, 
bismuth out) were taken from the flowing stream 
samplers, The flow rates were then increased to 129 
ml/min (-76% of flooding) for 50 min. Surprisingly, 
however, analyses of flowing bismuth samples showed 
that only a small fraction (<0.5%) of the uranium was 
extracted from the salt phase. Subsequent investigation 
showed that a cube of thorium metal had blocked the 
charging port in the treatment vessel and that there was 
essentially no reductant in the bismuth phase during the 
experiment. 

In  preparation for the next mass transfer run, thorium 
metal was added directly to the bismuth feed tank. 
Dissolution of the thorium was slow, requiring a total 
of about 300 hr (including 120 hr at 650°C). The 
bismuth was then held in the feed tank at 540°C until 
the run (a period of about four days). The thorium 
concentration in the bismuth that was fed to the 
extraction column (determined by chemical analysis) 
was 580 ppm, which is only about 60% of the 
calculated thorium solubility at 540°C. 

Operating conditions and results for run UTR-2 are 
summarized in Table 19.1. Greater than 95% of the 
uranium was extracted into the bismuth phase, which 
initially contained a 140% stoichiometric excess of 
reductant. Conditions for the experiment were chosen 
such that a relatively large fraction of the uranium 
would be extracted, although these conditions are not 
optimum for the determination of mass transfer per- 
formance. This experiment was important in that it 
demonstrated the reductive extraction of uranium in a 
flow system. Subsequent experiments will be carried 
out with extraction factors near unity rather than with 
the much higher values used in the first experiment. 

The failure of mild steel components and transfer 
lines in the facility diminished to the level of a minor 
problem. The earlier use of Markal CR paint on all 

S. Ergun, Chem. Eng. Progr. 48, 89 (1952). 3 

Table 19.1. Uranium Mass Transfer Run UTR-2 

Fraction of uranium transferred to salt phase, -95%. Uranium 
distribution coefficient: 198 at salt inlet, 309 at salt outlet. 
Fraction of flooding, 77%. 

Bismuth Salt 

Feed rate 
Ml/min 247 52  
Moles/min 11.42 2.79 

Mole fraction thorium 0.000522 0.12 
Mole fraction uranium 0.0 0.000808 

Mole fraction thorium 0.000280 0.12 
Mole fraction uranium 0.000157 0.0000397 

Inlet concentrations 

Outlet concentrations 

newly installed components appears to have reduced 
the rate of air oxidation of the steel surfaces. The only 
failure due to air oxidation occurred in a short length of 
tubing, installed during the construction of the facility, 
that was not coated with protective paint. Following 
the second mass transfer run, failures in transfer lines 
were noted at two points: (1) in the salt line entering 
the bottom of the column and (2) in the bismuth line 
leaving the bottom of the column. Both failures 
apparently resulted from the expansion of freezing 
bismuth. Neither air oxidation of the outer surface nor 
mass transfer of iron from the inner surface appeared to 
have been contributing factors. The implication of these 
observations is that in future operations an attempt 
should be made to minimize the number of freeze-thaw 
cycles at the expense of increasing the length of time 
the lines are held at an elevated temperature (-600°C). 

19.2 DESIGN OF A PROCESSING MATERIALS 
TEST STAND AND THE MOLYBDENUM 
REDUCTIVE EXTRACTION EQUIPMENT 

W. F. Schaffer, Jr. E. L. Nicholson 
J. Roth 

The basic plans for the test stand and the molyb- 
denum reductive extraction equipment were described 
in the last semiannual report.' No major changes have 
been made in the conceptual design. A report describing 
the conceptual design is being prepared. 

Welding and brazing have been selected as the 
methods for assembling the molybdenum vessels and 
piping. The field assembly of process lines using 
portable inert gas welding and brazing chambers must 
still be demonstrated. One or more mechanical cou- 
plings may be included in the test stand for convenience 
and experience if a suitable one can be developed. 
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Design studies to date have been based on piping 
assembly by mechanical couplings, since they are 
limiting for nozzle spacing requirements and vessel 
supports. However, no major changes in layout will be 
required for the use of welded and brazed connections, 
and some simplification of vessel supports may be 
possible when the final design is prepared. 

A conceptual full-size layout of the test stand and 
molybdenum equipment was prepared for use in deter- 
mining clearances and vessel nozzle and line orientation. 
A 1/3-scale model of the molybdenum portions of the 
test stand, including piping and the equipment support 
column, was completed as an additional visual aid for 
design and fabrication studies. 

Conceptual drawings were prepared for equipment 
hangers that slide on and are guided by a vertical 
stainless steel column. The hangers are supported from 
the cover of the containment vessel by molybdenum 
rods to compensate for the differential expansion 
between the molybdenum equipment and the stainless 
steel column. The hangers are designed to resist torque 
imparted to vessels during assembly if mechanical 
connectors are used and will also tolerate some mis- 
alignment of vessels and piping during assembly. 

A preliminary design drawing for the head pots has 
been prepared, based on the use of molybdenum 
back-extrusion forgings (essentially forged pipe caps). 
These forgings will have a finished outside diameter of 
3'18 in. and an inside diameter of 3'/, in. with an inside 
straight side length of about 2 in. The forged com- 
ponents for the head pots and the packed-column end 
sections will have the same basic dimensions to mini- 
mize extrusion press die costs. The forgings may have 
either thick ends or one or more integral forged end 
bosses that can be machined to permit the use of 
mechanical couplings or welded and brazed connections 
for process lines. The head pot design incorporates a 
mechanical assembly method for the internal baffles 
and orifice components. The design illustrates electron 

.beam welding, reinforced by furnace back-brazing 
techniques, to attach the lines to the vessel and to join 
the top and bottom forgings. External circumferential 
welds on vessels and tubing will be reinforced with a 
brazed molybdenum band or sleeve. 

A full-scale transparent plastic model of the bismuth 
head pot, the top disengagement section of the column, 
and a portion of the packed section of the column was 
fabricated and installed for testing with mercury and 
water to simulate molten bismuth and salt. Problems to 
be investigated include head pot deentrainment per- 
formance for the gas-lift-pumped bismuth stream, bis- 
muth flow surge damping, bismuth distributor design 

for the top of the packed column, and entrainment of 
bismuth in the salt stream exiting from the top section 
of the column. 

A gas pulse pump using tungsten carbide check valves 
in the pipe line has been designed and installed for 
testing as a possible alternative to the gas-lift pumps 
proposed for the test stand. Possible advantages over 
gas-lift pumping are: a wider flow range capability, 
elimination of gas entrainment problems, and reduced 
consumption of inert gas. In the first tests the pulsed 
actuating gas pressure will be supplied by a variable- 
frequency cam-actuated air valve. Subsequent testing 
will investigate a sealed gas cushion pulsed by a bellows 
or piston. 

We are continuing the investigation of mechanical 
cc.' -1:. 2s (see Chap. 16). The Gamah coupling supplied 
to use earlier leaked at the seal ring after a few 
temperature cycles. Failure may have been due to the 
high-temperature relaxation of the stainless steel nut on 
the fitting or to severe oxidation of the joint before it 
was received. The swaged joints between the tubing and 
coupling hubs have shown no signs of leakage. A new 
Gamah coupling made entirely of molybdenum has 
been received. It, along with several other couplings, 
will be subjected to high-temperature (650°C) cyclic 
leak testing. 

19.3 CONTACTOR DEVELOPMENT: PRESSURE 
DROP, HOLDUP, AND FLOODING 

IN PACKED COLUMNS 

J. S. Watson L. E. McNeese 

We are studying the hydrodynamics of packed- 
column operation with fluids having high densities and 
a large density difference in order that we may evaluate 
and design countercurrent contactors for use in MSBR 
processing systems based on reductive extraction. 
Mercury and water are being used to simulate bismuth 
and molten salt in these studies. We previously re- 
ported4 measurements of flooding, dispersed-phase 
holdup, and pressure drop for columns packed with 
'&-in. Raschig rings and solid cylinders and 3/8-in. 
Raschig rings. 

During this report period, measurements of pressure 
drop and dispersed-phase holdup were carried out with 
a 2-in.-ID column packed with '/*-in. Raschig rings. The 
holdup data were similar to those obtained previously 
with smaller packing materials; the results can be 

4J. S, Watson and L. E. McNeese, MSR Program Semiann. 
Prog. Rept. Feb. 28, 1970, ORNL-4548, p. 302 (August 1970). 
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correlated by the assumption of a constant superficial 
slip velocity, Vs, defined as 

‘c ‘d vs =- +-, I - x  x 
where vc and vd are superficial velocities of the 
continuous and dispersed phases, respectively, and X is 
the fraction of the column void fraction occupied by 
the dispersed phase. Fifty-nine holdup measurements 
were made with the 1/2-in. Raschig ring packing. The 
calculated superficial slip velocity was 153 1 +_ 249 ft/hr. 

The superficial slip velocities for packings studied 
previously were also calculated, and standard deviations 
of 10 to 15% (estimated to be the experimental error in 
the holdup data) were observed. The data for ‘h-in. 
Raschig rings and solid cylinders in 1- and 2-in.-ID 
columns suggest5 that the superficial slip velocity is also 
expected to be dependent on packing size and that 
although the slip velocity for ’&-in. Raschig rings (Le., 
819 ft/hr) is approximately equal to that for ‘4-in. 
Raschig rings, the slip velocity for -in. Raschig rings 
(1 531 ft/hr) is considerably higher than that for smaller 
packing. 

The observation that the dispersed-phase holdup data 
can be correlated on the basis of a constant superficial 
slip velocity is especially important, since this suggests a 
method for correlating flooding data. At flooding it is 
assumed that the following conditions obtain: 

av, av, 
ax ax - 0  -- 

If the superficial slip velocity remains constant up to 
flooding, combining Eqs. (1) and (2) yields the relation: 

(3) 

where Vc,flood and vd , f lood  are the continuous- and 
dispersed-phase superficial velocities at flooding. Thus a 

a straight line having a slope of -1. This has been 
observed in the literature,6 and our previous flooding 
data with ‘&-in. and ’//,-in. Raschig rings and ‘4 -in. solid 
cylinders are well represented by this correlation. It was 

plot O f  (Vc,flood)1/2 VS (Vd, f lood) l /Z  should produce 

5J.  S. Watson and L. E. McNeese, “Hydrodynamics of Packed 
Column Operation with High Density Fluids,” Engineering 
Development Studies for Molten-Salt Breeder Reactor Process- 
ing No. 5, ORNL-TM-3140 (in publication). 
6R. Gayler and H. R. C. Pratt, Trans. Znst. Chem Engr. 29, 

110 (1951). 

not possible to flood the column packed with ‘/*-in. 
Raschig rings because of insufficient capacities in the 
mercury and water pumping systems, although the 
column appeared to be approaching flooding at the 
highest flow rates used. Hence it was not possible to 
verify experimentally that the slip velocity, as calcu- 
lated from holdup measurements, is equal to the value 
that would be determined from flooding data. 

To date, our attempts to correlate pressure drop data 
have not been successful. The pressure drop behavior is 
especially complex at low water flow rates, where the 
pressure drop observed with water flow is actually 
lower than observed with no water flow. Since this is 
contrary to our expectations, we are continuing to 
study the phenomenon. 

We have attempted to extend the correlations 
developed for the mercury-water system in order to 
obtain relations that are applicable to molten-salt- 
bismuth systems. The physical properties of the fluids 
were not varied in these studies, and there are signifi- 
cant differences in properties between the mercury- 
water system and molten-salt-bismuth systems. The 
most important ones were considered to be the vis- 
cosity of the continuous phase and the difference in 
densities of the phases. The slip velocity is assumed to 
be directly proportional to the difference in the 
densities of the phases. The correction for changes in 
interfacial tension is believed to be small since the 
interfacial tension for the mercury-water system is 
approximately equal to that for a molten-salt-bismuth 
system. The interaction of the dispersed phase with the 
continuous phase is expected to be inertial in nature, 
and the continuous-phase viscosity should have only a 
slight effect. 

On the basis of these considerations and the data 
discussed earlier, the superficial slip velocity for a given 
packing size was assumed to be proportional to both 
the packing void fraction and the difference in densities 
of the phases. The resulting relation for the flooding 
rates in a salt-bismuth system is then 

where 

Vc, flood = continuous-phase superficial velocity at 

vd , f lood  = dispersed-phase superficial velocity at 
flooding, 

flooding, 
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V ~ , H ~ - H , O  = superficial slip velocity for the mer- 
cury-water system with the type of 
packing to be used, 

Ap = difference in densities of the phases, 

A P ~ g - ~ ,  0 = difference in densities of mercury and 
water, 

E = packing void fraction, 
eref =void fraction of packing for which 

Vx, Hg-H 0 was determined. 

Values of Vs,Hg-H, and associated values of eref are 
given in Table 19.2 for the packing sizes studied to 
date. 

Table 19.2. Superficial Slip Velocities for Several 
Packing Sues and Associated Packing Void 

Fraction Values 
1 2 5 IO 20 50 400 

CONTINUOUS PHASE SUPERFICIAL VELOCITY (fl/hr) 

Superficial 
Slip Velocity 

(ft/hr) 

Packing Size 
(in.) 

Reference 
Packing 

Void Fraction 
Fig. 19.2. Axial Dispersion Coefficients in Packed Columns 

During Countercurrent Flow of Mercury and Water. 

315 
819 

1531 

0.3 14 
0.684 
0.71 

19.4 CONTACTOR DEVELOPMENT: AXIAL 
MIXING IN PACKED COLUMNS 

J. S. Watson L. E. McNeese 

We have continued our measurements of axial disper- 
sion in packed columns during the countercurrent flow 
of fluids having high densities and a large density 
difference. The experimental technique, described pre- 
v i o u ~ l y , ~  consists in making photometric measurements 
to show the steady-state concentration profile of cupric 
nitrate tracer in the continuous (aqueous) phase along 
the length of the column. These experiments, which use 
mercury and water, are intended to simulate conditions 
in packed columns through which bismuth and molten 
salt are in countercurrent flow. Results were reported 
previously for a 2-in.-ID column packed with '//,-in. 
Raschig rings. Figure 19.2 provides a comparison of the 
data obtained during this reporting period for '4 -in. 

~ 

7 J .  S. Watson and L. E. McNeese, "Axial Mixing in Packed 
Columns with High Density Fluids," Engineering Development 
Studies for  Molten-Salt Breeder Reactor Processing No. 3, 
ORNL-TM-3138 (in publication). 

Raschig rings, '4 -in. solid cylinders, and 'I2 -in. Raschig 
rings with the previous results for '//,-in. Raschig rings. 

In each case the axial dispersion coefficient was 
independent of the dispersed-phase (mercury) flow rate. 
Dispersion coefficients for 'Ig- and 'I2-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 '4 -in. packing indicate that the dispersion 
coefficient is inversely proportional to the continuous- 
phase flow rate. Differences between the dispersion 
coefficients for the two 'h-in. packing materials are 
probably related to the difference in the packing void 
fractions of the materials. The data appear to portray 
two types of behavior, one for '441. packing and one 
for larger packing. 

Axial dispersion coefficient data obtained during 
countercurrent flow of liquids having low densities and 
small differences in densities in columns packed with 
materials that are wet by the liquids are reported in the 
literature. Data of Vermeulen, Moon, Hennico, and 
Miyauchi' suggest that, for conditions corresponding to 
the present studies, the dispersion coefficient should be 
proportional to the quantity 

'T. Vermeulen, J .  S. Moon, A. Hennico, and T. Miyauchi, 
Chem Eng. Progr. 62,95  (1966). 
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where 

E = packing void fraction, 
d = packing diameter, 

V,  = superficial velocity of the dispersed phase, 
Vc = superficial velocity of the continuous phase. 

The data obtained in the present study are not in 
agreement with the predicted dependence on flow rates. 
However, it should be noted that the conditions of the 
present study are significantly different from those for 
which the reported correlation was developed. Lack of 
agreement is not surprising, since similar differences in 
behavior have been observed previously between the 
mercury-water system and aqueous-organic systems. 

0 85-m i l  ORIFICE 
0 60-mi l  ORIFICE 
A 40-mi l  ORIFICE 

19.5 AXIAL MIXING IN OPEN BUBBLE COLUMNS 

J. S. Watson L. E. McNeese 

Axial mixing is important in the design of continuous 
fluorinators, which are envisioned as open columns 
through which fluorine is bubbled countercurrent to a 
flow of molten salt. We have previously reported 
data9-' showing the variation of dispersion coefficient 
with changes in gas and liquid flow rates and with the 
physical properties of the liquid. 

Additional data showing the importance of column 
diameter and gas inlet diameter have been obtained in a 
study by Jeje and Bozzuto, of the MIT Practice 
School,' ' who used an air-water system, The experi- 
mental technique, discussed previously: consisted in 
measuring the concentration profile of a tracer along 
the length of the column. Results obtained with three 
gas inlet diameters (0.04, 0.06, and 0.085 in. ID) in a 
2-in.-ID, 6-ft-long column are shown in Fig. 19.3. The 
dispersion coefficient is seen to be independent of gas 
inlet diameter for the size range studied. We have also 
made similar measurements in 1'12 - and 3-in.-diam 
columns using inlet diameters ranging from 0.04 to 0.1 7 
in. N o  effect of gas inlet diameter was found. 

It is not surprising that the dispersion coefficient is 
independent of gas inlet diameter in the slugging region 
(high gas flow rates), since a great deal of bubble 

9MSR Program Semiann. Progr. Rept. Aug. 21, 1969, 

'OMSR Program Semiann. Progr. Rept. Feb. 28, 1970, 
ORNL-4548, p. 307. 

J. S. Watson and L. E. McNeese, "Axial Mixing in Open 
Bubble Columns," Engineering Development Studies for 
Molten-Salt Breeder Reactor Processing No. 6, ORNL-TM-3 14 1 
(in publication). 

ORNL-4449, p. 240. 

11 

Fig. 19.3. Effect of Gas Flow Rate and Orifice Diameter on 
Axial Dispersion in a 2-in.-diam Open Column. 

coalescence occurs and the final bubble population may 
be essentially independent of the gas inlet diameter. 
However, in the bubbly region (low gas flow rates), 
little coalescence occurs, and gas inlet diameter would 
appear to be more important. I t  has been postulated" 
that chain bubbling occurs at low gas rates (i.e., that gas 
bubbles are not formed consecutively). In t h s  case the 
bubble diameter would not be highly dependent on the 
gas inlet diameter. 

Even with different bubble diameters, one would not 
expect large differences in bubble rise velocities, and 
possibly the changes in dispersion coefficients would be 
small. Davies and Taylor' report that the bubble rise 
velocity is proportional to the '/6 power of the bubble 
volume. Thus, even for conditions resulting in the 
release of single bubbles (Le., where bubble volume is 
proportional to the cube root of the inlet diameter), 
one would find little variation in rise velocities with 
changes in inlet diameter, and hence little variation in 
dispersion coefficient. 

Figure 19.4 shows the effect of column diameter on 
dispersion coefficient for 1 .5-, 2-, and 3-in.-diam 
columns. In the slugging region the dispersion coeffi- 
cient data from the three columns showed little 
difference for a given volumetric gas flow rate. These 
data, however, do not extend to high gas rates for all 
column diameters; therefore, extrapolation to larger gas 
flow rate values is questionable. In the bubbly region, 
results from the 2-in. and 3-in.-diam columns are 

"R. M. Davies and G. I. Taylor, Proc. Roy .  SOC. (London), 
Ser. A, 200 375 (1950). 
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Fig. 19.4. Effect of Column Diameter on Dispersion Coeffi- 
cient in an Open Column. 

essentially the same. Results for the 11/2-in. column 
indicate significantly lower values for the dispersion 
coefficient and show a greater dependence on gas flow 
rate than has been observed for the larger columns. 

The fluorinators of interest will require relatively high 
gas rates and will operate in the slugging region. Future 
studies will deal mainly with this region but will also 
consider other types of gas inlets such as those 
envisioned for fluorinators. 

19.6 DEMONSTRATION OF THE METAL 

REMOVAL 
TRANSFER PROCESS FOR RARE-EARTH 

E. L. Youngblood 
W. F. Schaffer, Jr. 

L. E. McNeese 
E. L. Nicholson 

The first engineering experiment (MTE-1) for the 
study of the metal transfer process for removing rare 
earths from single-fluid MSBR fuel salt has been 
completed. This experiment was performed in a 6-in.-ID 
carbon steel vessel (see Fig. 19.5) at 660°C. The vessel 
has two compartments that are interconnected at the 
bottom by a pool of molten bismuth saturated with 
thorium. One compartment contained fluoride salt 
(72-1 6-1 2 mole % LiF-BeF2 -ThF4) to which sufficient 
LaF, to produce a concentration of 0.38 mole % and 2 
mCi of 147Nd  had been added. The second compart- 
ment contained LiC1. A cup containing a lithium- 
bismuth solution was also located in the lithium 
chloride compartment. During operation LiCl was 
circulated through the lithium-bismuth container via a 
quartz pump. The concentration of reductant (35 at. % 
lithium) in the lithium-bismuth was sufficiently high 
that at equilibrium essentially all of the neodymium 
and lanthanum should have been extracted from the 
LiCl into the metal phase. The quantities of materials 
used in the experiment are given in Table 19.3. The 

ORNL-DWG 70-4504A 

C A R B O N -  STEEL 
P A R T  IT1 0 N  

6-in. C A R B O N -  
STEEL P I P E  

L i C l  

Li - Bi  
Th-Bi 

Fig. 19.5. Carbon Steel Vessel for Use in Metal Transfer 
Experiment MTE- 1. 

Table 19.3. Materials Used in Metal Transfer 
Experiment MTE-1 

Volume Moles 
(cm3) (8) 

Fluoride salt 709 36.6 
(LiF-BeF2-ThF4-LaF3, 
72.0-15.5-12.1-0.4 mole "/o; 
2 mCi 147NdF3) 

(0.0035 mole fraction thorium, 
0.0024 mole fraction lithium) 

Bismuth saturated with thorium 797 36.7 

LiCl 1042 36.6 
LLBi (35 at. 70 lithium) 192 11.1 

LiCl was purified prior to use by contact with bismuth 
saturated with thorium at 650°C. Both the carbon steel 
vessel and the bismuth were hydrogen treated at 650°C 
for removal of oxides priorto use. 

The experiment was designed to demonstrate the 
selective removal of rare earths (lanthanum and neo- 
dymium) from a fluoride salt containing thorium. 
Provision was made for determining distribution coef- 
ficients between the phases that were present as well as 
determining the rate of accumulation of materials in the 
lithium-bismuth stripping solution during the experi- 
ment. 
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The sequence of operations carried out during the 
experiment consisted in pumping the LiCl through the 
lithium-bismuth container for 3 hr at a flow rate of 25 
cm3 /min. Pumping was then stopped, and the system 
was allowed to approach equilibrium during a 4-hr 
period. At this point, filtered samples of the salt and 
metal phases were taken. This sequence was repeated 
for 11 cycles. Three additional cycles were run in which 
the pumping period was increased to 7 hr and the 
equilibration period was omitted. During the pumping 
and equilibration periods the bismuth-thorium phase 
was forced to flow back and forth between the fluoride 
and chloride compartments at a rate equivalent to 10% 
of the metal volume every 7 min in order to promote 
mixing in the bismuth-thorium phase. 

The distribution coefficients for lanthanum and neo- 
dymium between the fluoride salt and the thorium- 
saturated bismuth were relatively constant throughout 
the run; the respective averages, 0.044 and 0.073, were 
in good agreement with expected values. On the other 
hand, the distribution coefficients for lanthanum and 
neodymium between the LiCl and the thorium- 
saturated bismuth varied throughout a considerable 
range during the run. In general, they 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 (after correcting for 7Nd decay) origi- 
nally present in the fluoride salt were removed during 
the run. Figure 19.6 shows the decreases in the 
lanthanum and neodymium concentrations in the 
fluoride salt as functions of pumping time and run time. 
The rates at which the rare earths were removed are in 
close agreement with the expected removal rates. 

ORNL-DWG 70-11002A 
RUN TIME (h r )  

0 32 7 65.9 95.0 108 0 

1.0 

0.8 

0.6 

0 42 24 36 48 
PUMPING TIME ( h r )  

Fig. 19.6. Rate of Removal of Neodymium and Lanthanum 

However, on their removal from the fluoride salt, the 
lanthanum and neodymium did not collect in the 
lithium-bismuth as expected; in fact, only small frac- 
tions of these materials were found there. 

After the run was completed the vessel was cut apart 
for inspection. Most of the lanthanum and neodymium 
that had been removed from the fluoride salt was found 
in a 1/8-in.-thick layer of material located at the 
interface between the LiCl and the bismuth-thorium. 
This material was a black porous solid which contained 
metallic particles (probably bismuth). The estimated 
weight of the layer was 250 g. Results of a chemical 
analysis of the material are given in Table 19.4. X-ray 
diffraction data indicated that the material was mostly 
Thoz  and LiCl and that it possibly contained metallic 
lanthanum or LaBi. The thorium oxide was expected to 
be present as a result of the presence of water or 
oxygen in the system. The layer also contained small 
amounts of silicon and iron. 

The chemical form of the rare earths in the black 
material has not been determined; however, it is 
believed that the presence of oxides in the system may 
account for the accumulation of the rare earths at this 
point. Oxides were introduced into the system mainly 
by two mechanisms. First, general deterioration of the 
quartz pump was noted; also, the pump discharge tube, 
which was broken off, fell ,into the lithium-bismuth 
solution and was severely attacked. Second, water and 
oxygen were introduced into the system at the begin- 
ning of the experiment when it became necessary to 
replace a faulty pump. 

Another metal transfer experiment, in which a metal 
pump will be used instead of the quartz pump, is 
planned. A metal pump that uses molten bismuth as 
check valves has been operated successfully in LiCl at 
650°C for about two weeks and appears to be suitable 
for this purpose. 

Table 19.4. Results of Chemical Analysis of Black Material 
Found at Interface Between LiCl and Bismuth-Thorium 

Solution After MTE-1 

Material Wt %I 

La 
Th 
Li 
c1 
0 
Si 
Fe 
Bi 

3.55 
7.10 

12.0 
59.1 
4.44 
0.95 
0.54 

-12 
from the Fluoride Salt in Metal Transfer Experiment MTE-1. 
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19.7 DEVELOPMENT OF A FROZEN-WALL 
FLUORIN ATOR 

J. R. Hightower, Jr. L. E. McNeese 

In  the fluorination-reductive-extraction-metal-trans- 
fer flowsheet for MSBR processing, a continuous 
fluorinator is used to remove uranium from the fuel salt 
prior to isolation of the protactinium. We are develop- 
ing a continuous fluorinator that will be protected from 
corrosion by a layer of frozen salt. In a processing plant 
the heat necessary for maintaining molten salt adjacent 
to the frozen layer will be provided by the decay of 
fission products. In order to study fluorinator operation 
in a nonradioactive system, it is necessary to provide a 
source of heat in the molten salt. Earlier calculations 
and experiments' have indicated that high-frequency 
induction heating may be an acceptable method for this 
purpose. 

We have continued to make calculations that will 
provide an estimate of the performance of a frozen-wall 
fluorinator having an induction coil embedded in frozen 
salt near the fluorinator wall. Because of uncertainties 
in the effect of bubbles in the molten salt and in the 
amount of heat that will be generated in the metal walls 

of the fluorinator, equipment is being assembled for 
studying heat generation in a simuIated fluorinator. 

Calculated Heat Generation and Heat Transfer Rates. 
- Calculations were continued for a fluorinator having 
a design designated previously' as configuration I. The 
following assumptions were made: (1) the fluorinator 
consisted of a 5-in.-ID coil (having two turns per inch) 
placed inside a 6-in.-diam sched 40 nickel pipe, (2) the 
molten salt had the physical properties14 of 68-20-12 
mole % LiF-BeF2 -ThF4, and (3) the induction heater 
operated at a frequency of 400 kHz. 

Calculated steady-state values of the frozen-salt-layer 
thickness are shown in Fig. 19.7 for a range of 
induction coil current values and temperature differ- 
ences across the frozen layer. It should be noted that 
for a given power density in the salt, temperature 
differences greater than a critical value result in 
complete freezing of salt in the fluorinator. The 
thickness of the frozen layer at the critical temperature 
difference has a unique value for all power densities and 
is proportional to the inside diameter of the induction 
coil. Operating conditions should be chosen such that 
(1) a reasonably thick layer of frozen salt is maintained, 
(2) a sufficiently large temperature difference for 

1 3 J .  R. Hightower, Jr . ,  and L. E. McNeese, MSR Program 
Semiann. Progr. Rept.  Feh. 28, 1970, ORNL-4548, p. 309. 

14S. Cantor (ed.), Physical Properties of Molten Salt Reactor 
Fuel, Coolant, and Flush Salts, ORNL-TM-2316 (August 1968). 
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Fig. 19.7. Effect of Coil Current and Temperature Difference Across Frozen Salt Film on the Frozen Film Thickness in a 
Frozen-Wall Fluorinator. 
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accurate determination is present, and (3) the thckness 
of the frozen layer does not change sharply with 
changes in the temperature difference. As shown in Fig. 
19.7, these conditions can be met with a coil current of 
11 A and a temperature difference of 51°C; the 
resulting frozen-layer thickness in this case is about 0.3 
in. 

The existence of a maximum stable steady-state film 
thickness suggested that the control of film thickness 
might be difficult. In order to determine the conse- 
quences of short-term deviations of operating con- 
ditions from the prescribed conditions, a transient 
analysis of heat generation and heat transfer was carried 
out. Conditions that included coil current values of 0 
and 11 A with a temperature difference of 82"C, whch 
is about 20°C greater than the critical temperature 
difference for a coil current of 11 A ,  were examined. As 
shown in Fig. 19.8, a period of slightly more than 1.5 
hr is required for complete freezing of the salt when 
there is no flow of current through the coil, while a 
period of more than 2.9 hr is required when a current 
of 11 A is flowing through the coil. Thus it is believed 
that there is sufficient time for corrective control 
action, such as decreasing the temperature difference 
across the frozen salt layer, if it should become 
necessary. Control of the thickness of the frozen layer 
could best be accomplished by using a directly meas- 
ured thickness value in a feedback loop; methods for 
measuring the thickness of the frozen layer are being 
considered. 

ORNL- DWG 70-6276A 
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Fig. 19.8. Rate of Formation of Frozen Salt Film. 

With the heating method presently under study, heat 
will be generated in the external metal wall of the 
fluorinator and in the induction coils as well as in the 
molten salt. Estimates of heat generation in these 
regions have been made assuming that the fluorinator 
and induction coils were fabricated from nickel and 
that the metal temperature was maintained below the 
Curie transition temperature (358°C). For a 5-in.-ID 
coil (two turns per inch) located inside a 6-in.-diam 
sched 40 nickel pipe, a coil current of 11 A, and a 
frequency of 400 kHz, heat would be generated in the 
salt at a rate of 1661 W per foot of fluorinator length, 
in the coil at 133 W/ft, and in the vessel wall at 42.7 
W/ft. A generator having an output of at least 9.2 kW 
would be required for a 5-ft-long fluorinator. 

There is considerable uncertainty in the estimated 
heat generation rates as well as questions on the effect 
of bubbles in the molten salt. Additional information 
on these questions will be obtained in a simulated 
fluorinator, which will use nitric acid in place of molten 
salt. 

Simulated Frozen-Wall Fluorinator. - We have de- 
signed and are installing an experimental system for 
recirculating a 30% HN03 solution through a S-in.-OD 
by 5-ft-long glass tube that is surrounded by an 
induction coil (coil spacing, two turns per inch) and a 
5-ft-long section of pipe representing the fluorinator 
vessel. A flow diagram of the system is shown in Fig, 
19.9. The acid is circulated through the glass column, 
where it is heated by the induction coil, and through a 
heat exchanger, where the heat is removed. The heat 
generation rate in the acid will be determined from a 
heat balance on the acid as it passes through the 
column. The pipe representing the fluorinator wall is 
equipped with a jacket through which cooling water 
passes. The heat generated in the pipe will be calculated 
from the change in temperature of the water as it passes 
through the jacket. A drain tank is provided for holding 
the nitric acid during system maintenance. Air at rates 
up to 2 cfm can be countercurrently contacted with the 
downflowing acid stream in the column. The induction 
generator is a 25-kW Thermionic model 1400 oscillator 
which operates at a nominal frequency of 400 kHz. 

19.8 ELECTROLYTIC CELL DEVELOPMENT 

J. R. Hightower, Jr. C. P. Tung 
L. E. McNeese 

Development of the metal transfer process and 
adoption of the fluorination-reductive-extraction- 
metal-transfer flowsheet has resulted in a change in 
emphasis in the electrolytic cell development work. The 
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success of earlier MSBR processing flowsheets was 
dependent on the development of large electrolytic cells 
for reducing lithium and thorium from fluoride salt 
mixtures at a bismuth cathode. Although the flowsheet 
presently under development does not require electro- 
lytic cells, cells may be useful in recovering lithium 
from salt streams discarded from the metal transfer 
process. The cell being considered would use a bismuth 
cathode and a graphite anode. Lithium would be 
reduced into the bismuth cathode, and chlorine would 

be evolved at the anode. Cells of this type would be 
much simpler than cells considered earlier. For ex- 
ample, they would not require the use of a frozen wall 
as a means of protection from corrosion, the anode- 
cathode separation could be small in order to limit heat 
generation in the salt, and polarization in the salt 
adjacent to the cathode would not occur since the salt 
phase (LiCl) is a single component. 

During the period covered by this report, two 
experiments were performed in static cells. The first 
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was a duplication of an earlier experiment" in an 
all-metal cell and was designed to determine whether 
quartz contributes to the formation of a black material 
that had been noted in all previous electrolysis experi- 
ments. The second experiment was made to study the 
electrolytic reduction of lithium from LiCl into a 
bismuth cathode. Results from these experiments are 
summarized below. 

All-Metal Electrolytic Cell Experiment. - In this 
experiment the cell vessel consisted of an 18-in. section 
of 6-in. sched 40 mild steel pipe, The anode was a 15-kg 
pool of bismuth; the cathode was a '/4 -in.-diam mild 
steel rod located at the center of the vessel and placed 
'/, to 1 in. above the bismuth pool. Observations in the 
salt phase were made using the bismuth surface as a 
mirror to reflect light to a sight glass in the top flange 
of the vessel. The electrolyte, a mixture of LiF-BeF, 
(66-34 mole %), filled the vessel to a level about 3 in. 
above the bismuth surface. The bismuth had been 
sparged with H2 at 600°C to reduce oxides. 

The cell was operated at a voltage of 2.3 V (16.8 A) 
with the cathode rod positioned '1, in. above the 
bismuth for about 1 min. The cathode was then raised 
to 1 in. above the surface of the bismuth, and the 
current decreased to 15.6 A, where it remained con- 
stant for about 2 min. The voltage was increased to 2.5 
V, resulting in a current that increased from 19.0 to 
21.8 A over a period of 7.5 min; the cathode current 
density was about 2.0 A/cm2. The total current 
transferred during the run was 12,400 C. The cell 
temperature was 550°C. During the passage of electric 
current, there was no evidence of the dark material 
observed in the salt previously; density gradient pat- 
terns were visible and showed convective mixing in the 
salt phase. After operation the salt appeared to have a 
more definite green color and showed signs of a slight 
turbidity, although it was still quite transparent. 

Part of the material that deposited on the iron 
cathode appeared to be metallic and was probably not 
as dense as the salt, since it formed near the salt-gas 
interface and tended to spread over the salt surface. The 
remaining material was black, nonmetallic in appear- 
ance, and formed more uniformly over the submerged 
part of the steel electrode. The deposited material (16.5 
g) had the composition 9.0 wt %Be, 17.0 wt % Li, 71.8 
wt % F, with traces of iron and bismuth. The formation 
of such a deposit is explained as follows. As BeF, was 
reduced at the cathode during cell operation, the 

"5. R. Hightower, Jr., M. S. Lin, and L. E. McNeese, MSR 
Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-4548, p. 
3 14. 

concentration of BeF, in the salt in the vicinity of the 
cathode decreased. At the operating temperature of 
550"C, LiF began to crystallize when the BeF, con- 
centration reached 30 mole %. Further reduction of 
BeF, was accompanied by the precipitation of solid 
LiF in the vicinity of the cathode. When the cathode 
was removed from the cell, both LiF and BeF, were 
carried with the reduced beryllium. 

If one assumes that the lithium was present as LiF 
and that the remaining fluorine was associated with 
beryllium as BeF2, the cathode deposit contained about 
0.5 g of beryllium metal (33% of the beryllium present 
in the deposit) or 0.1 1 g-equiv of beryllium. Since 
0.1 29 electrical equivalent was passed, this represents a 
current efficiency of about 85% for beryllium reduc- 
tion. The current efficiency was probably actually 
closer to 100%; however, the additional beryllium was 
not recovered with the cathode deposit but floated 
away from the cathode on the salt surface. Some 
particulate material was noted on the salt surface when 
the cell was dismantled. 

The results of this test indicate that quartz may have 
contributed to the formation of black material in the 
salt, since the salt in this case remained transparent. 
However, the lack of a bismuth cathode into which 
lithium could have been reduced may have resulted in a 
system that was too different from previous cells to 
permit conclusions to be drawn. The results of the 
second experiment (described below) suggest that the 
presence of a bismuth cathode into which lithium is 
reduced may contribute to the formation of black 
material. 

Reduction of LiCI at  a Bismuth Cathode. - An 
experiment in which LiCl was reduced in a cell having a 
bismuth cathode and a graphite anode was carried out 
in order to determine the maximum achievable anode 
current density, the current efficiency, the extent of 
attack on the graphite anode, and operational diffi- 
culties associated with forming lithium-bismuth alloy at 
the cathode. 

The electrolytic cell consisted of a 4-in.-diam quartz 
cell vessel, a 31/2 -in.-diam by 3'1, -in.-tall molybdenum 
cup containing the bismuth cathode, and a 1-in.-diam 
graphite anode. Provision was made for measuring the 
volume of chlorine produced at the anode by allowing 
the chlorine to displace argon from a 25-ft section of 
'4 -in. copper tubing. The volume of displaced argon 
was measured with a wet-test meter. 

Approximately 4.9 kg of bismuth and 1.0 kg of LiCl 
were transferred to the cell after purification. The 
bismuth was purified by hydrogen sparging at 650°C 
until the water concentration in the off-gas was less 
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than 1 ppm. The LiCl was purified by contact with 
thorium-saturated bismuth for about 100 hr at 650°C. 
During their transfer to the cell, both the salt and 
bismuth were filtered through molybdenum filters 
having a mean pore size of 30 to 40 p.  

The cell was operated at 670°C at the following 
anode current densities (based on the area of the 
bottom of the anode, 5.06 cm’) for the indicated 
periods of time: 4.37 Alcm’ for 7 min, 6.7 Alcm’ for 
6 min, and 8.6 A/cmZ for 6 min. There appeared to be 
no limiting current density in this operating range. 
Disengagement of the chlorine gas that was produced at 
the anode proceeded smoothly and without difficulty. 
(The anode had been slightly rounded to promote 
disengagement of gas.) With the initiation of current 
flow, the salt turned red; the color grew darker as 
operation continued, until finally the salt was opaque. 
Measurement of the Clz evolution rate (and hence 
current efficiency) was not possible because of reaction 
of the C12 with the iron components in the cell vessel. 

The cell was then cooled to room temperature for 
examination. A thin metallic film present on the salt 
surface at the end of the experiment was removed 
intact when the anode was raised at the end of the 
experiment. A large amount of black material was 
found to be suspended in the LiCI. The material was 
mainly iron but had a bismuth content of 0.63 wt 7%. 
The molybdenum cup appeared to be unattacked. 

The material that caused the salt to turn red during 
the operation of this cell is believed to be Li3Bi, which 
dissolved in the salt. It is reported that Li3Bi is slightly 
soluble in LiCl-LiF eutectic which is in contact with 
solid Li3Bi or with a bismuth solution saturated with 

Li3Bi.16 At the current densities used in this experi- 
ment, the cathode was probably polarized; this would 
have resulted in the formation of solid Li3Bi at the 
salt-bismuth interface. Polarization of the cathode 
could be avoided by agitating the cathode and re- 
stricting the cathode current density. Thus it should be 
possible to avoid saturating the bismuth surface with 
Lig Bi, which would significantly reduce the concentra- 
tion of the lithium-bismuth intermetallic compound in 
the salt.’ 

Although this experiment pointed out an unexpected 
difficulty, it confirms our expectation that the reduc- 
tion of LiCl using a bismuth cathode and graphite 
anode should proceed readily. 

Effect of Dissolved Li3 Bi in Previous Electrolytic 
Cells. - The knowledge that Li3Bi (which may be 
formed at a polarized cathode) is slightly soluble in 
molten salts offers an explanation for the formation of 
black material in previous electrolysis experiments in 
which bismuth electrodes and LiF-BeF2 electrolyte 
were used. In these experiments Li3 Bi could have been 
introduced into the salt at the cathode surface and 
could have reacted with BiF3 (formed at the anode) to 
produce LiF and finely divided bismuth. The latter 
product would cause the salt to become opaque and 
would explain why no black material was seen in the 
all-metal cell experiment previously reported (i.e., there 
was no reductant in the salt). 

16M.  S.  Foster etal . ,  J. Phys. Chem. 68,  980 (1964). 
7M. S. Foster, “Laboratory Studies of Intermetallic Cells,” 

p. 144 in Regenerative EMF Cells, ed. by R. F. Gould, 
American Chemical Society Publications, Washington, D.C., 
1967. 



20. Continuous Salt Purification System 
R. B. Lindauer 

The system was charged with 28 kg of LiF- 
BeF2 (66-34 mole %), and ten flooding runs were 
carried out using hydrogen and argon. After the first 
flooding run with hydrogen had been completed, the 
feed line to the column became plugged. Since oxide in 
the salt was believed to be causing the restriction, the 
salt was treated with H2 -HF. Oxide exceeding the 
amount that was soluble in the salt was removed, as 
indicated by analysis of the off-gas stream for water; 
however, the plugging recurred after salt was again fed 
through the column. The difficulty was apparently 
caused by plugging of the '/1 6 -in. holes in the bottom of 
the inlet salt distribution ring, since no restriction was 
found in the '4 -in.-OD feed line. A 6 -in.-diam hole 
was drilled through the inner wall of the distributor ring 
to provide an alternate salt inlet, and the feed line was 
replaced with a 3/8-in.-diam line. After this modifi- 
cation, satisfactory salt flow to the column was 
obtained. 

During the flooding runs, salt flow rates of 50 to 400 
cm3/min were used with argon and hydrogen flow rates 
of up  to  7.5 and 30 liters/min respectively; the 
temperature was 700°C in each case. The pressure drop 
across the column increased linearly with increases in 
gas flow rate, as shown in Fig. 20.1, which summarizes 
the best data from the ten runs. At the flow rates 
studied thus far, the salt flow rate had only a minor 
effect on pressure drop. In the one run in which the 
system was operated with a very high salt flow rate 
(400 cm3/min) and a very low argon flow rate, the 
pressure drop was about 30 in. H 2 0 .  This indicates that 
a column of this type should have a much higher 
capacity for an operation such as oxide removal from 
salt by treatment with H2-HF, where the HF utilization 
is high and low gas-to-salt flow ratios can be used. At 
the higher gas flow rates used in the present studies, the 
combined pressure drop in the off-gas line and in the 
column is sufficient to depress the salt-gas interface 
below the seal loop in the salt exit line from the 
column. The maximum flow rates possible with the 

L. E. McNeese 

present system are about 19% of the calculated flooding 
rate. At these flow rates, operation was not smooth, 
and the column pressure drop fluctuated over a range of 
2 to 3 in. of salt. The variation in pressure drop was 
possibly the result of poor salt distribution at the top of 
the column. 

In the final flooding run, stable operation was 
obtained with a salt flow rate of 100 cm3/min and 
hydrogen flow rates up to 20 liters/min. This hydrogen 
flow rate is sufficient to reduce 400 ppm of iron (as 
Fe2' ) from a 1 00-cm3 /min salt stream, assuming that 
the salt and gas reach equilibrium at 700°C; however, 
the mass transfer coefficient is probably not sufficiently 
high to reach equilibrium with the present column 
height (81 in.). 
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