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F O R E W O R D  

. 

This quarterly progress report of the Molten-Salt Reactor Program records the technical 

progress of the research a t  the Laboratory, under i t s  Contract W-7405-eng-26, on power- 

producing reactors fueled w i th  circulat ing fused salts. The report i s  d iv ided into two 

maior parts: 1. Reactor Design Studies and 2. Materials Studies. 

Unt i l  July 1, 1957, the Molten-Salt Reoctor Program was largely a design study, wi th 

only token expenditures for experimental work. As of July 1, the program was expanded 

to include experimental work on materials. A further augmentation of the program occurred 

on October 1, 1957, when personnel and fac i l i t i es  for addit ional research and experi- 

mentation became available, As a result of these transitions, this quarterly report has 

been expanded to  include component development ond testing, engineering research, 

metal lurgical and chemical investigations, and radiation-damage testing. 
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MOLTEN-SALT REACTOR PROGRAM QUARTERLY PROGRESS R E P O R T  

SUMMARY 

P A R T  1. R E A C T O R  D E S I G N  S T U D I E S  

1.1. Reactor Design 

Preliminary layouts have been prepared of the 
molten-salt reactor system that are Lased on the 
use of f ive fuel pumps and two blanket-salt pumps. 
The total thermal power production is  assumed to 
be 638 Mw, with 90% of the power being generated 
in  the 8-ft-dia core and 10% being generated in  the 
2-ft-thick blanket. The proposed layouts are being 
studied in  order to achieve simpli f icat ion and to 
minimize the fuel inventory. Layouts of the 
reactor ce l l  are a lso being studied in  order to 
determine the best possible arrangements of p ip ing 
and other components that w i l l  provide minimum 
plant size and yet fac i l i ta te  remote maintenance. 

The parameter study of two-region, homogeneous, 
molten sa l t  reactors was continued through nuclear 
calculations on the Univac, the Oracle, and the 
IBM-704. The Univac calculations indicate that, 
for the same core diameter and thorium content of 
the fuel salt, the U233 inventory would be one- 
ha l f  the U235 inventory. In  the UZ3’ case the 
regeneration rat io  i s  l imited to  a maximum of 
about 0.675, and in  the U233 case it appears to 
be possible to exceed 1.0. It i s  pointed out, 

2 3 3 -  however, that the regeneration ratio for a U 
fueled reactor w i l l  decrease with time as burnup 
poisons accumulate, while in  the U235-fueled 
reactors with in i t ia l  regeneration ratios of about 
0.6 or better the regeneration rat io may actual ly 
improve wi th  time and with reasonable chemical- 
processing rates because of the buildup of the 
superior u~~~ fuel. 

Comparisons o f  l i thium-beryll ium and sodium- 
beryll ium salts showed that the sodium-beryllium 
sal ts  required 1.1 to 2 times the U235 inventory 
required wi th  the l ithium-beryll ium salts. Also, 
the sodium-beryllium salts show a disadvantage of 
0.1 to  0.15 in regeneration ratio. 

Modifications were made in  the Sorghum program 
for the Oracle, which was designed for computing 
progressive changes in  core concentration and 
regeneration ratios. A subroutine was incorporated 
for computing the constants from the concentra- 
tions, absorption cross sections, in i t ia l  spectrum, 

and leakage probabilities. The result ing constants 
reproduce the in i t ia l  spectrum and cr i t ica l  con- 
centration exactly. 

A preliminary fuel f i l l-and-drain system design 
was completed which satisf ies the design cri teria 
in that (1) i t  i s  always in  a standby condition i n  
which it i s  immediately available for drainage of 
the fuel, (2) i t  can adequately handle the fuel 
afterheat, and (3) cr i t ica l i ty  cannot be achieved in  
the drain system. The fi l l-and-drain vessel con- 
s is ts  o f  forty-eight 20-ft lengths of 12-in.-dia pipe 
arranged i n  s i x  vert ical banks connected on 
opposite ends wi th  mitered joints. The system i s  
preheated and maintained at  the desired tempera- 
ture wi th  bayonet-type electr ical heaters in tubes 
located ax ia l ly  in  the pipes. Removal o f  afterheat 
w i l l  be accomplished by radiant heat transfer to  
banks o f  water-f i l led boiler tubes that w i l l  normally 
be dry. 

A hydrostatic bearing was designed for use in  
fuel pumps which dif fers from the conventional 
bearing in that the pockets rotate on the impeller. 
A bearing of this type has the advantage that the 
pressure of the pumped f lu id  would maintain the 
centering o f  the impeller in  the pump casing. 

1.2. Component Development and Testing 

Preliminary pump design studies have indicated 
that f ive pumps with the fol lowing characteristics 
would be suitable for circulat ing fuel 130 (BeF - 
LiF-UF,, 37-62-1 mole %) in  the molten sa j t  
reactor being considered: 

F l o w  through pump 4590 gpm 

Head produced by pump 71 ft 

Temperature a t  pump inlet 123OoF (max) 

Static pressure a t  pump inlet 19.2 psi0 

Pump shaft speed 1160 rpm 

Pump designs and arrangements are being studied 
i n  order to determine the most favorable arrange- 
ment of a l l  elements with respect to adaptabi l i ty 
to reactor construction, durability, remote mainte- 
nance problems, reactor operational problems, and 
other considerations. 
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Fac i l i t ies  are being designed and constructed 
for development tests o f  the salt-lubricated 
bearings being considered for use in  fused sa l t  
pumps. The oi l- lubricated bearings being used at  
present ore unsatisfoctory because they must be 
shielded from both the heat and the radiation from 
the fuel sa l t  in order to avoid damage to the 
bearings and to the lubricant. Equipment is  to be 
set up for high-temperature tests of both hydro- 
dynamic and hydrostatic sal t-lubr icated bearings. 

Oi I-lubricated mechanical shaft seals are being 
studied for auxi l iary system applications. Modi- 
f icat ions in purge-gas flow are being tested as o 

means o f  preventing dif fusion o f  process-fluid 
vapor into the seal region. Also, since o i l -  
lubricated bearings may be required for the upper 
seals of the fuel pumps, tests of Dowtherm A as 
a lubricant are under way. This lubricant decom- 
poses in to gaseous and l iqu id  products when 
irradiated, rather than into carbonaceous deposits 
of the type that resul t  from the irradiation o f  
hydrocarbon-base lubricants. A test of a pump 
rotary element with oi l- lubricated bearings i s  a lso 
under way i n  a radiat ion field. Further, a bellows- 
mounted seal is  being operated in  an endurance 
test in a sump pump that i s  circulat ing NaK a t  
1250OF. 

Techniques for remote maintenance o f  the com- 
ponents wi th in  the reactor c e l l  are being studied. 
It i s  considered that the most feasible solution to 
the maintenance problem is  to make a l l  components 
removable and replaceable by remote manipulation. 
Therefore means for remotely separating and 
joining pipes are being investigated. Tests are 
under way of three types o f  flange joints: (1) o 
freeze-flange joint in which a frozen seal of molten 
sa l t  i s  used to  prevent leakage of molten sa l t  
through the space between the flanges, (2) a joint 
which has a cast-metal seal between the flanges, 
and (3) a joint in  which a V-shaped tooth on each 
flange indents the seal ing ring. 

The various types of remote-handling apparatus 
now avai lable commercially are being studied for 
appl icabi l i ty  to maintenance of this reactor sys- 
tem. The remote assembly and disassembly o f  a 
pump in  a hot c e l l  is  being attempted as a means 
of studying the manipulation problems. Design 
work has a lso been init iated on heater-insulation 
uni ts  that can be remotely removed and replaced. 
Plans are being made for a large-scale demon- 
stration fac i l i t y  i n  which to test mechanical joints, 

the replaceabi I i ty  of components, the adequacy o f  
heater-insulation units, the unit izat ion of wi r ing 
harness and service piping, and the application of 
remote-viewing and -handling apparatus and tech- 
niques. 

A heat exchanger test  fac i l i t y  is  being operated 
to obtain heat transfer correlations for predict ing 
the heat transfer performance of the molten salts 
o f  interest. Experimental information is  required 
because the heat transfer characteristics of some 
salts appear to be affected by the type of struc- 
tural material used and by the wetting properties 
of the salts. 

Forced-circulation loops in  which large tem- 
perature drops can be achieved are being operated 
to  study the corrosion of INOR-8 and of lnconel by 
the fused salts of interest. The long-time effects 
are of particular interest, and satisfactory opera- 
t ion o f  a loop w i l l  imply operation for one year or 
longer without s i  ani f icant equipment d i f f icu l t ies 
or changes in  operating conditions. Two special 
loops hove been constructed of INOR-8. One of 
these includes graphite specimens and w i l l  be 
examined after operation to  determine the extent 
to which graphite causes carburization of INOR-8 
and the effects of the fused sa l t  mixture on 
graphite. The other loop includes INOR-8 speci- 
mens for weight-loss studies. 

A forced-circulation loop i s  also being assembled 
that w i l l  be operated in  a beam hole in  the MTR. 
Operation o f  the loop w i l l  provide information on 
fuel s tab i l i ty  and corrosion o f  INOR-8 under 
irradiation at  simulated reactor conditions. 

1.3. Engineering Research 

Three entrance-exit systems proposed for the 
core o f  the molten sa l t  reactor are being studied 
in  glass models. Preliminary qual i tat ive data on 
f low patterns and velocity prof i les have been ob- 
tained through visual observation and photographic 
recording of the motion of phosphorescent particles. 
The three systems being studied consist o f  (1) a 
core with the in le t  and outlet diametrically oppo- 
s i te  each other (straight-through flow), (2) a core 
wi th  the in le t  and outlet concentric and the f lu id  
entering through the inner pipe and ex i t ing through 
the outer annulus, and (3) a core with the in le t  
and outlet concentric and the f lu id  entering through 
the annulus and ex i t ing through the inner pipe. 
In in i t ia l  experiments wi th  the concentric system 
and the f lu id  entering through the inner pipe, a 
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large toroidal eddy was noted in the region be- 
tween the high-velocity, central, downward jet 
and the return stream along the core walls. Such 
an eddy could engender discrete high-temperature 
masses within the main f lu id flow and thus give 
r i se  to high-frequency thermal cycl ing of system 
components. The effect of a vortex generator at 
the entrance w i l l  be studied. 

Experimental determinations are being made of 
the v iscosi t ies and thermal conductivi t ies of 
several BeF2-bearing fluoride sa l t  mixtures. Heat 
transfer studies are being made in order to  de- 
termine the ef fect  of nonwetting and interfacial 
f i lm formation on heat transfer in Inconel and 
INOR-8 systems. A single circular tube w i l l  be 
used for these studies wi th the sa l t  mixture 
Li F-BeF2-UF, (53-46-1 mole %). 

1.4. Advanced Reactor Studies 

A preliminary desian study was made o f  a 
natural-convection molten sa l t  reactor which could 
be used in  a system in which there was a premium 
placed on re l iab i l i t y  and ease of maintenance. 
The advantages of el iminating the fuel-circulat ing 
pumps and the attendant problems of maintenance 
are obtained a t  the cost of the increased fuel 
volume required for a system in  which the pressure 
losses must be very low. A gas-turbine cycle or 
one of several steam cycles that operate ef f ic ient ly 
under high-temperature conditions would be used 
w i th  this system. In this study both helium and 
a molten sa l t  were considered as coolants for the 
primary heat exchanger. A comparison o f  the 
natural-convection system with the forced-c ircu la- 
t ion system indicates that, for a 60-Mw (thermal) 
reactor, the natural-convection system requires a 
fuel inventory a tou t  42% greater than that of the 
forced-circu lat ion system. 

An ideal ized reactor model is being used in  a 
systematic study o f  the influence o f  various 
factors on the power required to obtain a given 
f lux in  a research reactor. Data have been ob- 
tained for the ideal ized model, and further studies 
are under way for a model modified to ref lect  more 
rea I i s t i c  conditions. 

P A R T  2. M A T E R I A L S  S T U D I E S  

2.1. idetallurgy 

Corrosion experiments are under way w i th  
therma I-convec t i on and forced-c i rcu la t i on loops 
fabricated of INOR-8 and Inconel. The f i rs t  phase 
of a three-phase test program has been almost 

completed and part of the second phase of test ing 
is  under way. Only Inconel thermal-convection 
loops have been examined thus far, but the low 
corrosion rates expected i n  these 1000-hr tests 
were found. 

Studies are under way for determining the ef fect  
of carburization on the mechanical properties of 
reactor structural materials. The sod ium-graphi t e  
system was found to  be a rapid and ef fect ive 
medium for carburizing stainless steels, Hastel loy 
8, and Inconel. On the other hand, Inconel exposed 
to the graphite-fuel 30 (NaF-ZrF,-UF,, 50-46-4 
mole %) system for 100 hr a t  1500 and at 1250°F 
in seesaw-furnace apparatus did not become 
carburized. Stat ic capsule tests revealed that 
INOR-8 carburized more readi ly in  sodium than 
Inconel. The INOR-8 tensi le specimens to be 
used for strength and elongation determinations 
are being prepared by using the sodium-graphite 
system. 

The precious-metal brazing alloys, 82% Au-18% 
Ni and 80% Au-20% Cu, being considered for use 
in  the fabrication of fue I-sa I t-to-coolant-sal t heat 
exchangers were corrosion tested in fuel mixtures. 
Neither al loy showed attack after 2000 hr a t  
1200°F in  stat ic tests and 500 hr in  seesaw- 
furnace apparatus. Similarly, no attack was found 
on any o f  the welded INOR-8 plates tested in NaK 
and in  fuel 130 in  seesaw-furnace apparatus for 
500 hr at 1200°F. Various nickel-molybdenum- 
base welding rods were used. 

Measurements were made of the modulus of 
elast ici ty, the thermal conductivity, and the 
tensi le properties of several commercial air-melted 
heats of INOR-8. Studies were in i t iated for 
determining whether INOR-8 has a tendency t o  
embrit t le i n  the temperature range o f  1000 to 
1400OF. Specimens are being aged for periods of 
500, 1,000, 2,000, 5,000, and 10,000 hr. Pre- 
liminary results show that the specimens aged 
500 hr d id  not become brittle. 

Tests are under way for obtaining basic data on 
the strength of INOR-8. Since relat ively long 
periods are required to obtain data on p las t i c  
properties, preliminary data on tensi le properties 
are being obtained for use i n  design studies. 
Data are presented for sheet specimens that must 
be considered as approximate. Relaxation tests 
being made to determine whether INOR-8 w i l l  
deform p las t ica l l y  under reactor operating con- 
dit ions have indicated that the creep strength 
w i l l  have to be investigated. 
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In support o f  the component development program, 
metal seals for remote-disconnect flanged joints 
were investigated. A series of tests showed that 
s i lver or a silver-copper eutectic al loy w o u l d  
make effect ive cast metal seals on flange joints 
made of stainless steel, IHOR-8, and Inconel. 

Investigations of the welding characterist ics of 
INOR-8 tubing were continued, and evaluation 
tests were made of various weld metals. Seven 
dif ferent heats of INOR-8 from three different 
sources have been studied, ond only one has 
shown cracking tendencies when welded. In these 
investigations, weld test  plates are prepared that 
provide specimens for mechanical property studies 
of welded joints, for radiographic, vie ta l  lograph i c, 
and hardness studies, and for obtaining general 
information on the welding characteristics of the 
materials under conditions of high restraint. 

An examination was made of the INOR-8 forced- 
circulat ion loop that fai led during in i t ia l  heating 
in  a test stand. The fai lure occurred near the 
fusion l ine  of the weld joining a Hastel loy B 
nipple and an INOH-8 (Haynes heat SP-16)adapter. 
The lack of duc t i l i t y  of the Hastel loy B nipple, 
which was part of a finish-machined Hastel loy B 
pump barrel, was the cause of the failure. INOR-8 
pumps are now being fabricated for use in  the 
forced-circu lat ion loops. 

2.2. Radiation Damage 

Preparations are being made for the operation of 
an INOR-8 thermal-convection loop in the LITR. 
An electr ical ly heated ful I-scale mockup has been 
assembled and f i l l ed  wi th fuel to test  components 
and procedures. A new type of thermocouple 
assembly has been designed for use w i th  th is  
loop. In mockup tests the thermocouple has 
survived dozens of thermal cycles in which the 
thermal expansion was many times greater than 
that expected in the loop. The new assembly 
al lows the thermocouple jacket to move as the 
fuel tube moves during expansion. 

Charcoal for use in  a trap for adsorLing xenon 
during operation of the loop was baked i n  vacuum 
for 48 hr a t  50OOC in  order to decompose organic 
impurities and was then tested with radiokrypton 
to  determine the ef fect  of the heat treatment on 
i t s  adsorptive qualities. It was found that the 
charcoal was 10% more effect ive than it was 
before the heat treatment. 

Calculat ions were made o f  the magnitude of the 
undesirable ef fects that would resul t  from the 

presence of the Li6 isotope in  the fuel mixture 
(fuel 130) for the in-pi le loop. Since the possible 
effects of traces of tr i t ium in  the loop could not be 
evaluated with confidence, it was decided to use 
the best avai lable Li7. 

Preparations are being mode for the operation of 
a similar loop in the ORR and for the irradiat ion of 
fuel 130 in  INOR-8 capsules in the MTR. 

2.3. Chemistry 

Phase equil ibr ium studies are te ing  made for 
determining whether an LiF-BeF, mixture w i l l  
dissolve suff ic ient  ThF, and UF, to provide a 
fuel for a fused sa l t  breeder reactor. The studies 
have indicated that the quaternary system LiF- 
BeF,-ThF,-UF, can be treated as a ternary 
system and that some interpolations can be made 
between the systems Li F-BeF,-UF, and LiF- 
BeF2-ThF, wi th regard t o  liquidus temperatures 
and phase relationships. Breeder reactor blanket 
or breeder reactor fuel solvent compositions, 
whose maximum ThF, concentration is  l imited to  
that avai lable in sal ts having less than a 550OC 
liquidus, may be chosen from an area of the phase 
diagram in  which the upper l imi ts of ThF, con- 
centration are obtained in  the fo l lowing compo- 
sit ions: 75 mole % LiF-16 mole % ThF,-9 mole % 
BeF,, 69.5 mole % LiF-21 mole % ThF,-9.5 
mole % BeF,, 68 mole % LiF-22 mole % ThF,-IO 
mole % BeF,. 

The so lub i l i t y  and stabi l i ty  of PuF, in  beryllium,- 
containing fluoride sal ts are being investigated, 
The so lub i l i t y  has been shown to increase with 
increasing BeF, concentration in LiF-BeF, mix- 
tures. In the NaF-BeF, system, the solubi l i ty  of 
PuF, i s  higher in  the mixtures wi th 50 mole 96 
BeF, and 36 mole % BeF, than in  the niixture 
w i th  43 mole % BeF,. Thus there is  an indication 
that the so lub i l i t y  of PuF, in th is solvent goes 
through o minimum in  the v ic in i ty  of mixtures wi th 
43 mole % BeF,. The solubi l i ty  of PuF, a t  
565OC in  the binary mixtures studied varied from 
about 0.2 mole % for the 57 mole % NaF-43 mole 76 
BeF, mixture to 0.45 mole % for the 51.6 mole % 
LiF-48.4 mole % BeF, mixture. This concentra- 
t ion range would probably be adequate to  fuel a 
molten sal t  plutonium-burner reactor. In the one 
ternary mixture stud ied, Na F- L i F- Be F, (56- 12-28 
mole %), a value of 1.5 mole % PuF, was obtained 
a t  565°C. Thus there is an indication that the 
so lub i l i t y  of PuF, continues to increase witt i  

4 



P E R I O D  E N D I N G  J A N U A R Y  3 1 ,  1958 

decreasing BeF, concentration. No evidence of 
disproportionation o f  PuF, has teen found in 
these experiments. 

A survey was made of the physical, chemical, 
and nuclear properties of fused chlorides of 
possible interest os secondary heat transfer 
fluids. The survey showed the eutectic composi- 
t ion 41.7 mole % RbCI-58.3 mole % LiCl to be 
the most attract ive from the standpoints of vapor 
pressure and corrosion. Therma I-convection loop 
tests would be required to determine the rate of 
mass transfer. Apparatus is  being constructed 
for treating RbCI-LiCI mixtures to remove the 
water that is  always present in the salts. 

The vapor pressures of L iF-BeF, mixtures are 
expected to be low at MSR temperatures, and, to  
determine the magnitude, measurements were 
made of the vapor pressure of the solvent mixture 
64.9 mole % LiF-35.1 mole % BeF,. Since be- 
havior similar to that o f  the NaF-BeF, system can 
be expected in  the LiF-BeF, system, i t  is  ant ic i -  
pated that the vapor pressure of a 70 mole % 
LiF-30 mole % BeF2 solution w i l l  be about one- 
ha l f  the vapor pressure of the 64.9 mole % LiF- 
35.1 mole % BeF, solution at  the same tempera- 
ture. 

Studies o f  the solubilities of the noble gases i n  
NaF-KF-L i  F mixtures were continued. The 
studies of the NaF-KF-L iF  mixtures were under- 
taken pending completion of fac i l i t ies  for studying 
solvents containing BeF,. It is  expected that the 
numerical values of the noble gas so lub i l i t ies  i n  
solvents containing BeF, w i l l  be less than the 
corresponding values in  NaF-ZrF, and more than 
those in NaF-KF-LiF.  

Studies of the so lub i l i ty  of HF in NaF-ZrF, and 
NaF-KF-L i  F mixtures were continued, and studies 
of LiF-BeF, mixtures were initiated. Both the 
HF solub i l i ty  and the heat of solution values for 
the LiF-BeF, (51-49 mole %) mixture are of the 
same order of magnitude as the values obtained 
wi th  corresponding NaF-ZrF, mixtures. 

The so lub i l i t ies  of fission-product f luorides i n  
BeF,-containing solvents are being studied by 
using radioactive tracer techniques. Values are 
presented for the so lub i l i t ies  as a function of 
temperature and composition of CeF, in NaF-BeF,, 
YF, in  NaF-BeF,, CeF, in  LiF-BeF,, and CeF, 
and LaF, in  the presence of each other in  LiF- 
BeF,. 

The precipitat ion of oxides of f ission products 
from fluoride melts i s  being studied as one of the 

possible methods for the purif icat ion of fuel 
mixtures. Simple thermodynami c considerations 
are being applied in  order to  calculate the re la t ive 
order of precipitat ion of oxides. Calculations are 
described for the oxide precipitation of U4', Cettt, 
and Bet t  from an LiF-BeF, mixture containing 
UF, and CeF,. As part of this study the solu- 
b i l i t i es  and precipitat ion reactions of a variety of 
solutes are being studied i n  the simple binary 
solvent LiF-KF. The fol lowing useful generali- 
zations are based on the information obtained thus 
far regarding the so lub i l i t ies  of oxides of uranium, 
zirconium, hafnium, rare earths, alkal ine earths, 
and a lka l i  metals in this solvent. 

1. Uranium, zirconium, and hafnium precipitate 
as the dioxides and are the least soluble. 

2. Rare earths precipitate as R,O, and have 
very low solubil it ies. 

3. Beryl l ium and magnesium oxides are s l ight ly  
more soluble than the rare earth oxides but are 
s t i l l  quite insoluble. 

4. Barium, strontium, calcium, potassium, 
sodium, and l i thium oxides are more soluble than 
the oxides specif ied in items 1, 2, and 3. 

An experimental study of the act iv i ty  coeff i-  
cients of CrF, in  NaF-ZrF, (53-47 mole %) was 
continued, and equil ibrium quotients obtained a t  
850°C for the reaction 

are presented. Experiments are under way a t  
other temperatures. 

In preparation for a determination of act iv i ty  
coetf icients of FeF, in LiF-BeF, (63-37 mole%), 
i t  was established that equil ibrium measurements 
can be made with solutions of FeF, in  this solvent 
a t  concentrations wel l  in  excess of  5000 ppm 
Fe", even a t  500°C, which i s  the lowest tempera- 
ture of interest. 

A proposed graphical method evolved for calcu- 
lat ing the rate and amount of chromium migration 
(corrosion) to be expected in lnconel-NaF-ZrF,- 
UF, systems is  described. The results of actual 
loop experii2ents in  which Cr5 '  was used to trace 
the chromium migration were used to check the 
va l id i ty  of the calculations. 

Attempts are being made to  measure the act iv i ty  
o f  n icke l  in  nickel-molybdenum al loys by using an 
electromotive-force method. Ex per imen to I d i f f  i- 
cu l t ies are being studied. 
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1.1. REACTOR DESIGN 

H. G. MacPherson 

S T U D Y  L A Y O U T S  OF R E A C T O R  S Y S T E M  

E. J. Breeding 

J. Y. Estabrook W. S. Harris R. E. Helms 

Prel iminary layouts of the molten-salt reactor 
(MSR) system are being prepared as a means of 
studying the mechanical design. These layouts 
are based on the use of f ive fuel pumps and two 
blanket-salt  purnps, The total thermal power 
production is assumed to be 638 Mw, wi th 90% of 
the power being generated in  the 8-ft-dia core and 
10% being generated in  the 2-ft- thick blanket. 
Each o f  the layouts, presented here as Figs. 1.1.1 
through 1.1.5, has both satisfactory and unsatis- 
factory features. It i s  hoped that through examining 
many possible arrangements the most simple de- 
sign can be determined. Layouts of the reactor 
c e l l  are also being made i n  order to  determine the 
best possible arrangements of piping and other 
components that w i l l  provide minimum plant s ize  
and yet faci l i tate remote maintenance. 

The basic layout shown in  Fig. 1.1.1 of a two- 
pass reactor wi th a blanket was conceived with the 
support and fabrication problems as the maior 
influence. The main support r ing is, in  effect, 
a channel ro l led into a ring. Both the blanket and 
core shel ls are supported Dy this ring. The fuel 
pumps are supported by their barrels, which pene- 
trate the top flange. Both the fuel and the blanket- 
sa l t  expansion tanks are formed by conventional 
shell-head shapes. Individual pump suction l ines 
direct  to the neck of the reactor core vessel are 
provided to  avoid stresses induced by penetration 
of the Llanket shell. The method of support of 
the pumps permits the pump discharges to be 
rotated without altering the detai ls of fabrication 
o f  the vessel. Except for the outrigged blanket- 
sa l t  pumps, the un i t  i s  symmetrical in order to 
s impl i fy fabrication. All parts of the fuel system 
are in packages of f ive in  order to lower the cost 
of fabrication, The fuel inventory of a reactor of 
th is type would be low, that is, approximately 
330 ft3., One of the main oLjections to this layout 
i s  that there is  no blanket sal t  around the neck of 
the core vessel. 

The layout presented in  Fig. 1.1.2 has the 
advantage that the core is completely surrounded 

w i th  blanket salt, and yet simple shapes have been 
retained for ease of fabrication. The fuel pumps 
are equally spaced around the periphery o f  the 
reactor, and the two blanket-salt pumps are located 
i n  a central annulus of blanket over the core. 
Th is  arrangement permits the support of the pumps 
m d  the blanket pressure shel l  from a grid type of 

UNCLASSIFIED 
ORNL-LR-DWG 27883 

E L A N  KET-SALT 
PUMP 

E L A N  KET-S ALT 

y - I 1  -0' BLANKET-SALT INLET 

Fig. 1.1.1. MSR Layout with Outrigged Blanket-Salt 
Pumps and No Blanket Salt Around Neck of Core. 
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OUTLET 

BLANKET-SALT INLET - 

Fig. 1.1.2 MSR Layout with Fuel Pumps Equally 

Spaced Around the Periphery and the Blanket-Salt 

Pumps in a Central Annulus of Blanket over the Core. 

frame above the reactor. The fuel pumps are 
connected by a gas annulus or torus wi th  space 
for expansion of the fuel under conditions other 
than normal. The pumps are completely covered 
wi th  fuel a t  a l l  times. The fuel inventory for this 
layout i s  395 ft3 and could be reduced, since the 
connecting pipes out of the core and the pump 
tanks appear to be larger than necessary. The 
fuel in le t  and out le t  pipes pass through the 
blanket pressure vessel wal l  and may create 
undesirable stresses. The temperature difference 
between the in le t  and outlet pipes is  expected to  
be about 135OF. Further study w i l l  be required to  
determine whether the result ing stresses can be 
to I erated. 

The layout shown i n  Fig. 1.1.3 has the f ive fuel 
pumps equally spaced around the top and the two 

FUEL 

BLANKET-SALT 
EXPANSION TAN 

FUEL I N L E T  

OUTLET 

SALT INL r 

Fig 1.1.3. MSR Layout with F i v e  Fuel Pumps That  

Have a Common Header and Offset Blanket-Salt Pumps 

That Draw from a Blanket Chamber Above the Fuel 

Expansion Tank. 

blanket-salt  pumps offset in  a blanket chamber 
above the fuel expansion tank. The f ive fuel 
pumps have a common header. The suction, volute, 
and discharge of each pump are located in  a trough 
to minimize inventory and to  direct the flow. The 
fuel returns through the fuel expansion tank, 
gathers in  a plenum, and i s  then directed to  the 
core. The fuel pumps are supported by their 
barrels from the fuel expansion tank top. The 
blanket sa l t  f lows upward around the core and 
passes between the fuel pumps i n  rectangular 
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FUEL 
PUMP - , {BLANKET-SALT 

~-~ PUMP 
COOLANT 

SALT 
' OUTLET 

,-BLANKET 
SALT 

INLET 

Fig. 1.1.4. S ing lepass  MSR Layout. 

ducts to  a plenum a t  the center of the blanket 
deck from which the offset blanket-salt  pumps 
draw. The blanket-salt  pumps are supported by 
their barrels from the blanket expansion tank top. 
The reactor supports could be located under the 
fuel pumps. The fuel inventory for this layout is 
approximately 440 ft3. 

One of several preliminary layouts of single-pass 
systems i s  shown in Fig. 1.1.4. The single-pass 
system offers the possibi l i ty  of closely coupling 
the primary heat exchangers to the reactor. Such 
close coupling would be of advantage in  minimizing 
the size of the reactor cell. Thermal sleeves are 
incorporated to rel ieve the stresses involved in  
connecting the outer blanket shel l  to  the in let  and 
outlet piping. The top of the reactor is somewhat 
simpler than for a two-pass system, although some 
of the complication was merely transferred to the 
bottom of the reactor. This layout required a fuel 

BLANKET- SALT 
PUMP 

I FUEL 
PUMP 

-ANKET-SALT 
OUTLET 

'&  BLANKET- SALT INLET 

Fig. 1.1.5. MSR Layout with Fuel Return Ducts at 

the Same P l a c e  as the Fuel  Discharge Ducts. 

inventory of 420 ft3. The reactor support problem 
was not considered in  these studies; however, a 
load r ing and pump barrel type of support would 
pro bob I y be requ ired. 

Another two-pass system is  shown in  Fig. 1.1.5. 
The return fuel ducts are brought back to the top 
of the reactor at the same place as the pump dis-  
charge ducts. (Results of flow studies of this 
arrangement are presented in  Chap 1.3.) This 
feature tends to lower the over-al l  height and 
hence the pressure difference across the core 
shell. The plan view shows much less blanket 
material in  the region of the discharge and return 
ducts than there i s  in designs having the return 
ducts above or below the discharge ducts. As i n  
a l l  the two-pass layouts wi th mult iple pumps, the 
top of the reactor i s  complex with regard to fabri- 
cabi I ity. 
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N U C L E A R  C A L C U L A T I O N S  

L. G. Alexander J. T. Roberts 

Nuclear calculat ions relat ive to  parameter studies 
of molten sa l t  reactors for the production of power 
were continued. The Univac calculations, for 
which the Ocusol program is  used, have provided 
information about U235- and U233-fueled reactors 
of the reference design type, primarily, but studies 
have been in i t iated of plutonium-fueled molten 
s a l t  reactors and of graphite-moderated molten sa l t  
U233 breeder reactors. 

Univac-Ocusol  Reactor Ca lcu la t ions  

J. T. Roberts 

The parameter study of two-region, homogeneous, 
molten sa l t  reactors described in  the previous 
report’ has been extended and refined. The calcu- 
lat ions based on the use of the 69 mole % LiF-31 
mole % BeF, sal t  plus ThF, and UF, in the core 
and of the 75 mole % LiF-25 mole % ThF, sa l t  
i n  the blanket were completed, and a new study 
based on the use of a 63 mole % LiF-37 mole % 
BeF, sa l t  plus ThF, and UF, in  the core and of 
a 71 mole % LiF-16 mole % BeF2-13 mole % ThF, 
sa l t  in the blanket was initiated. The effects of 
changing the sal ts are expected to be a small 
reduction i n  c r i t i ca l  mass and a reduction o f  
approximately 12% in  the external regeneration 
ratio. Blanket thickness w i l l  also be a variable 
in  the new parameter study. 

In the calculat ions just completed a comparison 
was made o f  U233- and U235-fueled reactors. The 
results of these calculat ions are presented in  Fig. 
1.1.6, which shows the f issionable material in- 
ventory at startup as a function of core diometer. 
The ef fect  of various amounts of thorium, in  the 
range 0 to 1 mole % in  the fuel salt, i s  a lso shown. 
For the same core diameter and thorium content of 
the fuel salt, the U233  inventory for the cases 
shown is  less than ha l f  the U235 inventory. This 
i s  due to  both the higher and the lower a for 
U233  compared with those for U 2 3 5  i n  intermediate 
reactors. In Figs. 1.1.7 and 1.1.8, the 7-1, the 
in i t ia l  total regeneration ratio, and the in i t ia l  
blanket regeneration rat io for U235- and U233-  
fueled reactors are plotted as functions o f  thorium 
content of the fuel sa l t  for core diameters in  the 
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’L. G. Alexander and J. T. Roberts, MSR Qziar. Prog. 
R e p .  O c f .  31. 1957. ORNL-2431, p 5. 

UNCLASSIFIED 
ORNL-LR-DWG 27888 

Lo 1 
R 1 3 1 z 1000 

5000 

I 

m 
N 
3 2000 
b 

m 

t CL 

m -1 e z 500 

G 
W > 

A s : 200 
0 

100 

50 
3 4 5 6 7 8 9 1 0  

CORE DlAMETER( f t )  

Fig. 1.1.6. Clean, Cri t ical  Inventory of U233 and 
U235 for 600-Mw Reactors Fueled with Lithium- 
Beryl I ium-Base Salts. 

range 5 to 10 ft. In the U235 cases the regenera- 
t ion rat io i s  l imited to a maximum of about 0.675 
by the comparatively low value of 77 and a pract ical  
minimum loss to capture in the sa l t  and i n  the core 
shel l  of about 0.1+. The U233 cases were no t  
carried far enough to establ ish a “cei l ing” on the 
regeneration ratio, but, judging from the 77-1 values, 
i t  would seem to be possible to exceed 1.0 by 
increasing the thorium content of the fuel sa l t  to, 
perhaps, 1.5 to  2% and, a t  the same time, in- 
creasing the U233 inventory to, perhaps, 300 to 
900 kg, depending on the core diameter. It should 
be remembered, however, that the regeneration 
rat ios shown for the U233-fueled reactors w i l l  
decrease with time as burnup poisons accumulate 
in  the system, whi le in  the U235-fueled reactors, 
w i th  in i t ia l  regeneration rat ios of about 0.6 or 
better, the regeneration rat io may actual ly improve 
w i th  time and with reasonable chemical-processing 
rates because of the Lui ldup of the superior U233 
fuel. 

Calculat ions were also made in  order to  compare 
I i thium-beryl I ium and sodi urn- beryl I ium salts as 
fuels for reactors of the reference design type. 
Figure 1.1.9 presents a comparison o f  the U 2 3 5  
inventories a t  startup for reactors fueled w i th  
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Fig. 1.1.7. In i t ia l  Regeneration Characteristics of 

Molten Salt Reactors Fueled with Lithium-Beryllium- 

Base Salts Containing U235. 

69 mole % LiF-31 mole % BeF, plus ThF, and 
UF, in  the core and 75 mole % LiF-25 mole % 
ThF, in  the blanket and for reactors fueled wi th  
53 mole % NaF-47 mole % BeF, plus ThF, and 
UF, in  the core and 58 mole % NaF-35 mole % 
BeF,-7 mole % ThF, in  the blanket. For the same 
core diameter and thorium content of the fuel salt, 
the sodium-beryllium-base salts required 1.1 to  
2 times the U235 inventory required for the l ithium- 
beryllium-base salts. In Fig. 1.1.10 the q-1,the 
in i t ia l  total regeneration ratio, and the in i t ia l  
blanket regeneration rat io are plotted for reactors 
fueled wi th  No-Be salts. In comparison wi th  the 
Li-Be-base fuels (Fig. 1.1.7), the Na-Be-base 
fuels show o disadvantage o f  0.1 to 0.15 i n  
regeneration ratio. Since No-Be salts cost ap- 
proximately one-half as much as L i7 -Be salts, 
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Fig. 1.1.8. Init ial  Regeneration Characteristics of 

Molten Salt Reactors Fueled with Li thium-Beryl l ium 

Base Salts Containing U233. 

some further studies of them w i l l  be made, even 
though they do not compare very favorably on a 
nuc Iear basis. 

A comparison of flux-averaged cross sections o f  
U235, U236, and U238 in reactors of the reference 
design type indicated that a t  steady state the 
concentration o f  U236 plus U238 w i l l  be about 
60 to 90% of the U235 concentration. Th is  est i -  
mate, together wi th  the U235 cr i t i ca l  concentration 
estimates, indicates that the use of 1 mole % UF, 
in corrosion tests i s  conservatively high i f  data 
appl icable to the reactors of greatest interest are 
to  be obtained. The data may not, however, be 
applicable to graphite-moderated thermal reactors, 
since the steady-state ratios 09 even to  odd uranium 
isotopes w i l l  be greater in thermal than in  inter- 
mediate reactors. 

Cross sections for Na, Be, P U ~ ~ ' ,  C, and 

Bi have been added to the Ocusol sigma tape (for 
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cross sections ovai loble previously see ref 2). 
Also, thorium cross sections wi th ua adjusted for 
resonance saturation effects have been inserted 
for 0.25, 0.5, 0.75, 7, and 13 mole 76 thorium in 
lithium-beryllium-base salts. Pseudo cross sec- 
t ions for combined L i -Be -F  in  various core and 
blanket sal ts have been inserted so that these 
may be used as a s ingle "element" in  Ocusol 
calculations, which are l imited to  seven elements 
i n  a region. 

Orac le Ca I c u la t i on s 

L. G. Alexander 

The Sorghum program was designed for computing 
progressive changes in  core concentrations and 

LJ. T. Roberts and L. G. Alexander, Cross Sections 
/ o r O C U S O L - A P ~ o g r a m ,  ORNL CF-57-6-5(June 11, 1957). 
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regeneration rat ios in molten sal t  reactors, w i th  
Ocusol or Cornpone outputs being used for the 
in i t ia l  states. It i s  based on the assumption that 
the scattering and leakage probabil i t ies are in-  
sensi t ive functions of the varying concentrations. 
The program was operated with constants that 
characterized the spectrum, leakage, and scattering 
in  Ocusol Case 89-2, for which the data were pre- 
sented p r e ~ i o u s l y . ~  The code operated satis- 
factori ly but disclosed the hitherto unrecognized 
fact  that the spectrum and leakage output from 
Ocusol ore not consistent wi th the scattering 
properties. The source of the inconsistency i s  
not known, but may be due to  a biased round-off of 
the leakages a t  the highest energies, which, being 
small, are known to only two signi f icant figurer;. 
Since the spectrum in  Sorghum is  computed in  a 
stepwise manner, beginning w i th  the high-energy 
groups, the round-off bias tends to  accumulate 
and to  be ampli f ied in the lower groups. 

. 

'L. G. Alexander and J. T. Roberts, MSR Quar. P70g. 
Rep .  Oct. 31, 1957, ORNL-2431, p 6, Table 1.2. 
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In  order to remedy this defect, a subroutine for 
computing the constants for Sorghum from the con- 
centrations, absorption cross sections, in i t ia l  
spectrum, and leakage probabil i t ies was writ ten 
and incorporated in  the program. The resul t ing 
constants, which dif fer only s l ight ly from those 
based on the scattering cross sections computed 
by Ocusol, reproduce the in i t ia l  spectrum and 
c r i t i ca l  concentration exactly. 

Absorption cross sections for Pa , I 

U236, Np237, and Pu239 were estimated and were 
inserted into the program, together wi th f iss ion 
cross sections for Pu239. The modified program 
has been operated successful ly on a test  case. 
Tests to determine l imitat ions imposed on the 
magnitude of the time increment by convergence 
requirements and the dr i f t  in group leakage proba- 
b i l i t i es  are in  progress. 

2 3 3  u 2 3 4  

Efforts to bring the Oracle program Cornpone 
into use for molten sal t  reactors have been con- 
tinued. In i t ia l  tests, for which the Ocusol group 
structure and cross sections were used, showed 
disagreement in the cr i t ical  mass; also, the com- 
put ing time was excessive. The effects of modify- 
ing the group structure, scal ing factors, number of 
space points in  thin-shel l  regions, and method of 
treating the principal scatterers are being studied. 

A decision to normalize the fractional absorption 
o f  neutrons in each elemental species wi th respect 
to the reactor as a whole, rather than with respect 
to the various regions, has necessitated revisions 
o f  the ed i t  subroutine. Provision has been made 
to  edi t  the integrated f lux in  each group and each 
region for use in Sorghum and other perturbation 
cal cu I at ions. 

I BM-704 Codes 

D. Baxter 

The appl icabi l i ty  of exist ing IBM-704 codes to 
molten sa l t  reactor calculat ions was investigated, 
and three promising codes were selected for further 
study. These are: the “CURE,” a generalized, 
two-dimensional, multigroup program suitable for 
investigating the effect of the north head o f  the 
reactor on the react iv i ty and breeding ratio; the 
“GM-GNU,” a multigroup, multiregion, one- 
dimensional program similar to Eyewash-Ocusol; 
and the “Curtiss-Wright 075,” a two-dimensional, 
multigroup, multiregion code. 

F U E L  F I L L - A N D - D R A I N  SYSTEM D E S I G N  

G. D. Whitman 

A preliminary design study has been made o f  a 
fuel f i l l -and-drain system for the MSR. Th is  
system must meet the fo l lowing three maior design 
cr i ter i a: 

1. A preheating system must be provided that i s  
capable o f  maintaining the drain vessel and i t s  
connecting plumbing a t  1200OF. 

2. A re l iable heat-removal system must be pro- 
vided that has suff icient capacity to handle the 
fuel afterheat. 

The drain vessel must be “ever-safe” so that 
c r i t i ca l i t y  cannot be achieved when the fuel i s  
drained. 

The fuel draining operation has not been con- 
sidered as an emergency procedure which must be 
accomplished in a relat ively short period o f  time 
i n  order to prevent a catastrophe. I t  i s  considered 
that, i f  a l l  forced circulat ion ceased during high- 
power operation, the thermal capacity and heat 
losses o f  the system would prevent prompt thermal 
transients that would be capable o f  causing 
fai lure of the primary containment vessels. There 
are, however, other incentives for rapid removal o f  
the f lu id  from the fuel circuit. If, for example, 
there was a leak in  the fuel system i t  would be 
important to drain the fuel i n  order to minimize the 
cel I contamination and cross contamination o f  
systems. Further, rapid removal of the fuel a t  the 
time of a shutdown for maintenance would have an 
economic advantage i n  reducing the power outage 
time. 

A consideration of these factors indicated that 
the maximum a f t e r h e a t  desiqn load should be 10Mw 
for a 600-Mw reactor that had been operating 
for one year and had been shut down for 10 min 
before the fuel was drained. No credit was taken 
for fission-gas removal during operation. I t  was 
determined that 15 min would be required to remove 
the fuel from the reactor. 

For the drain vessel design calculations, i t  was 
assumed that a t  1200°F the fuel system volume 
would be 600 ft3. The design capacity o f  the 
drain vessel was therefore set a t  750 ft3 in  order 
to al low for temperature excursions and a residual 
heel. An array of 12-in.-dia pipes was selected as 
the primary containment vessel of the drain system 
in  order to obtain a large surface-area-to-volume 
rat io for heat transfer eff iciency and to provide a 

3. 
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large amount of nuclear poison material. Forty- 
eight 20-ft lengths of 12-in.-dia pipe would be 
arranged in s i x  ver t ica l  banks connected on 
opposite ends with mitered joints. The s i x  banks 
o f  pipe would be connected at  the bottom wi th  a 
common drain l ine that would connect wi th  the 
fuel system. The drain system would be preheated 
and maintained at  the desired temperature with 
electr ic heaters instal led in  small-diameter pipes 
located ax ia l ly  inside the 12-in.-dia pipes. These 
bayonet-type heaters could a l l  be removed or in- 
stal led from one face of the pipe array to fac i l i ta te  
maintenance. The entire system would be instal led 
in  an insulated room or furnace to minimize heat 
losses. 

The removal of the fuel afterheat would be 
accomplished by f i l l i n g  boiler tubes instal led be- 
tween the 12- in.-dia fuel -con ta in  ing pipes with 
co ld  water from a header that would normally be 
full. The boiler tubes would normally be dry and 
a t  the ambient temperature o f  about 12OOOF. 
Cooling would be accomplished by radiant heat 
transfer from the fuel-containing pipes to the low- 
pressure, low-temperature water in the boiler tubes. 
For the peak afterheat load, about 150 gpm o f  
water would be required to supply the boi ler tubes. 

Th is  fi l l-and-drain system design satisf ies the 
design cri teria in  that it i s  always in  a standby 
condition in  which it i s  immediately avai lable for 
drainage of the fuel, i t  can adequately handle the 
fuel afterheat, and i t  provides double containment 
o f  the fuel. The heat-removal scheme i s  essen- 
t ia l l y  self-regulat ing in that the amount of heat 
removal is  determined by the rate of heat transfer. 
Both the water and the fuel systems are a t  low 
pressure, and a double failure would be required 
for the two f luids to be mixed. The drain system 
tank could be enclosed and sealed from the atmos- 
phere because there are no large gas-cooling ducts 
or other maior external systems connected to it. 
A stainless steel tray would be placed below 
each bank of pipes to catch the fuel i f  a leak 
developed. These trays would be cooled by water 
wal ls  to prevent any poss ib i l i ty  o f  meltdown and 
destruction of the cell. 

D E S I G N  O F  A H Y D R O S T A T I C  B E A R I N G  F O R  A 
M O L T E N  S A L T  PUMP I M P E L L E R  

6. W. Kinyon 

A hydrostat ic bearing was investigated for use 
as a p i lo t  bearing for a molten sa l t  pump because 

the pressure of the pumped f lu id  could be used to 
maintain the centering of the impeller i n  the pump 
casing. Two designs are possible: one i n  which 
the pockets are located around the inside of the 
bearing and one in which the pockets are on the 
impeller. The latter design offers the advantage 
that the supply passages for f lu id  flow to the 
pockets are in  the impeller and are thus replace- 
able. 

The ch ief  difference between the conventional 
hydrostatic bearing wi th  stationary pockets and 
the bearing in  which the pockets rotate on the 
impeller i s  that in  the latter case the f lu id  f low 
through a given pocket i s  variable except when 
the impeller i s  centered, which only occurs under 
the improbable situation that there i s  no side-load 
on the shaft. The variation in flow velocity, zi, of 
the f lu id  leaving the pockets of the two designs is  
shown in  Fig. 1.1.11. 

The pressure in  the pocket act ing between the 
shaft and the journal is  proportional to zi2 i f  the 
pockets are stationary, but the proportionality must 
be adjusted by an acceleration factor i f  the pockets 
are rotating. The curves o f  Fig. 1.1.11 indicate 
that the load-supporting abi l i ty  o f  the two designs 
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i s  nearly the same, but there i s  a sI.ight angular 
displacement between the curves. 

Preliminary calculat ions for a 16-in.-dia impeller 
running a t  1175 rpm and having 12 pockets around 
the periphery have been made. The radio! clearance 
was taken as 0.015 in. The load capacity per inch 
of pocket height i s  shown in Fig. 1.1.12 as a func- 
t ion o f  impeller displacement. Circumferential 
f low between pockets was neglected in these pre- 
liminary calculations. A calculat ion at one point 
indicated that the circumferential flow would re- 
duce the load capacity about 15% for a bearing 
1.S in. high. I f  the bearing height were increased, 
the relat ive circumferential flow would increase, 
and the load capacity of the bearing per inch o f  
height would decrease, even though the total load 
capacity of the bearing would increase, For th is  
bearing, a flow of 0.137 ft3/sec was required with 
a power consumption of 1.38 hp (net). These 
values are 1.25 and 0.82%, respectively, of the 
f low and power consumption of the pump. 

An investigation of the ef fect  of varying the 
pressure and flow indicated that, for the same 
power consumption, high flow a t  low pressure 
would give more load capacity in the bearing than 
would low flow a t  high pressure, The pressure 
developed by a rotat ing column of f lu id i s  pro- 
portional to R: - R f ,  where R o  and R i  are the 
outer and inner radi i  of the f lu id supply passage 

in the impeller, and therefore increasing R i  and 
enlarging the or i f ice would result in a larger load 
capacity of the bearing without increasing the 
power required for providing the flow for the 
bearing. 

U N C L A S S I F I E D  
ORNL-LR -DWG 27894 
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Fig. 1.1.12. Bearing Capacity vs  Displacement of 

Impeller Having 12 Pockets Around Periphery and 

Operating at 1175 rpm. 
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1.2. COMPONENT DEVELOPMENT AND TESTING 

H. W. Savage 

F U E L  P U M P  D E S I G N  A N D  D E V E L O P M E N T  

W. F. Boudreou A. G. Grindel l  

Pump Design Studies 

W. G. Cobb M. E. Lackey 

The optimum design of a fuel pump for a 
circulat ing-fuel reactor is, o f  course, dependent on 
the general configuration of the reactor ond i t s  
maior components. In  turn, the design o f  the 
reactor can be substantial ly influenced by the 
pump characterist ics . This mutua I interdependence 
dictates that pump design must be continuously 
coordinated w i th  the general reactor design. 

One of the maior considerations i n  the design 
o f  a centrifugal pump is the problem of cavitat ion. 
The onset of cavi tat ion is  primari ly governed by 
the net total pressure avai lable a t  the impeller 
in le t  t o  lift the sa l t  into the impeller. Cavi tat ion 
must be avoided, since it can cause physical 
damage t o  the impeller or to  other parts o f  the 
pump. Cavi tat ion data obtained for fused sa l t  
pumps a t  ORNL have been studied in  relat ion to  
pressures, f low rates, and pressure drops in  the 
heat exchangers and i n  other portions of the primary 
fuel c i rcu i t  of the reference-design reactor. These 
preliminary studies indicate that f ive pumps with 
the fo l lowing design parameters w i l l  be suitable 
for c i rculat ing fuel 130 (BeF,-LiF-UF,, 37-62-1 
mole %): 

F l o w  through pump 4950 gpm 

Head produced by pump 71 f t  

Temperature a t  pump in let  123OoF (max) 

Static pressure a t  pump inlet 19.2 psi0 

Pump shaft speed 1160 rpm 

A pump design i s  being prepared that i s  based on 
these design values, but it i s  real ized that further 
studies of the reactor design may require changes. 
It w i l l  not be d i f f i cu l t  to  translate the results of 
these studies to pumps of other capacities. 

The basic design of an impeller and a double 
volute for the pump was developed that i s  serving 
as the basis for a series of pump layouts. Various 
types and arrangements of bearings (salt-lubricated, 
oil-lubricated, and gas-lubricated) and seals are 

W. B. McDonald 

being considered i n  conjunction w i th  a t  least two 
dif ferent motor arrangements ( total ly enclosed and 
conventional). These layouts w i l l  permit a de- 
termination of the most favorable arrangement of 
a l l  elements from the standpoints of adaptabi l i ty to  
reactor construction, durabi l i ty, adaptabi l i ty t o  
remote maintenance operations, reactor operational 
problems, and sa on. 

In  the f i rs t  layout the problem of o i l  lubrication 
and the corol lary problem of radiat ion damage are 
avoided. Two bearings are used to  support both 
the pump and the motor rotor. The lower (iournal) 
bearing i s  of the hydrostatic type; i t i s  lubricated 
by the sa l t  fuel; and it surrounds the impeller 
near i t s  inlet. The upper bearing i s  a spherical 
gas-lubricated un i t  which serves as both a thrust 
and a iournal bearing. Part of the gas used bo 
lubricate the bearing i s  also used for the reactor 
off-gas system. The gas-lubricated bearing also 
serves as a seal. The gas f low is  introduced at 
the center of the bearing; part of i t i s  directed 
downward through the bearing and along the pump 
shaft, and part of it sweeps up in to  the motor 
cavi ty to the off-gas system. The speci f ic  
characterist ics of th is type of gas bearing operating 
a t  reactor service condit ions w i l l  have to  be 
determined through actual tests in  order to assure 
adeq u a te perf or mance . 

A number of commercial organizations have bu i l t  
pumps for use with l iqu id  metals under service 
condit ions which approach those of the molten 
sa l t  reactor. In order to  u t i l i ze  their experience, 
study contracts are to  be negotiated w i th  several 
manufacturers. These companies w i l l  be asked 
to  study the fuel pump application i n  the l igh t  of 
their own experience and to  formulate conceptuai 
designs that incorporate their recommendations. 
Prel iminary discussions have been held w i th  
representatives of Al l is-Chalmers Mfg. Co., 
Westinghouse Electr ic Corp., and Byron Jackson Co. 

Bevelopment Tests of Salt=Lubricated Bearings 

P. G. Smith L. V. Wilson 

The fused sal t  pumps now in  use for development 
tests have conventional oi l- lubricated bearings. 
These elements impose restr ict ions on the design 
and construction of the pump, since the bearings 
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must be shielded from both the heat and the 
radiat ion from the fuel sa l t  in order to avoid damage 
t o  the bearings and to  the lubricant. The avai la- 
b i l i t y  of a satisfactory bearing lubricated by the 
fuel sa l t  would el iminate these restr ict ions and 
should permit improvements in  pump construction 
from the standpoints of re l iab i l i t y  and simpli-  
f icat i  on 

A survey of exist ing knowledge concerning 
materials suitable for use in  the construction of 
salt- lubricated bearings was made, and it was 
found that a t  least two combinations of materials 
showed considerable promise: (1) molybdenum 
running against tungsten carbide containing 
12.5 wt % cobalt and (2) tungsten carbide con- 
taining 12.5 wt % cobalt running against i tsel f .  
The coeff icients of thermal expansion of these 
materials dif fer from those of INOR-8 and lnconel, 
however, and therefore there may be design and 
development problems involved in  the use of these 
materials 

Two high-temperature bearing test units are to  
be set up, One un i t  w i l l  provide fac i l i t i es  for 
test ing hydrodynamic (plain iournal) bearings, and 
the other w i l l  provide for the test ing of hydrostatic 
( f lu  id pis ton) bearings . Ex i st ing h igh-temperature 
equipment w i l l  be modified for use in  th is test  
program. 

The design of the hydrodynamic-bearing test  
un i t  has been completed, and procurement and 
fabrication of parts have been init iated. Th is  
test uni t  w i l l  u t i l i ze  a modified sump pump 
designed for c i rculat ing NaK at high temperatures. 
The impeller has been removed, and the shaft has 
been modified to accommodate the rotat ing portion 
of the test  bearing a t  i t s  lower end. The stationary 
element of the bearing i s  held by a movable arm 
brought out of the pump tank through a bellows 
seal. Variable loads can be applied to the bearing 
by an air  cyl inder attached t o  the outer end of 
the movable arm. A calibrated drive motor i s  used 
i n  order to  obtain data on load vs test-unit  torque. 
The test  information that w i l l  be obtained i s  
expected t o  permit a good analysis of the behavior 
o f  the fused salts of interest as bearing lubricants. 

The theory of the hydrodynamic bearing has been 
we l l  worked out i n  recent years, and i t s  relat ive 
mechanical s impl ic i ty tends to  faci l i tate analysis. 
The in i t ia l  studies of the pump design problem 
have indicated, however, that the hydrostatic 
(fluid-piston) type of bearing may have a number of 
advantages for use in  fused sa l t  pumps. Among 

the most important I S  that such bearings can 
withstand a considerable amount of mechanical 
damage without appreciable impairment of their 
load-carrying capacity. Therefore the second 
bearing test  uni t  w i l l  incorporate a hydrostat ic 
bearing. Layout studies indicate that a satisfactory 
test  uni t  can be constructed by removing the lower 
(oil-lubricated) bearing and seal of another pump 
of the type described above and incorporating a 
hydrostatic bearing on the shaft immediately above 
the impeller. The impeller w i l l  be used as the 
source of pressure and load for the bearing. 

The novel form of hydrostatic bearing described i n  
Chap. 1 .l, which eliminates complexit ies associated 
with many conventional hydrostatic bearings, w i l l  
a lso be tested. A model that w i l l  use water as the 
lubricant i s  to be constructed. 

The combined geometries of the reactor and the 
pumps wi l l ,  of course, determine eventual ly the 
location of the pump bearings. Since salt-lubricated 
bearings could be placed a t  several locations in 
the pump, studies of a variety of configurations of 
salt- lubricated bearings are being made in  terms 
of the basic variables, such as diameter, clearance 
ratio, and length-to-diameter ratio. 

Development Tests of Mechanical Shaft Seals 

Development tests o f  sump pumps w i th  o i l -  
lubricated shaft seals that were designed for 
c i rculat ing h igh-temperature NaK have revealed 
that NaK vapor may dif fuse into the seal o i l -  
leakage area and react wi th the o i l  to  form sludges 
that interfere wi th the functioning of the seal. 
Since oi l- lubricated shaft seals would be of use in 
molten sal t  reactor applications, means for 
preventing di f fusion of process-fluid vapor into 
the seal region are being sought. 

The f low path of the hel ium in  the seal area 
(which normally serves to  purge the o i l  leaking 
from the seal) was changed so that part of the 
helium would f low upward into the seal area and 
the remainder would f low downward along the shaft 
to  reduce dif fusion of the NaK vapor into the seal 
region. A pump incorporating th is modified seal 
has now operated for approximately 2600 hr a t  a 
NaK temperature o f  120OOF and a pump speed 
of 2400 rpm. Seal leakage has been negligible, 
and no evidences of seal damage have been noted. 
The test  i s  continuing. 
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Development Tests of Oil=Lubricated Bearings 

P. G. Smith W. E. Thomas 

The lower bearings for the fuel pumps may 
possibly be salt-lubricated, as described above, 
but oi l- lubricated bearings may be required at  the 
upper end of the shaft. The o i l  in  these bearings 
could, of course, be damaged by radiat ion from the 
sa l t  fuel, It has been found that the lubricant 
Dowtherm A, a eutectic mixture of diphenyl and 
diphenyl oxide, offers the advantage that i t  
decomposes into gaseous and l iquid products when 
irradiated rather than into carbonaceous deposits 
of the type that resul t  from the irradiation of 
hydrocarbon-base lubricants. The principal d is-  
advantage of Dowtherm as a lubricant is  that it 
lacks the property of oil iness, that is, the ab i l i t y  
to provide very thin f i lms for lubrication. 

An experimental evaluation o f  the behavior o f  
Dowtherm A is  being conducted in  a special high- 
temperature sump pump that includes centrifuges 
for degassing. The pump i s  c i rcu la t ing fuel 30 
(NaF-ZrF,-UF,, 50-46-4 mole %) at  a temperature 
o f  12OOOF; the shaft speed i s  about 3000 rpm; and 
the temperature of the lubricant returning from the 
bearing is  maintained at  1 8 O O F .  

The in i t ia l  test was terminated by fai lure of the 
drive motor after 172 hr of operation. Future tests 
w i l l  be on a long-term basis, except that the pump 
w i l l  be dismantled in order t o  inspect i t  for signs 
o f  wear at  intervals of 1000 hr. Aside from the 
swel l ing of some O-rings made of buna N elastomer, 
n o  adverse effects attr ibutable t o  the use o f  
Dowtherm A as a lubricant have been noted. 

Irradiat ion and Endurance Tests of 
Bearings and Seals 

S. M. Decamp W. E.Thomas 

Bearings exposed to  radiation f ie lds could be 
lubricated wi th  hydrocarbons i f  it were possible to 
l im i t  the dose received by any part of the lubricant 
t o  a maximum value of about l o 9  r. In  theory, 
th is  could be accomplished by changing the 
lubricant frequently enough to  avoid an excessive 
to ta l  dose. In practice, i t would be d i f f i cu l t  to  be 

certain that a l l  the lubricant was removed from the 
area of greatest exposure i n  a suf f ic ient ly  uniform 
manner. Irradiation tests have demonstrated that 
any portion of a hydrocarbon lubricant that receives 
an excessive dose of radiat ion w i l l  form so l id  
residues and (for some types of lubricant) acidic 

products. Such reaction products could be expected 
t o  interfere wi th  the removal of the balance of the 
lubricant from the irradiated area. 

A test un i t  for investigating this problem in  a 
practical si tuation has been set up in  the canal a t  
the MTR. Spent fuel elements are placed around 
the seal and bearing area of a test un i t  composed 
o f  a bearing housing, a (lower) sleeve bearing, an 
(upper) double-row bal I bearing, upper and lower 
shaft seals, and a shaft. The lower seal and 
bearing area w i l l  be exposed t o  a total dose of 
1.3 x 1 O ' O  rep of gamma radiation. Test operation 
of this unit  w i l l  be started soon. 

A l i fe  test of a bellows-mounted seal (a l l  metal, 
except for the carbon nose piece) i s  being 
conducted i n  a sump pump that i s  c i rcu la t ing 
NaK at  125OOF; the pump shaft speed is  2400 rpm. 
Although the leakage of the seal was high when 
it was f i rs t  installed, it has been negligible during 
the last  400 hr of an accumulated total of 2500 hr 
of operation. 

D E V E L O P M E N T  O F  T E C H N I Q U E S  F O R  R E M O T E  
M A I N T E N A N C E  OF T H E  R E A C T O R  S Y S T E M  

E. Storto 

The ab i l i t y  to perform maintenance work on the 
primary and secondary systems of the reactor 
wi th in  the containment ce l l  i s  of primary importance 
to  the successful operation of a central-station 
nuclear power plant. Consideration o f  the problems 
involved indicates that the most feasible solut ion 
t o  this maintenance problem is  to  make a l l  com- 
ponents removable and replaceable by remote 
manipulation and to arrange and interconnect the 
components so  that the number of replaceable units 
i s  minimized. Actual repair work on or disposal 
of components that had fa i led would then be 
carried out in  separate hot-cell fac i l i t ies  set up 
for th is  purpose. The problems associated with 
th is  ma intenance concept have been studied, and 
solutions now being worked out are described in  
the fol lowing sections. 

Mec ha n i ca I Joi nt Deve lopment 

A. S. Olson 

In  order for a l l  components of the reactor to  be 
removable and replaceable by remote manipulation, 
i t  i s  necessary to  provide a means for remotely 
separating and joining the pipes which connect 
the maior components of the system. Welded joints 
provide a system of the highest integrity, of 
course, and methods for remote welding and 
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inspection are being developed at  other instal- 
lations. The d i f f icu l t ies are formidable, however, 
and satisfactory equipment and techniques cannot 
be expected i n  the near future. Attention i s  
therefore being given to  the development of a 
rel iable mechanical joint. 

The freeze-flange type o f  jo in t  shown i n  
Fig. 1.2.1 i s  being tested i n  the lnconel loop 
i l lustrated schematically in  Fig. 1.2.2. In this 
type of joint, a frozen seal of molten sa l t  is used 
t o  prevent leakage of the sa l t  from the loop through 
the space between the flanges. A n  additional 
seal of soft iron or copper rings is  provided to  
minimize gas leakage during shutdowns of the loop. 

Heat transfer from the molten sa l t  i n  the tubing 
t o  the outer edge of the flange i s  reduced by 

providing a narrow section in  the flange. In 
addition, there i s  a channel for air cool ing in  each 
flange. The test flanges are made of lnconel and 
are held together wi th  eight quick-opening toggle 
clamps, as shown in  Fig. 1.2.3. 

UNCLASSIFIED 
ORNL-LR-DWG 27895 

RING 

j / - G A P ( - % 6  i n )  

-SOFT-IRON ORCOPPERSEAL 

AIR CHANNEL FOR COOLING 

FROZEN-SALT SEAL 

WELD OF FLANGE TO LOOP TUBING 

ALT FLOW 

RING INSERT TO PROVIDE LABYRINTH 
FOR SALT LEAKAGE 

FROZEN-SALT SEAL 

NARROW SECTION TO REDUCE HEAT 
TRANSFER FROM THE MOLTEN SALT 

IN THE LOOP TUBING : 
L A I R  INLETTO COOLING CHANNEL 

EXEX? BETWEEN FLANGE FACES INDICATE REGION OF FROZEN-SALT 
SEAL; E3Z INDICATES REGION OFTRANSITION FROM LIQUID 

TO SOLID SALT 

Fig. 1.2.1. Diagram of Freeze-Flange Joint. 

FLANGE A 

UNCLASSIFIED 
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FREEZE-FLANGE JOINTS 
( AX I S H 0 R I Z 0 N T A L  ) -<, 

HEATER CONNECTION LUG 

CAST-METAL-SEALED 
FLANGE JOINT ADDITION 
TO LOOP\-,. 

_i-l ’ L i   CAST-META L-SEALED 
I FLANGE JOINTS (AXIS 

SALT PUMP li 
I I VERTICAL) 

SA1 T FLOW 

Fig.  1.2.2. Diagram of Loop for Test ing Freeze-Flange 

Joints and Cast-Metal-Sealed Flange Joints. 

During the loop tests, temperatures were 
measured at  the points indicated i n  Fig. 1.2.4. 
Fuel  30, which has a melting point of about 97OoF, 
was circulated i n  the loop at  a f low rate of 2 gpm. 
In  the f i rs t  test the sa l t  temperature was cy-cied 
50 times between 1150 and 13OO0F, and then the 
loop was operated isothermally for several days 
at  13OOOF. The average cyc le time was 44 min; 
a cyc le  i s  defined as a temperature variat ion from 
1300 to  1150OF and back t o  1300°F. In the second 
test the temperature variat ion of the sa l t  was from 
1300 t o  1500°F and bock to  1300°F, and the 
number of cycles was reduced to  30. The average 
cyc le  time was 29 rnin. Representative tempera- 
tures measured during both tests are l is ted i n  
Table 1.2.1. 

Both joints operated successfully; there was no 
indication of sa l t  leakage. Neither the flanges nor 
the seal rings were damaged by the high tempera- 
tures or the strains result ing from the thermal 
cycling. The frozen seals found upon separating 
the flanges may be seen i n  Fig. 1.2.5, and a flange 
from which the sa l t  has been removed i s  shown i n  
Fig. 1.2.6. Prior to  taking these photographs, the 
sa l t  had been drained from the loop and the loop 
had cooled t o  room temperature. 
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Table 1.2.1. Freeze-Flange Temperatures Measured During Thermal Cycles 

~~ ~ 

Test  No. 1 - Salt Temperature Cycled 50 Times 

Between 1150 and 1300°F 
Test  No. 2 - Salt Temperature Cycled 30 Times 

Between 1300 and 1500°F 
Thermocouple 

Maximum 

Number Number 

Minimum Maximum Mi nirnum 
Number* Cycle Cycle Cycle Cycle 

Temperature Temperature Temperature Temperature 

(OF) (OF) 
Number 

(OF) 
Number 

(OF) 

21 

22 

23 

24 

862 

625 

450 

245 

16 

16 

6114,20 

16 

1018 

760 

577 

280 

33,50 

33,50 

16 

50 

960 

695 

500 

275 

3 

113 

3 

3 

1170 

950 

652 

305 

21,24 

9 

9 

30 

25 

26 

27 

28 

693 

490 

348 

205 

10 

16 

16 

16 

820 

580 

405 

240 

810 

582 

410 

250 

6,12 

6,21 

6 

113,6 

942 

665 

4 52 

2 60 

1 

1 

1,9,27,30 

9,24 

4 

4 

50 

4 

13 

14 

15 

16 

798 

560 

375 

200 

6 

16 

16 

10,16 

957 

685 

447 

228 

33 

41 

41 

37 

91 5 

660 

465 

255 

3t6 

I t 3  

6 

24 

1122 

905 

595 

305 

21 

27 

15,21,27 

27 

D 
m 
aJ - 
0 
D 
m 

17 

18 

19 

20 

748 

510 

315 

185 

16 

16 

16 

16 

865 

590 

362 

215 

2 

2 

50 

50 

865 

61 5 

41 0 

260 

1 2,18121 

12,18 

6 

21 

1010 

700 

4 50 

278 

113 

116 

3,6,9,30 

30 

*See Fig. 1.2.3 for locotion of thermocouple. 
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Fig. 1.2.6. Tested Flange After Removal of Frozen Salt. 

r ing to  provide a t ight  seal when the joint i s  
formed. A diagram of this indented-seal flange is 
shown in  Fig. 1.2.8, and actual parts are shown in  
Fig. 1.2.9. 

Gas leakage tests made a t  room temperature 
wi th  a helium leak detector showed the indented- 
seal flange joint t o  have a leakage rate of 
1.3 x cm3/sec when the two flanges were 
clamped together wi th  a new copper seal ring. 
A leakage rate of 6 x cm3/sec was obtained 
after reassembly of the flanges without replacement 
of  the previously indented copper ring. Both 
leakage rates are below the leakage rate al lowed 
by the specifications. High-temperature tests of 
th is  type o f  joint are planned. 

UNCLASSIFIED 
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LOOP TUBING 
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INCHES 
NNEALED COPPER RING 

Fig. 1.2.8. Diagram of Indented-Seal Flange Joint. 
UNCLASSIFIED 
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. S E A L  MATERIAL INSERT 
SHOWN BEFORE BEING 
FUSED TO FORM SEAL 

I % o %  I 

WELD OF INCHES 
FLANGE TO LOOP TUBING 

Fig. 1.2.7. Diagram of Cast-Metal-Sealed Flange Joint. 

Remote kanipulation Techniques 

C. K. McGlothlan 

Consideration of the various types of remote- 
hand1 ing apparatus now avai lable commercially 
indicates that they may be applicable t o  mainte- 
nance o f  the molten sa l t  reactor system. Ex- 
perience i n  the use of such apparatus has indicated, 
however, that some modifications of the commercial 
equipment would be desirable and that considerable 
work w i l l  be required to  develop special tools 
and techniques for using the equipment effect ively. 

Equipment has been set  up for studying the 
problems associated w i th  remote maintenance 
work. The component being used for the in i t ia l  
experiments i s  a pump that has been used for 
circulat ing NaK a t  high temperatures. The manipu- 
lat ion apparatus i s  a new General M i l l s  model E-3 
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. 

Fig. 1.29. Components of on Indented-Seal Flange Joint. 

mechanical arm mounted on the standard General 
Mi Ils carriage and traveling bridge. The operations 
to  be performed are l is ted below: 

1. Remove the pump cover flange bolts. 
2. Disconnect the tachometer cables. 
3. Disconnect o i l  and cover-gas service lines. 
4. Insert the l i f t ing  eye i n  the impeller shaft. 
5. Loosen the pump cover flange. 
6. Remove the pump rotary element. 
7. Al ign  and replace the pump rotary element. 
8. Replace the pump cover flange bolts. 
9. Tighten the pump cover flange. 

10. Reconnect the service lines. 
11. Reconnect the tachometer cables. 
Moving pictures w i l l  be taken to  ass is t  in  motion 

studies and i n  the development of techniques 
applicable to the handling of other components. 
The ce l l  in  which the experiments are t o  be 
performed is  shown i n  Fig. 1.2.10. 

Heatednsu la t ion  Uni ts  for Remote Appl icat ion 

A. L. Southern 

A l l  pipes and components of the reactor system 
w i l l  have to  be preheated and insulated. Therefore 
methods are being studied for rapid, remote removal 
and replacement of heater elements, and preliminary 
studies have indicated that heater-insulation units 
are required that w i l l  incorporate the fo l lowing 
features : 
1. short, l ight  sections contoured t o  f i t  speci f ic  

components or pipe sections, 
2. ceramic clamshell  heating elements bu i l t  into 

the insulation blanket, 
3. hinged construction to  permit unfastening, 

removal, l i ft ing, and replacement as a unit, 
4. plug-in electr ical  connections. 

Design work on such heater-insulation units has 
been init iated. Vendors of resistance-heating 
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Fig. 1.2.10. Ce l l  for Remote Maintenance Experiments. 

elements have indicated their wi l l ingness to  ass is t  
i n  developing heaters to  meet the requirements, 
and plans are being made t o  bu i ld  and test  
experimental units. 

Maintenance Cemonstration F a c i l i t y  

E. Storto 

The feasibi l i ty  of system features, equipment, 
and techniques developed experimentally for 
appl icat ion to a remotely maintainable reactor 
system is  to  be determined in  a large-scale demon- 
strat ion faci l i ty .  The configuration of th is  fac i l i ty  
w i l l  be essent ia l ly  the same as that of the reactor 
cel l ,  and mockups of components w i l l  be used to  
determine the best arrangements for accessibi l i ty, 
minimization of fuel holdup and pumping power, 
ease of observation, and ef f ic iency o f  space 

ut i l izat ion.  Equipment w i l l  be provided for circu- 
lat ing a barren fused sa l t  a t  reactor design temper- 
atures and pressures in  simulated reactor primary 
and secondary c i rcui ts in  order to  test  mechanical 
joints, the replaceabil i ty of components, the 
adequacy of heater-insu lat ion units, the uni t izat ion 
of wir ing harness and service piping, and the 
application of remote-viewing and -handling 
apparatus and techniques. 

Thus far, preliminary fac i l i ty  layout studies have 
been made, and work has been started on a small- 
sca le wooden and p las t i c  model to  ass is t  i n  
v isual izat ion and resolut ion of space confl icts. 
Preliminary specif icat ions have been prepared for 
the procurement of a remote manipulator of the 
General M i l l s  model E-3 type that incorporates 
modif icat ions suggested by ORNL experience 
w i th  th is  equipment. Work orders have been 
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written for the clearing of an area for the fac i l i t y  
i n  Bldg. 9201-3 at the Y-12 Plant and for con- 
struct ion of a craneway for the manipulator bridge. 
Arrangements have been made to  study the appli-  
cat ion of a commercial, closed, te levis ion c i rcu i t  
to  reactor system maintenance problems. 

H E A T  E X C H A N G E R  D E V E L O P M E N T  

J. C. Amos R. E. MacPherson 
R.  L. Senn 

Heat transfer correlations for use i n  predicting 
heat exchanger performance are required for the 
development of a real ist ic heat exchanger design. 
While standard heat transfer correlations have been 
found to  be satisfactory for predict ing the heat 
transfer performance o f  some molten salts, the 
performance of some other sal ts has been found to  
deviate from’these correlations for various reasons, 
For example, the heat transfer characterist ics of 
some salts appear to  be c r i t i ca l l y  affected by the 
type of material selected for I reat  exchanger 
construction. Also, differences i n  heat transfer 
performance of some sa l t  mixtures have been 
attr ibuted to a difference i n  wett ing properties of 
the salts. It is, therefore, essential that heat 
transfer correlations for the speci f ic  sa l t  mixtures 
under consideration for use i n  the molten sa l t  
reactor be determined experimentally so that 
proposed heat exchanger designs can be adequately 
eva I uated. 

Heat transfer coeff icients w i  II be determined 
i n  laboratory-scale single-tube test apparatus 
(see Chap. 1.3 of th is report), and it has al-  
ready been possible to obtain pertinent fused 

sa l t  heat transfer data from a relat ively large-scale 
heat exchanger test fac i l i t y  that was available. 
A schematic f low diagram of the test  fac i l i t y  i s  
shown i n  Fig. 1.2.11. A l l  components of th is 
system are lnconel, and heat i s  supplied t o  the 
fused sa l t  by direct  resistance heating of the 
lnconel tubing. The heat i s  transferred from 
the sa l t  f lowing i n  the tubes to  NaK f lowing in  
the shel l  side o f  a 25-tube heat exchanger of the 
type shown in  Fig. 1.2.12, and heat i s  removed 
from the NaK by a 50O-k~ NaK-to-air heat dump. 
Salt and NaK flow rates are measured by venturis 
equipped with Moore Nullmotic pressure-measuring 
devices. The NaK f low rate i s  also measured with 
an electromagnetic flowmeter. A l l  temperatures 
are measured with Chromel-Alumel thermocouples. 
The NaK loop is  equipped with a c i rculat ing cold 

trap for control of the oxide content. This test  
faci l i ty ,  which i s  designated Small Heat Exchanger 
Tes t  Stand C (SHE-C), i s  shown i n  Figs. 1.2.13 
and 1.2.14. Heat transfer data are presently being 
obtained for fuel 130. Other fuel salts w i l l  be 
tested as required. 

The system was cal ibrated by making a test run 
w i th  fuel 30 (NaF-ZrF,-UF,, 50-46-4 mole %), 
for which heat transfer data were available. Data 
were obtained over a fused sa l t  Reynolds number 
range of 425 t o  6150 at temperatures ranging from 
1100 to  130OOF. The heat balances obtained were 
i n  good agreement throughout; there was, normally, 
agreement to w i th in  2%. 

Preliminary analyses of data obtained for 
fuel 130 are being made. Since the physical 
property data currently being used for th is sa l t  
were extrapolated from data on other salts, com- 
plete correlation of these data w i th  resul ts for 
other f lu ids cannot be made unt i l  physical property 
data for fuel 130 are determined experimentally. 
Approximate heat transfer coeff ic ients can, 
however, be obtained with the current information. 
A block diagram showing operating conditions for 
a typical  heat transfer run i s  presented in  
Fig. 1.2.15. 

The d i f f i cu l ty  o f  accurately predict ing l iqu id  
metal heat transfer performance in heat exchanger 
shel ls may make desirable the further refinement 
of the fused sa l t  data by substi tut ing a fused sa l t  
o f  known heat transfer properties for the NaK now 
being circulated i n  the secondary loop. Such a 
substitution, i f  made, would require further 
modif icat ions of the test  faci l i t ies.  

DESIGN,  C O N S T R U C T I O N ,  A N D  O P E R A T I O N  
OF M A T E R I A L S  T E S T I N G  L O O P S  

Forced-Circulat ion Loops 

J. L. Crowley 

The corrosion of various materials, part icularly 
lnconel and INOR-8, by fused sa l t  mixtures in  the 
temperature range 1100 to 1300°F i s  being invest i -  
gated with forced-circulation loops i n  which high 
thermal gradients can be attained i n  order to  
simulate reactor operating conditions. Low 
corrosion rates are anticipated for lnconel and 
INOR-8 i n  contact wi th the fused salts of interest 
i n  the MSR program, and thus long-time effects 
are to be investigated. Satisfactory operation of a 
loop w i l l  imply operation for one year or longer 
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Fig. 1.2.13. Small Heat Exchanger Test Stand C. r 
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Fig. 1.2.14. Piping Arrangement of Small Heat  Exchanger Test Stand C. 
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PERIOD ENDING JANUARY 31, 1958 

SALT 
PUMP 

UNCLASSIFIED 

ORNL-LR-DWG 2790f 

A FUSED 
FUSED SALT FLOW, 15.900 Ib/hr 

Fig. 1.2.15. Block Diagram Showing Typical Oper- 

ating Conditions for o Heat Transfer Run i n  Test Stand 
SHE-C. 

w i thou t equ i pme n t  d i f f  i cul t ies or 
changes in  operating conditions. The scope of the 
planned tests requires a t  least 15 test  faci l i t ies,  
n ine of which were avai lable a t  the start of the 
quarter and two of which became avai lable during 
the period. The remaining loops are being 
constructed. 

The operating experience thus far has shown 
the need for improvements in test stand rel iabi l i ty ,  
and therefore more precise methods for inspecting, 
maintaining, and assuring continuity of operation 
of test stand components are being provided. Four 
lnconel and three INOR al loy loops are c i rculat ing 
sa l t  mixtures, and one lnconel b i f lu id  loop is in 
operation that has separate sodium and sal t  
c i rcui ts connected through a U-tube heat exchanger. 
A l l  the loops ceased to  operate and the salts 
froze during an unanticipated, unprotected power 
outage, and two lnconel loops, including the 
b i f lu id  loop, fai led as a result. For the INOR-8 
loops fabricated to date, Hastel loy B pumps have 
been used because INOR-8 pumps were not 
available. Three of these INOR-8 loops have 
fai led i n  the sections made of Hastel loy B, which 
does not weld readi ly and becomes bri t t le. INCR-8 
pumps w i l l  be used i n  future loops. (Discussions 
o f  solutions to  fabrication problems are presented 
i n  Chap, 2.1 of th is report.) 

s i gn i f ican t 

The ava i lab i l i t y  of good qual i ty INOR-8 i s  
improving, and two special INCR-8 loops have 
been constructed. One of these includes graphite 
specimens and the other includes special INOR-8 
specimens for weight loss studies, 

In the weight loss studies an effort w i l l  be made 
to  determine accurately the corrosion rate o f  
INOR-8 a t  a wal l  temperature of 13OO0F, when 
exposed to a fused salt, by careful ly measuring 
and weighing the inserts. Provisions w i l l  be 
made to  assure that the specimens are not exposed 
to the atmosphere before and after exposure. Three 
samples w i l l  be exposed, each for a dif ferent time, 
i n  an effort to  establ ish a corrosion rate which 
may be extrapolated to  operating periods of several 
years. 

The loop for the weight loss studies was 
designed, as shown in  Fig. 1.2.16, to incorporate 
the three samples a t  the hot end of the heater 
section w i th  a separate power source to  control 
the wa l l  temperatures. The samples were machined 
t o  f i t  inside a sleeve. The samples and the sleeve 
were fused together a t  the ends when welded into 
the loop piping so that current would pass through 
the samples. 

The loop which contains graphite specimens w i l l  
be examined after operation to  determine the 
extent to which graphite causes carburization of 
INOR-8 and the effects of the fused sa l t  on 
graphite. Specimens of impervious graphite 
especial ly prepared by the National Carbon 
Company are being used. The graphite-specimen 
assembly i s  shown in Fig. 1.2.17. The graphite 
container was designed to  give a graphite-to- 
INOR-8 surface area ra t io  of 0.67. I t  has been 
instal led a t  the outlet of the heater section of a 
stondord forced-c ircu lat ion loop fabricated of 
%-in.-dia, 0.035-in.-wall INOR-8 tubing. The 
graphite rods are 11 in. long; 32 of them are $ in. 
i n  diameter and 24 are 3 / 1 6  in. i n  diameter. A t  
both ends of the container, retainer and baff le 
plates hold the rods in place and distr ibute the 
flow. The \-in, rods are separated from each 
other by wire spacers wound around them a t  3-in. 
intervals. The rods were careful ly weighed after 
the spacers were installed, and their posit ions 
were noted before the box was sealed. 

The b i f lu id  loop that was placed in operation in  
March 1957 had accumulated a total of 6673 hr of 
operation a t  the specif ied temperatures and f low 
rates when operation of the loop was terminated 
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Fig. 1.2.16. Diogrom of Forced-Circulation Loop for Weight-Loss Studies of INOR-8 Exposed to Circulat ing Fused 

Salts.  

by the power fai lure described above. Freezing of 
the sa l t  i n  the loop caused a section of the f i rs t  
heater leg to  rupture, Th is  damaged tubing section 
and the pump and pump motor have been replaced. 
The sa l t  c i rcu i t  of the loop was re f i l l ed  w i th  a new 
charge of fuel 122, but the original sodium charge 
i s  being used. Operation was resumed on January 
13, 1958. (The results of examinations of samples 
removed from the damaged portion of th is  loop are 
reported i n  Chap. 2.1 of th is  report.) 

The loops that have been operated or are now 
operating are l is ted in Table 1.2.2, which a lso  
gives operating data. A maximum pump speed of 
3000 rpm has been established on the basis of test  
experience i n  order t o  ensure long l i fe. At  this 
speed, fu l l  turbulence i n  the f lu id  i s  d i f f i cu l t  to 
attain, however. The Reynolds numbers are low 

and vary widely for different f lu ids because of 
differences in  viscosit ies. 

In=Pi le  LOODS 

D. B. Trauger 
J. A. Conl in  P. A. Gnadt 

Authorization has been requested for irradiat ion 
o f  a forced-circulation loop i n  the MTR. The loop 
i s  to  consist of a hairpin of k-in., sched-40 pipe 
w i th  addit ional co i l s  i n  the nose end near the 
reactor face, a miniature pump to  circulate the 
fuel, and a salt-to-air heat exchanger. Shielding, 
auxi I iary cooling, pump drive mechanisms, and 
instrumentation w i l l  a lso  be provided. Oper- 
at ion of the loop w i l l  provide information on 
fuel s tab i l i ty  and on the corrosion of INOR-8 under 
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Table 1.2.2. Forced-Circulation Loop Operations Summary as of January 31, 1958 

Composition Maximum Minimum Maximum Hours of 
Loop Loop Number of Flow Rate Approximate Wall Fluid Fluid Operation at 

Comments 
Designation Material and Size Circulated (gpm) Reynolds Number Temperature Temperature Temperature Conditions 

Fluid* (OF) (OF) ( O F )  Given 

9344-1 

9344-2 

9377-1 

9733-2 

9354-3 

9354-1 

Inconel, '/2 in. OD, 
0.045 in. WOII 

Inconel, \ in. OD, 
0.045 in. woll 

Inconel, '/z in. OD, 
0.045 in. woll 

Inconel, '/2 in. OD, 
0.045 in. wo11 

INOR-8 

Hot leg, $ in. 
sched 40 

Cold leg, '/2 in. 
OD, 0.045 in. 
W O I I  

INOR-8, '/2 in. OD, 
0.045 in. wall 

123 2.0 3250 1300 1100 1210 2400 Operation continuing; solt has frozen twice 
because of control diff iculty and o power 
failure 

12 

126 

130 

84 

126 

2.5 

2.0 

2.0 

2.75 

2.5 

8200 

1600 

3000 

4500 

5400 

2000 

1200 1000 

1300 1100 

100 1328 Loop foiled on thaw-out attempt oher power 
failure; repairs under way; operation to be 
resumed 

175 1890 Operation continuing; soh  froze once be- 
couse of power failure 

1300 1100 121 0 1510 Operation continuing; solt has frozen twice 
becouse of motor control diff icult ies ond o 
power failure 

1200 1070 1150 1160 operation continuing; salt has frozen twice 
becouse of motor control diff icult ies and o 
Power failure 

1300 1100 

9354-2 INOR-8, !$ in. OD, 12 2.0 6500 1200 1050 
0.045 in. wall 

CPR Inconel 1 22 1 5000** 1250 1095 
Sodium -7 97,700 1085 

*Composition 123: NoF-BeF2-UF, (53-46-1 mole %) 
Composition 
Composition 126: LiF-BeF,-UF, (53-46-1 mole %) 
Composition 130: LiF-BeF2-UF, (62-37-1 mole %) 
Composition 84: NaF-LiF-BeF2 (27-3538 mole %) 
Composition 122: NaF-ZrF,-UF, (57-42-1 mole %) 

12: NoF-LiF-KF (11.5-46.5-42 mole %) 

**In heat exchanger. 

1210 184 Foiled on startup; repoired and restarted, 
but flow stoppages becouse of plugs 
finolly resulted in second foilure; repoirs 
being made 

1140 112 Hostelloy pump bowl foiled after 112 hr of 
operation; repairs being made 

1190 6673 Operation continuing; salt has frozen twice; 

1135 part of salt tubing damaged second time 
and replaced; pump replaced and fuel re- 
placed after second freeze 
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UNCLASSIFIED 
ORNL-LR-DWG 27903 

STAGNANT REGION, 

FLOW UP OUTER WALL IN 
LAYER ABOUT '/?in. TO 

34'n. 1 

LARGE TURBULENT EDDY 

4-11- -ID 
GLASS PIPE 

F L U I D  
ENTRANCE 

FLUID FLOW OUT 
6-in -ID GLASS PIPE 

PARTICLES SETTLE OUT 

I 
LLOW VELOCITY AREA 

PARTICLES SETTLE OUT 

\ 7 VELOCITY PROFILE OF INCOMING FLUID:  AS T H E  
\ ,,' FLOW PULSATED. T H E  FLUID FLOWING I N  FANNED 

OUT INTO T H E  SPHERE, AND THUS DECREASED 
T H E  SIZE O F  THE LARGE EDDY, OR T H E  LARGE 
EDDY EXTENDED INTO THE FLUID FLOWING DOWN 
THE CENTER OF T H E  SPHERE 

WHICH BROKE UP INTO TWO 
EDDIES, WITHIN T H E  LARGE 
EDDY, AS THE FLOW PULSATED.- 

Fig. 1.3.3. F low Patterns Observed Within an Il luminated Plane of the Concentric Entrance-Exit Core Model 

with F lu id  Entering Through Inner Pipe. 

adjacent to  the core wall .  The volume between 
these two f low regions was f i l l ed  w i th  a large 
toroidal eddy, wi th i t s  axis of rotation lying near 
the main upward flow. Because of unsteadiness 
in  the flow-generating system, the f low patterns 
fluctuated. The main effect of these pulsations 
was in  the structure and size of the large eddy. 
During periods of pulsation, the central core of 
the eddy broke up into two smaller eddies sur- 
rounded by the larger rotat ing mass. It can be 

seen that the eddy removes f lu id from the exi t ing 
stream and recirculates th i s  l iquid through the 
high heat generation regions of the core. If good 
mixing occurs, there could resul t  a uniform increase 
of the ex i t  temperature that corresponded t o  a 
longer f lu id residence time in  the core. However, 
there exists a strong poss ib i l i t y  that the outgoing 
stream w i l l  contain discrete f lu id bodies that w i l l  
be a t  temperatures considerably higher than the 
mixed-mean temperature. Under these conditions, 
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high-frequency thermal cycl ing of system com- 
ponents could occur. 

Several typical  instantaneous-profile photographs 
of the f low i n  the concentric system are shown in 
Fig.  1.3.4. Since gr id photographs ate not avai l -  
able, quantitative veloci ty analyses of the data 
cannot be made. In a l l  cases the time lapse be- 
tween the in i t ia l  excitat ion and the recording of 
the prof i le wns approximately 0.1 sec. In Fig.  
1.3.4a the veloci ty prof i le at the ex i t  of the in let  
pipe i s  shown. The straight l ight l ine above the 
profi le indicates the in i t ia l  excitation, or zero-time 
line. The zero-time l ine i s  either direct ly marked 
or indicated by a small tr iangle near the outer 
sphere wal l  on a l l  the photographs. The prof i le i n  
the outer annulus i s  a lso v is ib le  in Fig.  1.3.46. 
Figure 1.3.4b shows the prof i le at a posit ion just 
above the equator of the sphere, and both the 
downward central f low and the upward f low along 
the wal l  may be seen. The effect of f low pulsation 
may be seen clear ly in  F igs .  1 . 3 . 4 ~  and 1.3.4d for 
excitat ions at the same posit ion but at different 
times. Figure 1.3.4e shows a prof i le obtained at 
a 45-deg angle near the sphere bottom. This 
photograph indicates a very rapid drop-off in  
veloci ty in  moving radial ly away from the surface 
and defines c lear ly the extent of the low veloci ty 
region (high l ight- intensity region). 

Studies w i l l  be continued with th is  model, as 
wel l  as wi th the straight-through and the annular 
entrance systems. The effects on the veloci ty 
pattern of inducing vortex motion by a generator 
located at the entrance w i l l  a lso be determined. 

P H Y S I C A L  P R O P E R T Y  M E A S U R E M E N T S  

W. D. Powers 

Experimental determinations are being made of 
the v iscosi t ies and thermal conductivi t ies of 
several BeF2-bearing fluoride salt  mixtures. The 
compositions to  be studied have been prepared, 
and preliminary measurements ore being made on 
one mixture. The tox ic i ty  of the beryl l ium salts 
dictated that a l l  measurements be made in  inert- 
gas dry boxes. For the v iscosi ty study, the eff lux 
cup (capi l lary) viscometer w i l l  be used. Th is  
instrument consists of a 1-in.-long capi l lary tube 
through which the f lu id drains from a reservoir 
w i th  a capacity of about 6 c m 3 ~  The t ime required 
for the reservoir to  empty through the tube i s  
d i rect ly proportional to  the kinematic v iscosi ty.  
The cups to be used have been calibrated with 

g I ycer ine-water sol ut ions whose viscosi t ies have 
been accurately obtained w i th  Cannan-Fenske- 
Ostwald viscometers. 

The thermal conductivi t ies of several BeF,- 
containing f luoride sal t  mixtures w i l l  be measured 
with the use of a variable-gap device. In t h i s  
apparatus the molten salt  i s  contained in  the gap 
between two paral lel plates, the upper plate being 
movable. A series of measurements are made for 
various salt  thicknesses. Th is  technique permits 
the separation of interfacial and metal thermal 
resistances so that the thermal conductivi ty of the 
sa l t  alone i s  obtained. 

M O L T E N  S A L T  H E A T  T R A N S F E R  S T U D I E S  

H. W. Hoffman 

Heat transfer studies of molten salts ' 1 '  have 
indicated that the general correlations for heat 
transfer of ordinary f lu ids (0.5 < N,, < 100) also 
apply t o  the salts. However, these investigations 
have a lso  shown that for some metal-salt combina- 
t ions marked reductions in system heat transfer 
occur because of in te r fa i ia l  f i lm formation and 
nonwetting. Therefore, data on these phenomena 
are needed for the design of c r i t i ca l  heat transfer 
components. 

The apparent heat transfer coeff icient experi- 
mentally determined for f low through a single 
circular tube has been found t o  be a sensit ive 
indication of the presence of nonwetting or inter- 
facial  f i lm formation in  molten salt  systems. The 
experimental apparatus developed for such heat 
transfer coeff icient determinations i s  shown i n  
F ig .  1.3.5, and a schematic diagram of the system 
is  shown in  Fig .  1.3.6. It i s  proposed to  use t h i s  
apparatus to  study the salt  mixture LiF-BeF,-UF, 
(53-46-1 mole %) in  both lnconel and INOR-8 
systems. The molten salt, contained in the two 
tanks, i s  cycled through an electr ical-resistance- 
heated test  section by pressurizing one of the 
tanks with the hel ium blanket gas whi le venting 
the other tank. When the salt  has been transferred* 
into the vented tank, the pressures are automatical ly 

' H. W. Hoffrnon, Turbulent Forced-Convection Heat 
Transfer in Circular Tubes Containing Molten Sodium 
Hydroxide, ORNL-1370 (Oct. 20,  1952). 

h'. Hoffman and S. I. Cohen, Fused Salt Heat 
Trans fer Part 111: Forced-Convection Heat Transfer 
in  Circular Tubes Containing the Salt Mixture NaN02- 
NaNOj -KNOj ,  ORNL-2433 ( t o  be published). 

*H. 
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. 

Fig. 1.3.4. Instontoneour-velocit~-Profile Photographs in Concentric Entrance-Exit Core Model with F lu id  

Entering Through Inner Pipe. 

38 





M O L T E N - S A L T  R E A C T O R  P R O G R A M  P R O G R E S S  R E P O R T  

reversed, and the f lu id i s  caused to f low in the 

opposite direct ion through the test  section. The 
f lu id f low rate i s  determined by observing the 
deflect ion of the steel beam that supports one of 
the tanks as the f lu id f lows into or out of the tank. 
Test section inlet and outlet mixed-mean tempera- 
tures, as wel l  as tube outside surface temperatures, 
are recorded. Because of the tox ic i ty  of the 
beryl l ium salt, it w i l l  be necessary to  provide 
traps or absorbers on the system gas vent l ines. 

Sufficient sal t  has been prepared t o  charge th is  
system, and experimental measurements w i l l  be 
made in  the near future. 

Since f i lm formation, i f  such should occur, may 
be a relat ively slow process, an apparatus i s  
being designed which w i l l  a l low long-time, continu- 
ous exposure of test  section tubes t o  f lowing salt. 
The tubes w i l l  then be removed from t h i s  system 
and welded into the heat transfer coeff icient 
apparatus for study. 

UNCLASSIFIED 
ORNL- LR- DWG 27904 

r-l 
CYLINDRICAL STEEL BEAM 

CONCRETE ! 
POST 

BEAM DEFLECTION 
INDICATOR 

ELECTRODES FLEXIBLE HOSE 

SWIVEL JOINT 

MIXING CHAMBERS 

F L E XI BLE BEL LOWS 

Fig. 1.3.6. Schematic Diagram of Experimental System for Determining Heat  Transfer Coefficients for LiF- 

BeF2-UF4  (53-46-1 Mole X). 
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1.4. ADVANCED REACTOR STUDIES 

A M O L T E N  S A L T  N A T U R A L - C O N V E C T I O N  
R E A C T O R  

F. E .  Romie B. W. Kinyon 

One of the problems of a circulat ing-l iquid-fuel 
reactor i s  the provision of re l iable long-l ived fuel- 
c i rculat ion pumps. Th is  problem would be el imi-  
nated i f  the l iquid fuel c i rculated by natural 
convection through the reactor core, through vert ical  
convection risers, and through the primary heat 
exchangers. A molten sal t  fuel i s  we l l  suited t o  
such a reactor because high temperatures could be 
attained without pressurization, and therefore a 
gas-turbine cyc le  or one of several steam cycles 
that operate e f f i c ien t ly  under high-temperature 
conditions could be ut i l ized. The temperatures 
would not be so high as t o  be inconsistent w i th  
the desired long corrosion l i fe .  The advantages 
of eliminating the fuel-circulat ion pump and the 
attendant problems of maintenance and replacement 
are obtained at the cost of the increased fuel 
volume required for a system in  which the pressure 
losses must be very low. There are, however, 
applications for a reactor system in which the 
premium placed on re l iab i l i t y  and ease of mainte- 
nance could make the natural-convection system 
attract ive. The resul ts of a preliminary design 
study of such a system are described br ie f l y  here, 
and a detailed report i s  being published.' 

A schematic diagram of the 60-Mw (thermal) 
molten sal t  natural-convection reactor system that 
was analyzed i s  shown i n  Fig.  1.4.1. The temper- 
ature of the fuel sal t  entering the exchanger was 
specified to  be 1225OF, a temperature that i s  
consistent w i th  long corrosion life, and the ex i t  
fuel-sal t  temperature was varied from 975 t o  1025°F. 
The fuel sal t  used in th i s  study was LiF-BeF,-UF, 
(62-37-1 mole %, mixture 130). T w o  mediums, a 
molten salt  (NaF-LiF-BeF,, 27-35-38 mole %, 
mixture 84) and helium, were considered as coolants 
for the primary exchanger. The exchanger entrance 

and ex i t  temperatures for the molten sa l t  coolant 
were f ixed a t  875 and 1025OF, respectively. These 
temperatures are consistent w i th  the generation of 
850-psia, 900°F steam in a system in which heat 
i s  transferred from the fuel salt  t o  a coolant sal t  

' F. E. Romie and 6. W. Kinyon, A Molten-Salt Natural- 
Convection Reactor System. ORNL CF-58-2-46 ( to  be 
pub1 i s h e d ) .  

RISER 

OD E N D I N G  J A N U A R Y  3 7 ,  1958 

U N C L A S S I F I E D  
O R N L -  L R -  D W G  27943 
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H E A T  E X C H A N G E R  
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4 \ 
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Fig. 1.4.1. Schematic Diagram of a Molten Salt 
Na tural-Convection Reactor. 
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to  sodium to  steam. A similar system has been 
described elsewhere.2 For a 60-Mw thermal output, 
the 850-psia, 900°F steam would give a generator 
output of about 22 Mw, w i th  a thermal ef f ic iency 
of 37%. 

Two sets of terminal temperatures were specif ied 
for the hel ium coolant. The f i rst  set, 850 to 
1025"F, was selected for generation of 850-psia, 
900°F steam in  a system i n  which helium would 
be the only intermediate medium between the fuel 
salt  and steam. The second set of helium terminal 
temperatures, 676 to  llOO°F, was selected for a 
helium gas-turbine cyc le  w i th  an estimated output 
of roughly 18 Mw. 

For a specif ied f low rate of the fuel salt, temper- 
ature change of the fuel  salt, and pressure drop 
across the exchanger, there i s  one combination of 
r iser diameter and height of exchanger above the 
core for which the sal t  contained i n  the r isers i s  a 
minimum. These optimum combinations were used 
in heat exchanger calculat ions carried out for 
exchanger heights above the reactor of 5, 10, and 
20 ft. 

larger. For example, 0.42-in.-ID tubes in  an ex- 
changer 10 f t  above the reactor would involve a 
total  external fuel-sal t  volume of 123 ft3, but it 
would require 7200 tubes. 

The design values presented in Table 1.4.1 are 
based on a fuel-sal t  temperature change of 225°F. 
Varying the temperature change from 200 t o  250°F 
does not change the total  fuel-sal t  volume appreci- 
ably. 

Helium-Cooled Heat Exchangers for Steam Cyc le  

Reference design values for a helium-cooled heat 
exchanger in which the hel ium terminal temperatsure 
would be suitable for the generation of 9OOOF 
steam ore presented in  Table 1.4.2. It was assumed 

T a b l e  1.4.2. D e s i g n  V a l u e s  fo r  a H e l i u m - C o o l e d  

H e a t  Exchanger  fa r  a  Steam C y c l e  

H e l i u m  tempera tu re  range:  

H e l i u m  p ressu re  l e v e l :  100 p s i 0  

850 t o  1025°F 

- 
H e i g h t  of  heat  exchanger  above 10 

reac tor ,  f t  

Salt-Cooled Heat Exchangers Number of  t ubes  3240 

11.5 

0.77 

Design values for the salt-cooled heat exchanger 
are summarized i n  Tab le  1.4.1. The designs are 

based on 0.634-in.-ID, 0.059-in.-wal I tubes. Sma I ler-  
diameter tubes would g ive  a lower total  fuel-salt  
volume, but the number of tubes required would be 

L e n g t h  of e o c h  tube,  f t  

D i s t a n c e  f rom f ron t  t o  rear o f  t u b e  
array, f t  

T r a n s v e r s e  d i m e n s i o n  of heat  78 
exchanger ,  f t  

2B. 'N. K i n y o n  and F. E. Romie, Two Power Genera-  Generator  o u t p u t  used t o  pump 2 
tion S y s t e m s  /or a Molten Fluoride Reactor. paper  t o  be 
p resen ted  at  the 4 t h  N u c l e a r  E n g i n e e r i n g  and Sc ience  
Con fe rence  of the 1958 N u c l e a r  Congress,  Ch icogo ,  I l l . ,  

h e l i u m  t h r o u g h  exchanger ,  % 

172 3 T o t a l  f u e l - s a l t  vo lume o u t s i d e  core,  f t  
March  17-21. - 

T a b l e  1.4.1. D e s i g n  V a l u e s  fo r  a  S a l t - C o o l e d  H e a t  E x c h a n g e r  for a  N o t u r a l - C o n v e c t i o n  M o l t e n  S a l t  Reac to r  

C o o l a n t  s a l t  t empera tu re  range:  875 t o  1025°F 
- 

H e i g h t  of  hea t  exchanger  above reac tor ,  f t  5 10 20 

Number o f  t u b e s  

D iamete r  of  t ube  bundle,  f i  

4570 3 150 2200 

5.1 4.2 3.5 

L e n g t h  of  e o c h  tube, f t  7.8 11.3 16 

55 68 89 F u e l - s a l t  vo lume in r i s e r s ,  f t  

97 91 86 F u e l - s a l t  v o l u m e  in headers  and tubes ,  f t  

152 159 175 T o t a l  f u e l - s a l t  v o l u m e  o u t s i d e  r e a c t o r  core, f t  

3 

3 

3 
- 

. 
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that copper f ins would be used on the helium-cooled 
heat exchanger tubes. The use of lower-conduc- 
t i v i t y  f ins would lead to  a considerably increased 
fuel inventory. The dimensions given for the heat 
exchanger are those for a three-helium-pass cross- 
f low exchanger. Doubling the helium pressure 
level to  200 psia whi le maintaining a pumping 
expenditure of 2% of generator output would not 
change the total  salt  volume appreciably but would 
give a more compact heat exchanger. A similar 
result would be obtained i f  at 100 psia the pumping 
expenditure were doubled. 

A cross section of a possible helium-cooled heat 
exchanger configuration i s  shown in  F ig .  1.4.2. 
The configuration shown permits attachment of the 
r iser pipes to  the salt  headers, w i th  suff icient 
f lex ib i l i t y  t o  minimize thermal stresses, and pro- 
vides a cyl indr ical  container for the pressurized 
helium. Use of two such cyl inders t o  contain the 
reference-design heat exchanger would give two 

heat exchangers, each 19.5 ft long. If the helium 
pressure were increased t o  200 psia, the length 
of each heat exchanger would be reduced t o  12 ft. 

Helium-Cooled Heat Exchanger for 
Gas-Turbine Cyc le  

The temperature of the helium returned t o  the 
heat exchanger from the gas-turbine-system regen- 
erator i s  estimated to  be 676OF, which i s  174°F 
below the fusion temperature of the fuel salt. 
Therefore a counterflow heat exchanger w i th  
longitudinal ly finned tubes was selected for the 
gas-turbine cycle. The temperature of the interface 
between the fuel sal t  and the tube wal l  can be 
maintained at, or above, any desired value by  
adjustment of the gas-side thermal resistance per 
unit  tube length. The design values given in 
Table 1.4.3 are based on a minimum interface 
temperature of 900°F. For a longitudinal ly finned 

UNCLASSIFIED 
O A N L - L R -  DWG 27948 

Fig. 1.4.2. Schematic Diagram of a Possible Fuel-Salt-to-Helium H e a t  Exchanger with Three Gas Passes. 
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Table  1.4.3. Design Values for a Helium-Cooled 

Heat Exchanger far a Gas-Turbine Cycle 

Helium temperature range: 676 to  1100% 

Height 05 heat exchanger above 10 
reactor, ft 

Number of tubes 3300 

Length per tube, ft 11 

Tota l  fuel-salt  volume outside 160 
3 core, ft  

tube the required gas-side thermal resistance 
variat ion along the tube length can be obtained by 
an axial  variat ion of the f i n  height. No data were 
avai lable on the heat transfer and f low fr ict ion 
characterist ics of longitudinal ly finned tubes in  a 
tube bundle, and the exchanger designs are thus 
not complete. However, the number of tubes, 
length per tube, and fuel-sal t  holdup volume can 
be estimated with good accuracy i f  i t  i s  assumed, 
as seems l ikely, that the same gas-side thermal 
resistance i s  real izable w i th  uncut longitudinal ly 
fined tubes as wi th circumferential ly finned tubes. 

Comparison of the Various Cooling Systems 

The fuel-salt  holdup volume di f fers less than 
10% for the three cool ing systems considered and 
i s  therefore not a determining factor in  the selection 
of the coolant medium for the reactor. In general, 
the helium-cooled heat exchangers have much 
larger over-al l  dimensions than the salt-cooled 
heat exchangers. The increased bulk i s  caused 
by the larger spacing required by the finned tubes 
and a lso  by the large volume required by  the 
helium headers. An increase in helium pressure 
would decrease the helium header volume and also 
should decrease the fuel-sal t  header volume. An 
upper l im i t  on the hel ium pressure would probably 
be set by consideration of the effects of a tube 
rupture in  the fuel-sal t  system. It i s  of interest 
to  note that, in other studies of gas cool ing in  
which such considerations were apparently not 
limiting, gas pressures as high as 1000 psia have 
been recommended. 

Comparison of Natural-Convection System with 
Forced-Convection System 

The design of a forced-convection reactor sys- 
tem’ led t o  an estimate of 0.56 ft3 of fuel sal t  

external t o  a molten salt  reactor per thermal 
megawatt. For the free-convection system using 
a 160-ft3 external salt  volume in  the generation 
of 60 Mw, the corresponding specif ic volume i s  
2.67 ft3/Mw. Calculat ions based on these numbers 
and in i t ia l ,  clean, cr i t ical-mass data for an un- 
ref lected molten salt  reactor indicate that the fuel 
inventory for both the free- and forced-convection 
systems i s  at a minimum with a core diameter of 
about 8 ft for a thermal output o f  60 Mw. For an 

8-ft-dia core the specif ic powers are 895 cind 
1275 kw of heat per kilogram of U235 for the free- 
and forced-convection systems, respectively. The 
free-convection system i s  thus estimated t o  require 
a fuel inventory about 42% greater than that of rhe 
forced-convection system. With higher thermal 
outputs the specif ic powers would be larger, but  
the specif ic power for the forced-convection reactor 
increases more rapidly wi th increasing power than 
does that of the free-convection reactor. 

H I G H - F L U X  R E A C T O R S  

W. K. Ergen 

A systematic study3 was started t o  determine 
the inf luence of various factors on the power 
required t o  obtain a given f lux.  At the beginning 
of the study, a reactor ideal ized in  the manner 
described below was ~ o n s i d e r e d . ~  

The fuel i s  concentrated i n  a spherical shel l  
embedded in an inf in i te moderator; that is, the 
moderator occupies the space inside as wel l  cis 

outside the shell. The shel l  i s  “ inf in i te ly thir i”  
but “black” for thermal neutrons; that is, the 
thickness of the shel l  i s  small  compared with i t s  
radius but large compared with the di f fusion length 
in the fuel. The shel l  emits qf f iss ion neutrons 
for each thermal neutron absorbed. Absorptions 
at epithermal energies, both in  the fuel and the 
moderator, are neglected. In th is  model, the 
f iss ion neutrons emitted from the shel l  slow down 
according to  the age kernel’ and then dif fuse 

3 v / .  K. Ergen, Preliminary Design Data for a Circulating 
Fluoride-Fuel High-Flux Reactor. ORNL CF-56-6-9, 
Revision No. 2 (Jan. 28, 1958). 

4W.  K. Ergen, Flux Distribution in a Reactor Con- 
s i s t i ng  o/  a Spherical Shell  of Fuel in a Infinii’e 
Moderator, ORNL CF-57-12-100 (Dec. 24, 1957). 

5A. M. Weinberg and L. C. bioderer, Theory of Neutron 
Chain Reactions: Volume I, Diffusion and Slowing 
Down of Neutrons, ORNL CF-51-5-98, p 111-38 (May 15, 
1951). 
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according t o  dif fusion theory, wi th the boundary 
condit ion created by the “black” shel l .  

For t h i s  model, it i s  possible t o  compute the 
number, J, of neutrons which return, at thermal 
energy, to  the shel l  per f iss ion neutron emitted. 
The neutrons returning t o  the shel l  give Jqf f iss ion 
neutrons, and i f  the reactor i s  t o  be c r i t i ca l  

Jqf = 1 . 
From this equation, the required qf has been 
computed6 for D,O, Be, BeO, and C moderators 
and for various values of shel l  radius. The results 
are plotted in  Figs.  1.4.3 through 1.4.6. The 
abscissa of each plot  gives the shel l  radius, Y, i n  

cm, and also in dimensionless uni ts p = r / f i ,  
where fi i s  the slowing-down length. 

In the sphere enclosed by the shel l  (the island, 
or internal thermal column, or f lux trap) the neutrons 

6w. K.  Ergen, Fluxes Obtainable in a Flux-Trap 
Reactor, ORNL CF-58-1-4 (to be published). 

reach thermal energies at some distance from the 
shell, and, in  the process of dif fusing toward the 
shell, these neutrons set up a f lux gradient, which 
results in  high f luxes at the center. These center 
f luxes are also plotted in Figs.  1.4.3 through 1.4.6. 
It may be seen that for Be  and B e 0  a f lux of 
neutrons/cm2 per f iss ion neutron emitted i s  ob- 
tained, which corresponds t o  about 140 Mw for 
10l6 neutrons/cm’.sec. For D,O and C the f lux 
per f iss ion neutron is  smaller, and hence the power 
required for 10l6 neutrons/cm2.sec i s  higher. T h i s  
i s  primari ly due t o  the large di f fusion constants 
of D,O and C, which make it possible for the 
neutrons to  reach the shel l  without sett ing up a 
very large f lux gradient. 

The curves are, of course, appl icable only t o  the 
ideal ized model. Present investigations cover the 
modifications caused by more real ist ic assumptions, 
such as holes in  the shell, f in i te thickness of the 
shell, moderation in  the shell, and f lux depression 
in  the f lux trap as a resul t  of insert ion of absorbing 
samples. 
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Fig. 1.4.4. Central Flux and Multipl ication Factor as Functions of Shell Radius of Idealized Flux Trap Reactor 

with a Be Moderator. 
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Part 2 

MATERIALS STUDIES 





2.1. METALLURGY 

W. D. Manly 

D Y N A M I C  C O R R O S I O N  S T U D I E S  

J. H. DeVan 
J. R. DiStefano R. S. Crouse 

Corrosion experiments are under way for which 
therma I-convection I oops and forced-circu la ti on 
loops were fabricated of lnconel (nominal compo- 
sit ion: 15 wt % Cr, 7 wt  % Fe, bal Ni) and of 
INOR-8 (nominal composition: 17 wt % Mo, 
6 wt  % Fe, 6 wt % Cr, bo1 Ni). As discussed 
previously, the test program i s  being conducted in  
three d is t inct  phases.' In the f i rs t  phase, re la t ive 
corrosion properties of 12 fluoride sa l t  mixtures 
are being determined in  therma I -convec t i on loops 
operated for 1000 hr. During the quarter, tests of 
lnconel loops were completed for a l l  the salts 
except sa l t  131 (LiF-BeF,-UF,, 60-36-4 mole %); 
four salts were tested in INOR-8 loops, which are 
now being examined. As part of phase 2 of the 
program, three salts are being circulated i n  lnconel 
loops and f ive in  INOR-8 loops. The tests w i l l  be 
run for extended periods at  two temperature levels, 
1250 and 135OOF. In the third and f inal phase of 
the test  program, salts are being tested in  forced- 
circulat ion loops under simulated reactor operating 
conditions. Four salts are presently being tested 
in  lnconel loops and three in  INOR-8 loops, as 
described in Chap. 1.2 of this report. The results 
o f  postoperative examinations of these loops wi II 
be described in  this chapter as they are completed. 

Ten of the lnconel loops operated in phase 1 of 
the program have been examined metallographically. 
After successful operation for 1000 hr, the sa l t  
mixture i n  each loop was allowed to freeze in 
place. Samples were then cut from each loop a t  
the locations shown in  Fig. 2.1.1, and the sa l t  
contained in each sample was melted out under a 
helium atmosphere. The results of metallographic 
examination of the samples are presented in  Table 
2.1.1 and are discussed below. 

Thorium-Bearing Salts in Thermal-Convection 
Loops 

The loops which circulated thorium-bearing sa l ts  
comprise three pairs on the basis o f  s imi lar i t ies  

'J. H. DeVan, J. R. DiStefano, and R. 5. Crouse, MSR 
Quar. Prog. Rep.  Oct. 31, 1957, ORNL-2431, P 23. 

A. Taboada 

in the fuels they circulated. Loops 1169 and 
1177, the f i rs t  pair l isted in Table 2.1.1, circu- 
lated sa l t  128 (LiF-ThF,, 71-29 mole %). Loop 
1169 showed less than 1 mil  of attack throughout 
(Fig. 2.1.2), while loop 1177 was, in  general, 
attacked to  a depth of less than 1 mi l  (Fig. 2.1.3) 
but had scattered p i ts  to  a depth of 1.5 mils  in 
some areas. 
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Fig. 2.1.1. Diagram of a Standard Inconel Thermal- 
Convection Loop Showing Location of Metallographic 
Samples. 

The second pair of loops, 1173 and 1176, was 
operated to evaluate sa l t  mixtures 124 (NaF-BeF,- 
ThF,, 58-35-7 mole %) and 127 (LiF-BeF,-ThF,, 
58-35-7 mole %). As may be seen in Table 2.1.1, 
loop 1173, in  which sa l t  124 was circulated, was 
attacked substantial ly more than loop 1176, which 
circulated s a l t  127. This result i s  i n  confl ict, 
however, wi th  the corrosion properties normally 
exhibited by NaF-BeF, and LiF-BeF, mixtures; 
in previous tests the LiF-BeF, mixtures tended 
to  produce more in i t ia l  corrosion in  lnconel sys- 
tems than NaF-BeF, mixtures produced. Thus the 
test  results for loop 1173 are questionable, and a 
repeat test  under similar conditions has been 
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Table 2.1.1. Resul ts o f  Metallographic Examinations of lncanel Thermal-Convection Loops 

Operated in Phase 1 of Corrosion Tes t  Program 
- 

Meta I I ograph i c Resu I t s  - 
S a l t  Sa It Composition Hot-Leg 

Loop No. 
Designation Attack Co Id- Leg  Appearance 

(mils) - 

Thorium-Bearing Sal ts 

1169 128 LiF-ThF,, 71-29 mole % < 1  Light surface roughness 

1177 128 LiF-ThF,, 71-29 mole % 

1173 124 NaF-BeF2-ThF,, 58-35-7 mole % 

1.5 

4 

Attack t o  o depth of 1 m i l  

Attack to  a depth of 1 m i l  

1176 127 L iF -BeF2-ThF4 ,  58-35-7 mole 7% < 1  Surface roughness and surface D i t s  

1174 125 NaF-BeFZ-UF4-ThF4,  53-46-0.5-0.5 mole 76 2 Surface roughness and surface p i t s  

1163 123 NaF-BeF2-UF4, 53-46-1 mole % < 1  Surface roughness 

Uranium-Bearing Salts and Coolant Salts 

1161* 122 NaF-ZrF4-UF4,  57-42-1 mole % < 1  Attack to  o depth of < 1 mi I 

1170 129 NaF-ZrF4-UF4, 55.3-40.7-4 mole % 2 Very heavy surface roughness 

and p i t s  

1171 126 L iF -BeF2-UF4 ,  53-46-1 mole % 2 Voids t o  a depth of 1 m i l  

1172 a4  LiF-NaF-i3eF2, 35-27-38 mole % 2 Attack to a depth of <1 mi I 

1175 12 L iF -NaF-KF ,  46.5-11.5-42 mole % <1 Attack to  a deDth of < 1 mi I 

*Operated pr ior  t o  the period of th is report. 

init iated. The fuel salts used in loops 1174 and 
1163 were identical except that the fuel in loop 
1174 had 0.5 mole % ThF, substituted for one- 
ha l f  the UF, in  s a l t  123. There was attack to a 
depth o f  2 mils  in  loop 1174 (Fig. 2.1.4), whereas 
loop 1163 was attacked to a depth of only 1 mil. 

Uranium-Bear ing Salts and Coolant  Salts in 
Thermal-Convection Loops 

Four loops (1170, 1171, 1172, and 1175) that 
circulated uranium-bearing or coolant salts were 
a lso examined, and the results are presented in 
Table 2.1.1. Loop 1170, which circulated a 
zirconium-base mixture containing 4 mole % UF,, 
s a l t  129, was operated for comparison with loop 
1161, which was operated previously wi th  a sa l t  
similar to  that circulated in  loop 1170 except that 

the UF, concentration was a factor o f  4 less. The 
attack i n  loop 1161 was to a depth of less than 1 
mil, compared with 2 mi ls  in  loop 1170. These 
results emphasize the importance of the UF, con- 
centration on corrosion ky fluoride sa l t  mixtures. 

The operation of loop 1171 gave the f i rs t  data 
for evaluation of an L iF-BeF2-base fuel systeLm 
and revealed s l ight ly  more attack than has been 
found for either the NaF-BeF,-UF, or the NaF- 
ZrF,-UF, fuel systems. While the attack i n  this 
loop was, in  general, less than 2 mi ls  deep, i t was 
quite concentrated, as may be seen in Fig. 2.1.5. 

The circulat ion of the coolant salts 12 and 84 (it 
a maximum temperature of 1125OF resulted in  attack 
similar to  that found in  the loops that circulated 
fuel-bearing mixtures. Attack in loop 1172, which 
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circulated sa l t  84, was more extensive wi th  re- 
spect both to amount and to depth than the attack 
in  loop 1175, which ci rculated s a l t  12. 

Results of Examination of Samples Removed 
from Forced-Circulation Loop CPR 

As stated in Chap. 1.2, samples were taken for 
metallographic examination from the forced-circu- 
lat ion b i f lu id  loop designated CPR. The samples 
were taken from a portion o f  the hot leg which 
ruptured when the s a l t  froze because of  a power 
fa i lure after more than 6500 hr o f  operation. A 
sample taken from the discharge end of  the heated 
leg showed no measurable corrosion (Fig. 2.1.6), 
but samples taken from near the point a t  which 
the fai lure occurred, that is, near the in le t  to the 
heated leg, revealed attack to a depth of 2 mi ls  
(Fig. 2.1.7). The deeper attack a t  this point  was 
probably the resul t  of fuel contamination near the 
point  of failure. The loop was successful ly re- 
paired and is  now back in  operation. 

GENERAL CORROSION STUDIES 

E, E. Hoffman 
W. H. Cook D. H. Jansen 

Effect of Carburization on Reactor 
Structural Materials 

Studies are under way for determining whether 
the mechanical properties o f  INOR-8, Inconel, 

Fig. 2.1.6. Section Taken from lnconel Forced-Circu- 
lotion Loop CPR at Discharge End of Heated Leg. 
250X. Reduced 22%. 

and potential reactor structural a l loys would be 
detrimentally altered Ly carburization. Tests 
have indicated that the sodium-graphite system is  
a rapid and ef fect ive carburizing medium for stain- 
less steels, Hastel loy B, and lnconel upon ex- 
posure a t  15OOOF for 100 hr. Carburization tests 
of Hastel loy B are of particular interest because 
the composition o f  Hastel loy 8 i s  s imi lar  to  that 
of  INOR-8, both al loys being of  the nickel-molyb- 
denum-chromium-iron system. A summary i s  pre- 
sented in  Table 2.1.2 of  the results o f  s ta t ic  tests 

Fig. 2.1.7. Section Taken from lnconel Forced-Circu- 
lotion Loop CPR at Inlet to Heated Leg. 250X. Re- 
duced 22%. 

Table 2.1.2. Summary of  Results of  500-hr Static 

Carburization Tests of Hastelloy B Specimens 

Nominal specimen dimensions: 0.035 x 0.4 x 0.7 in. 

Test Depth of 
Temperature Carburization 

( O F )  (mi ls)  

Carburizing 
Medium 

Sodium + 25 w t  % 1500 29** 

1200 A graphite* 

Fuel 30 i- 25 wt  % 1500 3 

graphite* 1200 0 

*Reactor grade. 
**Carbon completely penetrated the 0.035-in.-thick 

specimen; the value given i s  depth of penetration of the 
Hastelloy B capsule in which the specimen was exposed. 
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of  Hastel loy B i n  sodium and in NaF-ZrF,-UF, 
(50-46-4 mole %, fuel 30) containing 25 wt  % 
graphite. The effects of temperature and medium 
on the carburization of this a l loy are clearly shown. 
The specimen that was exposed a t  150OOF to  
fuel containing graphite i s  shown in Fig. 2.1.8. 
The carbide-like material on the edge o f  the 
specinlen was not uniform; it varied from zero to  
a maximum depth of 3 mils. 

The carburization of lnconel was investigated in 
100-hr seesaw-furnace tests in which the hot- 
and cold-zone temperatures were 1500 and 1250°F, 
respectively. The test capsules were made from 
1-in., sched-40 lnconel pipe, in which was sus- 
pended, near the central axis, a C-18 (commercial- 
grade) graphite rod 4 in. in  diameter and 18 in. 
long. The capsules were f i l led with fuel 30. A 
capsule without the graphite rod was tested under 
identical conditions as a control. Examinations 
of specimens taken from the hot and cold zones 

of the pipes after the tests did not  reveal any 
posit ive indications of carburization. The exami- 
nations included hardness measurements, metal lo- 
graphic examination, and chemical analyses. 

Addit ional data were obtained from two lnconel 
thermal-convection loops wi th  graphite inserts in 
which fuel 30 was circulated. These loops (Nos. 
30 and 39) were constructed as shown in Fig. 
2.1.9. The graphite insert in  loop 30 was the 
commercial material designated C-18, which had an 
average bulk density o f  1.60, and the insert in 
loop 39 was the commercial material designated 
CCN, which had an average bulk density o f  1.90. 
The hot  legs o f  both loops were at  1300OF. The 
co ld leg o f  loop 30 was a t  104OOF and that of 
loop 39 was at  1070OF. Operation of loop 30 was 
terminated a t  695 hr, rather than the scheduled 
1000 hr, because of a power failure; loop 39 oper- 
ated the f u l l  scheduled 1000 hr. 

I. 

. 
rig.  I. 1.0. nosreiioy D nlrer Exposure io r u e i  JU Lonroining LJ wr 70 urapntre or IWU r ror m u  nr. trchant: 

chromic and hydrochloric acids. 750X. 
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FILL POTS 
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Fig. 2.1.9. lnconel Thermal-Convection Loop with 

Graphite Insert. 

Meta I I ograph i c exami nations were made of spec i- 
mens taken from positions indicated by c i rc led 
numbers in Fig. 2.1.10. The regions that were 
most severely attacked, metallographic specimens 

17 from both loops, are compared in  Fig. 2.1.11. 
Further tests are being made to determine the 
cause for greater attack in loop 30 than in  loop 39. 
The metallographic examinations did not reveal 
any pos i t ive signs o f  carburization in  either loop. 

Chemical analyses of the fuel before and after 
the tests did not  show any signif icant changes as 
a resul t  of contact wi th  the lnconel and the 
graphite. For example, the carbon content of the 
as-received fuel was 0.005%, and the carbon con- 
tent was 0.018 and 0.024%, respectively, in the 
fuel from loop 30 and 39 a t  the conclusions of the 
tests. 

Chemical analyses for carbon were also made on 
each of three successive 0,010-in.-deep mi l l ings 

from the inner wal ls  o f  specimens taken from the 
same locations as the metallographic specimens. 

n 
UNCLASSIFIED 

ORNL-LR-DWG 27123 
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0 
W J 

0 
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SCALE 0 4 2 3 4 5 6 7 8 9 IO INCHES -- 
Fig. 2.1.10. Sketch of lnconel Thermal-Convection 

Loop with Graphite Insert i n  Hot Leg. Locations at  

which specimens were removed are indicated by 

circled numbers. Numbers opposite the circled numbers 

outside the loop are attack, i n  mils, i n  loop 30; 
numbers inside the loop are attack in loop 39. 

The results did not indicate any signif icant carbon 
increase in  comparison with the carbon content of 
as-received lnconel sampled in the same manner. 

Dimensionally and visual ly the graphite inserts 
were unchanged by their exposure, except that the 
CCN graphite had changed from a glossy black to 
a du l l  gray metal l ic color. The color change was 
uniform on the inner surface but mottled on the 
exterior. Photomicrographs of specimens of the 
graphite inserts before and after the tests are 
shown in  Figs. 2.1.12 and 2.1.13. Fuel was found 
i n  the pore spaces throughout the &-in.-thick wal ls  
of both inserts after the tests; however, the C-18 
graphite did not appear to be attacked. There was 
essential ly no attack on the CCN graphite, but it 
had a thin metall ic-appearing f i lm on the inner 
and outer surfaces. The f i lm was too thin and 
erratic for accurate thickness measurements to be 
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Table 2.1.3. Results o f  Carburization Tests o f  lnconel and INOR-8 Specimens Exposed to Sodium and to  Fuel 

a t  150OoF for 100 hr 

Total  carbon in as-received Inconel: 0.038% 
Total  carbon in as-received INOR-8: 0.020% 

Weight To ta l  Carbon A l lay  
Tested 

Tes t  System Change Content 

("/PI ( %) 

Meta I lograph i c  Resul i s  

Graph ite-Sodium 

Graphite - Fue I 123 

Graphite- Fue I 130 

lnconel 

INi)R-8 

lncanel 

INOR-8 

lncanel 

INOR-8 

+ 0.50 0.60 Carburized to  a depth of 10 to 12 mi Is, the f i rs t  1.5 mi I s  

being a l igh t  band in which carbide part ic les were 

agglomerated 

+0.36 0.36 Carburized throughout; f i r s t  9 mi ls  showed a heavy pre- 

cipitate; carbide part ic les l e s s  dc-nse in interior of 
specimen 

+ 0.20 0.04 Attack t o  maximum depth of 2 m i l s  in form of small sub- 
surface voids; no carburization observed 

+ 0.30 0.01 Smal l  stringers 0.5 m i l  deeD along edge; fine, scattered 
patnicle formation t o  a depth of 1 m i l  

-0.37 0.03 Attacked t o  a maximum depth of 2 m i l s  in the form of 
sma l l  subsurface voids; no Carburization observed 

Par t i c les  found in the grain boundaries to  o depth of + 0.03 0.01 
1.5 m i l s  

Chemical analyses did not show carburization of 
either lnconel or INOR-8 in  the fuel mixtures. 
Corrosion attack by fuel 130 was more severe, 
in a l l  cases, than attack by fuel 123. Similar 
stat ic tests were also conducted a t  1250°F. 
Metallographic examination and chemical analysis 
of these samples are not yet  completed. INOR-8 
tensi le test  specimens are being cartur ized by 
using the sodium-graphite system, and the speci- 
mens w i l l  be tested in order to determine the effect 
of carburization on tensi le strength and elongation. 

Corrosion of Brazing Alloys By Fuel Salts 

D. H. Jansen 

The precious-metal-Lase brazing alloys, 8230 Au- 
18% Ni  and 80% Au-20% Cu, which are being con- 
sidered for use in  the fabrication of fuel-salt-to- 
coolant-salt  heat exchangers, have been corrosion 
tested in NaF-KF-L iF -UF4  (1 1.2-41-45.3-2.5 mole 
%, fuel 107) and in  LiF-BeF,-UF, (62-37-1 mole %, 
fuel 130). Static tests were run on both the al loys 

in  both the fuels for 2000-hr periods a t  1200OF. Both 

al loys were also tested in  fuel 130 for 500 hr in  
a seesaw-furnace apparatus with a hot-zone tem- 
perature o f  1200OF. Hastel loy W capsules were 
used as container materials in  these tests be- 
cause INOR-8 was not available. The capsules 
were loaded under a puri f ied argon atmosphere w i th  
the specimens and enough fuel to  f i l l  the capsules 
to one-third their volumes; the capsules were then 
sealed by Hel iarc welding. 

Chemical analysis of the fuel 107 to  which the 
82% Au- l8% Ni al loy was exposed showed 57 ppm 
gold, and the analysis of the fuel 107 to  which 
the 80% Au-20% Cu al loy was exposed showed 
23 ppm gold. No attack was observed on either 
al loy in  any of the tests. The 82% Au-18% Ni 
al loy specimen that was tested i n  fuel 130 for 
500 hr in the seesaw-furnace apparatus i s  shown in 
Fig. 2.1.15. The thin layer on the surface was 
observed on the same al loy when tested in fuel 
107. X-ray analysis on this layer indicates that 
i t  i s  composed of approximately 70% Ni-30% Au. 
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PHYSICAL P R O P E R T I E S  OF I N O R - 8  

T. K. Roche H. lnouye 

Measurements were made o f  the modulus of 
e last ic i ty,  the thermal conductivity, and the tensi le 
properties o f  several commercial air-melted heats 
of INOR-8 fabricated at Haynes Stel l i te Cornpany 
or a t  the Westinghouse Electr ic Corp. The compo- 
sit ions of the heats studied are given in Table 
2.1.5. The SP des iqa t i ons  indicate material from 
Haynes Stel l i te Company and 8M designates 
material from Westinghouse. 

Prel iminary thermal conductivi ty data for heat 
SP-16 in  the annealed condition are presented in  
Table 2.1.6. The data were obtained in vacuum, 
and Armco iron was used as the standard. Values 
are given for lnconel for comparison. 

The values of Young's modulus given in Table 
2.1.7 were obtained Ly sonic methods3 An 
annealed bar of heat SP-19 was used. 

Studies were init iated for determining whether 
INOR-8 has a tendency to embrittle in the tempera- 

3Data obtained by s. Fulkerson of O R N L  with sonic 
equipment a t  the Bureau of Standords. 

ture range of 1000 to  1400OF. Specimens are being 
aged for periods of 0, 500, 1,000, 2,000, 5,000, 
and 10,000 hr. The room-temperature tensi le 
properties obtained after 500-hr aging heat treat- 
ments a t  several temperatures are presented in  
Table 2.1.8. These data show that the al loy does 
not become embrittled during a 500-hr aging period. 
The higher strength and lower duc t i l i t y  of heat 
8M-1 in comparison with heat SP-19 are ascribed 
to a difference o f  0.08% in the carbon content. 

Table 2.1.6. Thermal Conductivities of INOR-8 
(Heat  SP-16) and lncanel a t  Various Temperatures 

Therm0 I Conductivity 

[ca l/cm2. set*( ~ ~ / c r n ) I  
Temperature 

("C) 
lnconel INOR-8 

100 0.023 0.039 

200 0.028 0.041 

300 0.042 0.043 

400 0.050 0.045 

500 0.059 0.048 

600 0.067 0.050 
(extrapolated) 

700 0.075 0.052 
(extrapolated) 

Table 2.1.5. Chemical Analyses of INOR-8 Heats 

Amount Found (wt %) 

Heat  SP-19 Heat  8M-1 Heat SP-16 
Element 

Mo 16.65 16.20 15.82 
Cr 7.43 7.47 6.99 
Fe 4.83 6.1 4.85 
C 0.06 0.14 0.02 
S i  0.04 0.2 1 0.32 
W Trace 0.35 
Mn 0.48 0.69 0.34 
P 0.010 0.009 0.009 
S 0.015 0.006 0.014 

cu 0.02 
V 0.10 

* * 0.04 B 
c o  0.51 0.51 

* 0.11 T i  

Ni 70.00 70.6 70.50 

* 

* 0.03 
* * 

* 
* 

*Not  analyzed for. 
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Table 2.1.7. Modulus of Elast ici ty  for INOR-8 at  

Temperatures Up to 105OoC 

Temperature Young's Modulus 

(OC) (Psi) 

14 
223 
412 
50 1 
576 
636 
701 
800 
8 57 
902 
9 53 

1000 
1050 

x l o 6  
31.7 
29.3 
27.8 
27.1 
26.3 
26.2 
24.8 
23.7 
22.7 
21.9 
20.7 
19.1 
17.7 
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Table 2.1.8. Room-Temperature Tensile Properties of INOR-8 

Heat Treatment 

Yield Strength at 

0.2% Offset 

( P s i )  

Tensile Strength E I onga t ion 

(psi) ( %) 

Heat Heat Heat Heat Heat Heat 

SP- 19 8M- 1 SP-19 8M- 1 SP-19 8M- 1 

Annea led 114,400 117,100 44,700 51,900 50 39 

Annealed and aged 500 hr a t  1000°F 112,000 115,700 42,500 47,200 53 43 

Annealed and aged 500 hr a t  l lOO°F 1 12,600 114,500 44,000 48,000 51 43 

Annealed and aged 500 hr a t  120OOF 112,300 114,600 44,700 48,600 51 43 

Annealed and aged 500 hr a t  130OoF 112,000 113,400 44,500 47,600 49 41 

Annealed and aged 500 hr at 140OoF 112,400 116,000 43,900 47,000 50 40 

M E C H A N I C A L  P R O P E R T I E S  O F  I N O R - 8  

D. A. Douglas 

Tests are under way for obtaining the basic data 
on the strength o f  INOR-8 required for design 
calculations. The confidence level which can be 
applied to the data and the variables which affect 
the reproducibi l i ty of the data w i l l  be defined. 
Studies w i l l  also be made of the behavior of the 
metal under both s tat ic  and dynamic loadings in  
order to more accurately predict the service l i f e  
of various component parts. 

Since re la t ive ly  long periods are required to  
obtain data on plast ic properties, prel iminary data 
on tensi le properties are being obtained for use 
in design studies. The y ie ld  strength a t  0.2% 
offset and the rupture strengths of INOR-8 were 
measured in  the temperature range o f  1000 to  
130OOF and at  room temperature. The results of 
the measurements are summarized in Table 2.1.9. 

The data presented in  Table 2.1.9 were obtained 
on sheet specimens and must be considered as 
approximate because of experimental errors in  the 
e last ic  portion of the stress-strain data. Errors 
occur part ly because i t  i s  d i f f i cu l t  to achieve 
accurate alignment with a sheet specimen and 
part ly because subsize specimens are sensit ive to 
experimental variations. Convent iona I specimens 
0.505 in. in  diameter are being machined from a 
wrought bar so that more accurate values can be 
obtained. 

The study of the plast ic properties of INOR-8 
i s  being made i n  order to determine whether INOR-8 
wi  I I deform p last ica l  Iy under reactor operating 
conditions. In the relaxation tests used for th is  
study, a specimen is  loaded to a fixed amount o f  
s t ra in  and the result ing elongation is  maintained 
either by adding to the load or by subtracting from 
it. The need t o  remove the load t o  maintain the 

f ixed strain would indicate that the material de- 
formed plastical ly. The results of a series o f  
tests a t  1200 and 13OOOF are summarized in  Table 
2.1.10. 

The large decrease in  stress with time indicated 
that the p last ic  properties of the INOR-8 were 
important and that the creep strength would have 
to be investigated. Creep tests are therefore 
under way at  stresses of 12,000 to 30,000 psi wi th  
the specimens exposed to  fuel 107 a t  1100, 1200, 
and 1300°F. The status of these tests is  pre- 
sented in Table 2.1.11. 

Tests  were also performed at temperatures con- 
siderably above the anticipated operating tempera- 
ture o f  the reactor as a means of gaging the damage 
to the metal which might occur through accidental 
temperature excursions. These results are pre- 
sented in Fig. 2.1.16. 

Another series of tests w i l l  be run in  order to 
obtain a s tat is t ica l  estimate of the reproducibi l i ty 
of creep results from one test to  another and from 
one heat of material to another. These tests w i l l  
be conducted in air a t  1250OF. 
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Table 2.1.9. E last ic  Properties of  INOR-8 

Yie ld  Strength a t  

0.2% Offset 

(Psi) 

Temperature U I t i  mate Strength Duct i l i ty  

(psi)  (%I (OF) 
INOR-8 Heat 

- 

Haynes SP-16 Room 45,000 106,000 58 

Haynes Si’-19 Room 45,000 11 4,000 39 

Westinghouse Room 52,000 117,000 50 

Haynes SP-19 1000 27,000 90,000 19 

We st i  ngh ou se 1000 36,000 100,000 43 

Haynes SP-19 1100 29,000 93,000 50 

Westinghouse 1100 38,000 103,000 37 

Haynes SP-16 1200 25,000 67,000 44 

Haynes SP-19 1200 27,000 82,000 36 

Westinghouse 1200 38,000 83,000 16 

Haynes SP-16 1300 24,000 58,000 37 

Haynes SP-19 1300 28,000 70,000 24 

Westinghouse 1300 38,000 70,000 18 
- 

Table 2.1.10. Relaxation Data far INOR-8 

Temperature Strain In i t ia l  Stress Stress (psi)  for Constant Elongation 

(OF) (Psi) (psi) At  1 hr At  10 hr A t  100 hr - 
1300 0.05 11,000 11,500 10,000 6,000 

0.1 21,500 21,500 16,000 5,500 

0.2 29,750 20,500 10,500 4,500 

1200 0.05 12,000 12,500 12,000 10,000 

0.1 22,500 23,000 22,000 17,000 

WELDING AND B R A Z I N G  STUDIES 

G. M. Slaughter 

Metal Seals for Remote-Disconnect Flanged Joints 

In  the development o f  mechanical joints that can 
be disconnected by remotely control led mecha- 
nisms, it has been necessary to investigate various 
types o f  seals. Tests  have been made of the 
feas ib i l i ty  o f  heating a seal ing material in  an 
annulus to  make or break the seal or of pouring 
molten metal into a preheated and clamped flange 
assembly. The results of mockup tests of such o 

joint, designated “cast-metal-sealed flange joint,,” 
are presented in Chap. 1.2. 

A survey of phase diagrams of poss ib le  seal and 
flange materials which should be re la t ive ly  
immiscible in  each other indicated that the si lver- 
n icke l  system might be useful. Silver and iron 
were found to be virtual ly insoluble in each other, 
and copper and iron possess only l imited solu- 
b i l i t y  in each other. It also seems probable that 
the silver-copper eutectic alloy, Handy & Harmon 
a l loy BT, which melts at 1435OF, could be used 
wi th  iron-base flange materials. 
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Table 2.1.11. Creep Data for INOR-8 

Temoerature Stress Strain Time Creep Rate 

( O F )  (Psi) (%I (hr) (%/hr) 

1300 30,000 
25,000 
20,000 
15,000 

1200 30,000 
25,000 
20,000 
15,000 
12,000 

1100 25,000 

12,000 
15,000 

15.33 110 
6.53 187 
9.56 882 

10.99 2894 

4.7 9 * *  
2.84 1195 
2.70 1894 
0.81 1863 
0.97 1172 

0.70 164 
0.58 68 
0.31 43 

Ruptured 
* 

Ruptured 

Ruptured 

Ruptured 

2 
2 
2 
6 x 

* 
* 
* 

* T e s t  under way. 

* * T e s t  to be repeated; low elongation a t  failure is  not 
considered to be typical. 

12 

10 

8 
I 8 

L 
$ 6  
[r 

4 

2 

C 

UNCLASSIFIED 
DRNL-LR-DWG 27909 

, 50 100 150 200 250 300 350 400 450 500 
TIME(hr) 

Fig. 2.1.16. Creep Curves for Solution-Annealed 

INOR-8 Tested in F u e l  107 at Various Temperatures 

and Stresses. 

A series o f  tests was then conducted in  dry 
he1 ium i n  order to study the wetting characteristics 
o f  s i lver  and the silver-copper eutectic al loy on 
nickel, iron, and other possible flange materials - 
type 316 stainless steel, INOR-8, and Inconel. 
The specimens are shown in Fig. 2.1.17. 

Metallographic examinations were made of dupli- 
cate samples after sol idif icat ion and after holding 
at  elevated temperatures for extended periods of 
time in  order to determine the extent and type o f  

diffusion. The excel lent wetting of n icke l  by 
si lver i n  dry helium is  indicated by the small 
contact angle shown in Fig. 2.1.18. An even 
smaller contact angle was found on the n icke l -BT 
al loy sample. Metallographic examination of the 
silver-nickel interface revealed no penetration of 
si lver into the n icke l  after brazing and after sub- 
sequent aging for 500 hr at 1200OF. Only s l ight  
penetration o f  n icke l  by the silver-copper al loy 
was observed after aging. The marginal wett ing 
of INOR-8 and Inconel by si lver in dry helium i s  
i l lustrated by the contact angle of approximately 
90 deg shown in Fig. 2.1.19. The BT al loy ex- 
h ib i ted very poor wetting on both INOR-8 and 
Inconel. The wett ing o f  iron by si lver and the 6 T  
a l loy in dry helium was poor and intermittent. 

The deposition o f  an electrolyt ic n icke l  plate on 
Inconel and INOR-8 samples was found, however, 
to promote good wetting by both si lver and the BT 
alloy. The n icke l  plate was not penetrated by 
silver, but there was some solution of the n icke l  
plate by the BT alloy. The deposition of an 
electrolyt ic si lver plate on the electrolyt ic n icke l  
plate did not improve the wetting by either alloy. 
Aging experiments at 1200°F are now under way 
on electroplated materia Is. 

A preliminary sealing test specimen was de- 
veloped that consisted o f  a n icke l  tube and a 
n icke l  container i n  which the seal could be made 
wi th  si lver under a dry helium atmosphere. The 
joint was made and broken four times, and the 
joint was leaktight after each sealing. Thus there 
appears to be excel lent wetting of n icke l  by si lver 
under repeated heating and cooling cycles. As 
stated above, mockups of cast-metal-sealed flange 
jo in ts  are being tested that u t i l i ze  the results o f  
these studies. 

Welding of INOR-8 Tubing 

G. M. Slaughter 

Before the fabrication o f  INOR-8 tubing from heat 
SP-16 into the various corrosion loops o f  interest 
was init iated, i t was decided that a metallurgical 
investigation of typical welds should be conducted. 

4 A preliminary investigation, described previously, 
indicated that the use of SP-16 f i l l e r  wire for the 
welding of $-in. plate from heat SP-16 was, i n  
general, unsatisfactory because of weld-metal 
cracking. Also, welds made on similar specimens 

4P. Patriarca and G. M. Slaughter, MSR Quay. Pmg. 
Rep .  Oct. 31, 1957, ORNL-2431, p 18. 
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Fig. 2.1.18. Specimen Showing Excellent Wetting of o 

Nickel  Tube by Silver. Unetched. SOX. Reduced 30%. 

under conditions o f  high restraint resulted in  
severe base-metal cracking. 

Tes t  welds have since been made on the /B-in.- 
OD, 0.035-in.-wall tubing from heat SP-16 under 
low-restraint conditions. Since the previous 
experiments had indicated that SP-16 f i l l e r  wire 
was not satisfactory for th is  application, material 
from an ORNL heat of INOR-8 (heat 30-38) which 
had shown promise in weld-cracking tests was 
fabricated into wire and ut i l ized as f i l le r  metal i n  

3 

Fig. 2.1.19. Specimen Showing Marginal Wetting of 

INOR-8 by Silver. Unetched. SOX. Reduced 30%. 

the production of the test welds. Heat 30-38 has 
the nominal composition 15% Mo-6% Cr-5% Fe- 
0.5% Mn-0.5% AI-0.06% C-bal Ni. A photomicro- 
graph o f  a typical welded jo in t  i s  shown in Fig. 
2.1.20. 

The results o f  visual, radiographic, and metallo- 
graphic examinations and mechanical tests at  
room temperature and a t  13OOOF on as-welded 
specimens indicate that sound, low-restraint butt 
welds o f  SP-16 tubing can be made wi th  heat 30-38 
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Fig. 2.1.20. Typical  Joint in  SP-16 Tubing Welded with Heat 30-38 Fi l ler  Wire. Etchant: chromic and hydro- 

chlaric acids. 25X. 

f i l l e r  metal. No base-metal or weld-metal cracks 
were found, and the room- and elevated-temperature 
mechanical tests of  the as-welded joints indicated 
satisfactory characteristics. The properties o f  
the joints after aging at elevated temperatures are 
being investigated as a means of  determining their 
over-all su i tab i l i ty  for high-temperature applica- 
tions. 

Since no signi f icant quantity of  heat 30-38 f i l l e r  
metal was available i n  the optimum wire size, 
material from another ORNL heat (30-72) of  the 
same nominal composition was processed into 
wire. Sample butt welds o f  the g-in.-OD, 0.035- 
in.-wall SP-16 tubing were made as before, and a 
preliminary evaluation made to obtain data for the 
development of  a procedure specification indicated 
that the welds were satisfactory. The develop- 
mental work has been completed on which to base 
a procedure speci f icat ion and an operator's quali- 
f icat ion test specification. 

Numerous saddle welds were examined during 
the development of  the welding procedures, and 
intergranular base-metal cracks to the extent of  
20% of the tube wal l  thickness were occasional ly 
observed in  the microsections. The higher re- 
straint  conditions involved in the fabrication of 

these welds undoubtedly explain the presence of  
base-metal cracks in  the saddle welds and the 
freedom from cracks i n  the lower restraint  butt 
welds. Since the detection o f  these defects cannot 
be ensured by radiography or dye-penetrant in- 
spection, i t i s  recommended that the SP-16 tubing 
not be used for cr i t ica l  applications, such as in- 
p i l e  loops. 

€valuation Tests for Welds 

Preliminary resul ts in the development o f  screen- 
ing tests for determining the relat ive suscepti- 
b i l i t i es  of  various al loys to weld-metal cracking 
were described p r e v i ~ u s l y . ~  The circular-groove 
test, which u t i l i zes  an inert-arc fusion pass on a 
%2-in.-wide, 2-in.-dia, T8-in.-deep circular groove 
machined in  a 4 x 4-in. specimen of \-in. plate, 
has now been used to test  the weld-metal cracking 
tendencies of the INOR-8 al loys Westinghouse 
8M-1 and Haynes SP-19 (see Table 2.1.5, above, 
for the composition of  these alloys). No weld- 
metal cracks were found in  either alloy; the 
Westinghouse 8M-1 specimen i s  shown i n  Fig. 
2.1.21. 

Metallographic sectioning of  this type o f  speci- 
men can a lso be used to determine the suscept ib i l i ty  
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of the material to base-metal cracking during weld- 
ing. Base-metal cracks ident ical  to those found 
in  highly rbstrained test  welds4 were found in  a 
Haynes SP-16 specimen, as shown in Fig. 2.1.22. 

INOR 8 - WESTINGHOUSE HT M-1 

Fig. 2.1.21. Westinghouse 8M-1 Circular-Groove Weld- 

Cracking-Test Specimen. 

No base-metal defects were observed i n  the 
Westinghouse 8M-1 material, a typical  area of 
which i s  shown in Fig. 2.1.23. NO stringers or 
inclusions are evident, Although no base-metal 
cracks were found in the Haynes SP-19 specimen, 
the presence of slight, occasionnl, fusion-title 
porosity was noted. This condition i s  shown in  
Fig. 2.1.24. 

A crack test  for materials available only in rod 
form was also developed. A Iongitudlnql slot, 
3/ in. deep and i2 in. wide, i s  machined in  a 
$-6in.-dia bar and a fusion w r l $  i s  mqde alqrlg the 
slot. Weld-metal cracks were found in a Haynes 
SP-16 bar, but there were none in  a Westinghouse 
8M-9 bar. The two specimens are shown in 
Fig. 2.1.25. 

The welding characteristiag pf seven different 
heats of INOR-8 f r ~ m  thrge difkrsnt 5aurces have 
been studied, and only the Hqynes SP-16 heat 
exhibited cracking tendencies, This crqcking has 
been attributed to the melting preefice m d  should 
not  be considered as indicative af the properties 
of  the alloy. 

Weld test  plates are being prepared as a means 
of evaluating the weldabi l i ty  o f  heavy sections of 
n ickel-mJybdenum alloys. Three stages in  the 

Fig. 2.1.22. B a s e - b t a l  Cracks Found by Metallographic Examination of o Haynes SP-16 Circular-Groove Weld- 

Cracking-Test Specimen. Etchant: HCI + CuCl + alcohol. 1OOX. 
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Fig. 2.1.23. Typical Area of Westinghouse 8M-1 Circular-Groove Weld-Cracking-Test Specimen. Etchant: 

HCI + CuCl + alcohol. 1OOX. 

I -~ - 

Fig. 2.1.24. Haynes SP-19 Circular-Groove Weld-Cracking-lest Specimen Showina Sliaht. Occasional. Fusion- 

L i n e  Porosity. Etchant: HCI + CuCl + alcohol. 1OOX. 
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UNCLASSIFIED 
Y-24776 

Fig. 2.1.25. Rod Weld-Cracking-Test Specimens Showing o Crack in o Hoynes SP-16 Bor and No Cracks i n  o 

Westinghouse 8M-9 Bar. 

preparation o f  a typical test plate are i l lustrated 
in  Figs. 2.1.26, 2.1.27, and 2.1.28. These plates 
provide specimens for mechanical property studies 
o f  welded joints and are useful for radiographic, 
metallographic, and hardness studies, as wel l  as 
for obtaining general information pertaining to the 
welding characterist ics o f  the materials under 
conditions o f  high restraint. A summary o f  the 
status o f  the evaluations of the INOR-8 weld test 
plates made to date i s  presented in Table 2.1.12. 

For hardness studies, samples o f  the welded 
test  plates are removed and measurements are 
made on the weld metal and base metal i n  the 
as-welded condit ion and after aging. Preliminary 
work has consisted o f  determining the Rockwel l  B 
hardness of the two zones, but complete hardness 
traverses across the weld heat-affected zones are 
being made to obtain a more complete understanding 

o f  the influence o f  welding. The results o f  the 
preliminary hardness measurements on test plates 
38 and 40 are presented in Table 2.1.13. In com- 
parison, the hardness of Hastel loy B and W weld 
metals in  the as-welded condition i s  approximately 
20 on the Rockwel l  C scale, which i s  approxi- 
mately equal to  a value of 98 on the Rockwel l  B 
scale. After aging a t  1300°F for 200 hr, the hard- 
ness o f  Hastel loy W weld metal r ises to  approxi- 
mately 32 on the Rockwell C scale, while that o f  
Hastel loy B r ises to approximately 41. 

It may be seen that heat 30-38 weld metal i s  
s l igh t ly  harder in  both the as-welded and aged 
conditions than Haynes SP-16 weld metal. How- 
ever, no s ign i f icant  hardening that can be attributed 
to  aging i s  evident for either alloy. Both these 
a l loys are considerably softer after aging than 
either Hastel loy B or W. 
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Table 2.1.12. Summary of Status of Evaluat ions of INOR-8 Weld Tes t  P la tes  

P la te  3ase Metal 
No. 

Filler Metal Status o f  Eva1 uat ion 

36 Haynes SP-16 Haynes SP-16 
(sheared str ip)  

37 Haynes SP-16 

38 Haynes SP-16 

39 Haynes SP-16 (weld 
made under lower 

restraint  than 
convent i ona I test  

plates) 

40 Hoynes SP-16 

41 Haynes SP-19 

42 Haynes SP-19 

43 Haynes SP-16 

44 Haynes SP-16 

Hastel loy W 

3 R N L  heot 30-38 

Haste I loy W 

Haynes SP-16 rod 

obtained from 
Hoynes Stel l i te Co. 

Haynes SP-19 
(sheared strip) 

Haynes SP-19 
(sheared str ip)  

Westinghouse 
heat 8M-S* 

O R N L  heot 30-73** 

Weld metal  cracked severely; n o  mechanical 

property tests conducted 

P la te  mochined into side-bend specimens 

for room- and elevated-temperature test ing; 

tests 90% complete 

Status same a s  far plate No. 37 

Metallographic evaluat ion completed; no 

mechanic01 property t e s t s  to  be conducted 

Weld metal cracked severely; no mechonical 

property tes ts  conducted 

P la te  being machined i n t o  side-bend test 

specimens 

Status same os for p la te  No. 41 

P la te  t o  be machined into side-bend speci-  

mens 

P la te  to be machined into side-bend speci-  

mens 
~ 

*Nominal composit ion: 17.3% Mo-7.0% Cr-5.2% Fe-0.087% C-0.19% Si-0.79% Mn-0.001% P-0.002% S- 
0.018% Ti-bal  Ni .  

**Nominal composi t ion:  17.% Mo-8% Cr-5% Fe-0.5% Mn-0.06% C-bal Ni. 

Table 2.1.13. Hardness Data for Test Plates 38 and 40 

Condition 
Hordness on Rockwel l  B Scale 

Base Material P la te  38 Weld Metal P la te  40 Weld Metal 
(Haynes SP-16) (Heat 30-38) (Haynes SP-16) 

~~~~ ~ 

As welded 89 

Aged a t  llOO°F for 200 hr 89 

Aged a t  130OoF for 200 hr  87 

Aged a t  150OoF for 200 hr 85 

Aged at  165OoF for 200 hr a5 

97 

97 

95 

94  

91 

92 

90 

88 

86 

86 
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Fig. 2.1.28. Weld T e s t  P l a t e  Assembly After Welding. 

wire from heat 30-72 was used in  the fabrication 
of the entire loop. 

Metallographic examinations were made of sec- 
tions from the area of the failure. Profuse cracks 
were found in the Hastel loy B nipple, and the 
fracture interface was predominantly in the heat- 
affected zone, as shown in Fig. 2.1.30. In some 
cases, cracks were found as much as /,6 in. away 
from the fracture interface, as shown in Fig. 2.1.31. 
No evidence o f  cracking or fai lure o f  the heat 
30-72 weld metal was noted. It thus appears that 
the fai lure can be attributed to the lack of duct i l i ty  
of the Hastel loy B nipple and i t s  inabi l i ty  to  
accommodate the stresses encountered during 
startup of th is  loop. 

1 

Fabr icat ion of T e s t  Components 

Work has been init iated on the fabrication o f  two 
Haynes SP-16 pumps for forced-circulation corro- 
sion test ing loops. A modified fabrication pro- 
cedure i s  being ut i l ized in the fabrication of these 
pumps, since extensive base-metal cracking 

occurred in a mockup experiment. In the mockup 
experiment, the components o f  the most highly 
stressed portions of the weldment were assembled, 

! 

IN 
I 

Fig. 2.1.29. Joint That  Fa i led During In i t ia l  Heat ing 

ef F i r s t  INOR-8 Forced-Circulation Loop. The break i s  

a t  the fusion line of the weld joining a Hastelloy B 
nipple to an SP-16 adapter. 
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I I p I 

Fig. 2.1.30. Cracks in Heat-Affected Zone of Hastelloy B Nipple, Etchant: chromic and hydrochloric ocid 
1oox. 

Fig. 2.1.31. Diverse Cracks in Hastelloy B Nipple. Etchont: chromic and hydrochloric acids. 75X. 
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welded, and metal lographically examined after 
welding. The components studied are shown in 
Figs. 2.1.32, 2.1.33, and 2.1.34 before and after 
being welded. Metallographic sections o f  the 
finished we Ids revealed extensive base-metal 
cracking. 

In the modified fabrication procedure, a 1-in. cap 
i s  premachined t o  approximately the desired 
dimension in order to reduce the restraint on the 
joint, and addit ional stress-relief anneals are 
used. The two units being fabricated are approxi- 
mately 25% complete. 

The fabrication of a Haynes SP-16 INOR-8 in- 
p i l e  loop for operation in the LlTR was completed, 
as were nine INOR-8 thermal-convection loops. 

Fig. 2.1.32. Pump Fabrication Test Components Prior 

to Welding. 
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Fig. 2.1.33. Top View of Completed Pump Fabrication 

Test Assembly. 

Fig. 2.1.34. Bottom View of Completed Pump Fabri- 
cation Test Assembly. 

Forty-seven Haynes SP-16 hot  duc t i l i t y  test 
specimens were machined and sent to Rensselaer 
Polytechnic Inst i tute for evaluation. A report o f  
the findings w i l l  be submitted when the study i s  
complete. Haynes SP-19 specimens are being 
machined for similar studies. 

D E V E  L 0 P M E  N T 0 F N ON D E ST R U C TI V E  
T E S T I N G  T E C H N I Q U E S  

R. B. Oliver 
R. W. McClung J. W. Al len 

Evaluation of INOR-8 Tubing 

Immersed ultrasound and eddy-current techniques, 
radiography, and f luorescent penetrants were used 
to evaluate several lots of INOR-8 tubing in s izes 
that included &-in. OD, 0.025in. wall; F2-in. OD, 
0.045-in. wall; and 0.200-in. OD, 0.050-in. wall. 
Discrete discontinuit ies were noted in  a l l  the 
tubing. Many of the areas o f  discontinuity are 

ing examined metaIIographicaIly. The lamination 
3wn in  Fig. 2.1.35 is  typical of the more common 
fects; i t  was detected by the immersed ultrasound 
:hnique i n  Y4-in,-OD, 0.025-in.-wall tubing. 
nilar defects were noted i n  the \-in.-OD, 
145in.-wall tubing. Also common to both the 
in. and &-in. tubing were voids along the weld 
ad, such as those i l lustrated in  Fig. 2.1.36. No 

results of metc 
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Fig. 2.1.35. Lamination Found by Immersed Ultrasound Inspection of \-in.-OD, 0.025-in.-Wall INOR-8 T u  
Etchant: chromic and hydrochloric acids. 1OOX. 

. 

Fig. 2.1.36. Subsurface Void Found by Immersed Ultrasound Inspection of \-in.-OD, 0.045-in.-Wall INOR-8 
Tubing. Etchant: chromic and hydrochloric acids. 1OOX. 
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examination of sections o f  the tube revealed INSPECTION RESULTS 
several severe laps on the inner surface. Despite 
the formidable appearance of the i l lustrated de- 

G. M. Tolsan J. H. DeVan 

Material Inspection 
fects, the over-all qual i ty of the INOR-8 tubing 
has been better than that of other commercial 
nickel-molybdenum alloy tubing previously evalu- A summary of material inspections during the 
ated. quarter is  presented in Table 2.1.14. The intended 

usage was the cri terion used to determine the type 
o f  inspection performed and the acceptabil ity. 
Whenever possible the rejected material was down- 
graded for less c r i t i ca l  applications. 

Cladding Thickness ideasurements and 
Bond Inspections 

Development studies were continued of tech- 
niques for the measurement of cladding thickness 
wi th  the eddy-current probe coil. Each cladding 
thickness w i l l  require a special adaptation of the 
techniques in  order to compensate for variations 
in con f i gurat ion, materials, and thicknesses. 
Basic information on the parameters involved is  
being obtained. 

Techniques are also being developed for the 
evaluation of bond quality by ultrasonic methods. 
As in the case of cladding thickness measure- 
ments, techniques w i l l  be required which are 
peculiar to the particular application. 

The over-all reject ion rate for experimental 
nickel-molybdenum tubing was high, but it varied 
considerably from lo t  to  lo t  and, in  fact, was 
quite low for some lots. Most of the reject ions 
were due to defects in the weld area, such as lack 
of fusion (Fig. 2.1.37), cracks (Fig. 2.1.38), and 
pores (Fig. 2.1.39). The seamless tubing was in  
general o f  better qual i ty than the Weldrawn tubing, 
and the Weldrawn tubing was o f  better quality 
than the as-welded tubing. A casting made from, 
INOR-8 was rejected because of large pores, but 
the general appearance of the casting indicated 
that casting o f  complicated shapes may be possible 
wi th  improved techniques. 

Table 2.1.14. Materials Inspected 

Materia I Quantity Inspected Quantity Re iected I tern 

Tubing Experimental nickel-molybdenum alloys 3293 ft 93; in. 2006 ft 8 \  in. 

Tubing lnconel 500 f t  8 in. 

Duplex tubing lnconel over type 316 stainless steel 483 ft 3 ft 

Pipe INOR-8 100 f t  5 ft 

lnconel 110 ft 9 in. 

Stainless steel 40 ft 5 in. 1 ft 

P la te  

Bar 

I N 0  R-8 19 ft2 0 

INOR-8 97 f t  2 in. 6 ft 

lnconel 6 ft 0 

Stainless steel 2 tt 1 in. 1 ft 

Miscellaneous INOR-8 casting 1 1 

lnconel Calrods 730 f t  0 
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Fig. 2.1.37. Specimen Showing Lack of Fusion Found 
in Weld Area of INOR-8 Tubing. Etchant: aqua regia. 

1OOX. Reduced 31%. 

Fig. 2.1.38. Specimen Showing o Crack Found in Weld 
Etchant: aqua regia. Area of Weldrawn INOR-8 Tubing. 

1OOX. Reduced 31%. 

Weld Inspection 

Welds are inspected according to the quality 
needed, and the three general quality levels con- 
sidered a t  the present time are designated C, CN, 
and S. The C type of weld i s  of reactor qual i ty and 
receives visual, penetrant, and radiogfaphic inspec- 
tion. The CN type of weld i s  just as c r i t i ca l  as the 
C type, but i t i s  in a position such that it cannot 
be radiographed. The S type of weld i s  used in 
noncr i t ical  applications and receives only v isual  
inspection. The specifications are being revised 
to, include a fourth type of  weld which w i l l  be 
designated NC. The NC welds w i l l  be usedwhere 
a leaktight joint i s  required but. certain deviations 

Fig. 2.1.39. Specimen Showing a Pore Found in Weld 
Area of As-Welded INOR-8 Tubing. Etchant: chromic 
and hydrochloric acids. SOX. Reduced 33%. 

can be allowed. The type of inspection of an NC 
weld w i l l  depend on i t s  application. 

The amount of  penetration al lowable on C and 
CN welds made on tubing has been increased from 
0.025 to 0.035 in., because there was d i f f icu l ty  
in  maintaining such a t ight tolerance and the test 
loop work now in progress does not require such 
r ig id  control. 

A total of 131 C welds made on INOR-8 material 
was inspected, and the rejection rate was 996, 
which i s  less than one-half the rejection rate 
previously found for lnconel welds. A total of 
248 C welds and 197 CN and S welds on other 
materials was also inspected, with 57 C welds and 
3 CN and S welds being rejected. 

Failure Analyses 

A Chromel-Alumel thermocouple which fai led 
after 240 thermal cycles between 800 and 12OOOF 
in NaK was inspected to determine the cause of 
the failure. The thermocouple was encased in o 
protective lnconel well, and therefore i t  was 
necessary to locate the failure by radiographic 
inspection. A break was indicated on one of  the 
wires near the thermocouple junction, and metallo- 
graphic sections were taken at the fa i led area. 
The thermocouple wire a t  the break had necked 
down considerably, and thus a duct i le tensi le 
failure was indicated. Since the junction of  the 
thermocouple had been f i rmly attached to the 
bottom of the well, failure appeared to be the 
resul t  of di f ferent ia l  expansion between the 
thermocouple wires and the surrounding lnconel 
we1 1. 
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I N - P  I L  E T H E  RMAL-CO N V  E C T l O N  

W. E. Browning 
H. E. Robertson R. P,  

2.2. 

L O O P  

Shields 

RADIATION DAMAGE 

G. W. Kei lho l tz  

T E S T S  

The electr ical ly heated ful I-scale mockup of the 
in-pi l e  thermal-convection loop, described previ- 
ously, l  was welded and f i l l ed  wi th  fuel i n  a dry 
box. The fuel mixture BeF,-Li F-UF4 (37-62-1 
mole 70, fuel 130) containing depleted uranium and 
normal l i thium w i l l  be circulated in  the mockup, 
which, l i ke  the in-pi le loop, i s  fabricated of 
INOR-8 alloy. Thermocouples and heaters are 
now being instal led on the mockup to demonstrate 
the workabil i ty of the design and to provide 
operating information for use i n  the in-pi le loop 
tests. 

Mechanical mockup tests were performed on a 
series of thermocouple leads being considered for 
service in  the cooling-air annulus of the loop. 
Since thermal expansion of the fuel tubes damaged 
thermocouples in  previously operated loops, it was 
desired to  select a design which would prevent 
p last ic  deformation of the thermocouple lead wires. 
The mechanical mockup test was performed i n  an 
apparatus which was similar to a portion of the 
fuel tube and cooling-air-annulus tube, wi th  the 
outer parts made of transparent plast ic to  permit 
observation of the thermocouple during expansion 
of the fuel tube. The various thermocouple lead 
wire assemblies being considered were tested i n  
th is  apparatus in  order to determine the effect of 
longitudinal movement of the fuel tube of as much 
as p2 in. Radial movement of the fuel tube i n  the 
loop i s  prevented by radial spacer pins. The 
thermocouple assembly selected consists of a 
thin-walled stainless steel tube which f i t s  closely 
around a ceramic insulator tube. The stainless 
steel tube is sp l i t  at the end and i s  resistance 
spot welded to  the fuel tube near the point where 
the thermocouple bead i s  ioined to the fuel tube. 
Th is  stainless steel thermocouple jacket i s  in- 
stal led nearly paral lel to  the fuel tube and i s  

brought out along a straight l ine at  a small angle 
from the fuel tube. A s  the fuel tube moves longi- 

'W. E. Browning et al., MSR Quat. Prog .  Rep .  Oct. 31, 
1957, ORNL-2431, p 30. 

tudinal ly during thermal expansion, the thermo- 
couple jacket moves longitudinal ly along i t s  own 
ax is  through the port i n  the air annulus and through 
the heater assembly, and it moves s l ight ly  wi th  
respect to the bundle of lead wires. This  arrange- 

ment provides a re la t ive ly  r ig id  structural member 
which does not move with respect to the thermo- 
couple wire or the thermocouple bead, and thus 
does not apply stress to  the thermocouple. Thermo- 
couples of th is  type have survived dozens of 
cycles in  which the thermal expansion was many 
times greater than that expected in  the loop. 

The in-p i le  loop i s  to include a charcoal trap 
for removing the xenon which w i l l  di f fuse from 
the surface of the fuel. Any organic material 
and water present in the charcoal as an impurity 
would be decomposed by radiation from adsorbed 
f ission products, and the decomposition products 
could contaminate the fuel and interfere with 
interpretation of the results of the experiment. 
The charcoal used i n  the loop w i l l  therefore be 
baked i n  vacuum for 48 hr at 500°C in  order to 
decompose organic impurities. The charcoal which 
was instal led in the mockup loop was subjected 
to  th is  treatment. The holdup time o f  the heat- 
treated charcoal for radiokrypton in  a f lowing 
helium stream was measured to determine whether 
the heat treatment had reduced the capacity of the 
charcoal for noble gases. It was found that the 
charcoal was 10% more effect ive as an absorber 
for krypton after the heat treatment than it had 
been before. Th is  effect was no doubt the resul t  
of dehydration of the charcoal. 

Calculat ions were made to  determine the magni- 
tude of undesirable effects of the Li6 isotope in  
the fuel for the in-pi le loop. The effects con- 
sidered were ( 1 )  the f lux depression that would 
resul t  from absorption of thermal neutrons by the 
Li6, (2) the biological hazard that would be 
present i n  the event of an accidental release of 
the tr i t ium that would be produced by the (n,a) 
reaction in  Li6, (3) the internal gas pressure that 
would be generated by nuclear reaction products 
from Li6, and (4) the possible chemical effects 
of the tr i t ium equivalent of HF and the consequent 
interference wi th  the interpretation of the results 
o f  the experiment. All these effects were found 
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to be unimportant except the last  one. The 
possible effects of traces of tr i t ium in  the loop 
cannot be evaluated w i th  suf f ic ient  confidence 
to r isk operating the in-pi le loop under such 
conditions. It was decided therefore to obtain 
the best avai lable Li7 for use in  the in-pi le test. 
L i th ium containing 99.8% Li7 was obtained and 
was used in  the production of a batch of fuel 130 
(see Chap. 2.3 for production details). Suff icient 
fuel for f i l l i ng  three loops i s  now avai lable i n  
powder form. 

Preparations are being made i n  the ORR fa- 
c i l i t i es  for the operation of a similar forced- 
circulat ion loop. The loop assembly housing and 
lead tube have been fabricated for use i n  pre- 
I iminary hydraul ic tests of the reactor before 
startup. These tests w i l l  show whether the lead 
tube i s  structural ly adequate in  the reactor cooling- 
water stream. The same assembly i s  being used 
for surveys of the f lux in  the experimental space 
designated for t h i s  experiment. Conduit trays 
and an auxi l iary control panel are being instal led 
t o  carry lead wires from the experimental assembly 
i n  the reactor to the laboratory, where the controls 
for the loop w i l l  be located. 

IN-PILE STATIC C A P S U L E  T E S T S  

W. E. Browning H. L. Hemphill 

Preparations for the irradiat ion of fuel 130 in  
INOR-8 capsules in  the MTR were continued. The 
fuel used in  these test capsules w i l l  be the same 
as that used i n  the in-pi l e  thermal-convection 
loop. The INOR-8 tubing intended for use in 
fabricating these capsules had to be rejected 
because of high aluminum content. Another batch 

of INOR-8 tubing of satisfactory composition con- 
tained a large number of flaws. Short sections of 
th is batch of tubing are being selected for use 
i n  the MTR capsules. The INOR-8 tubing for the 
MTR capsules i s  more d i f f i cu l t  to fabricate than 
that used in  the thermal-convection loop becouse 
of the small diameter and large wal l  thickness, 
0.200 in. OD and 0.100 in. ID. 

Other capsules are being fabricated for irrodi- 
ation i n  the MTR in  order to  determine the stabi l i ty  
of graphite in  contact wi th fuel 130 during ex- 
posure to radiation. Ex is t ing  lnconel capsules 
are being used for the outer containers. Graphite 
l iners wi th 0.025-in.-thick wal ls have been pre- 
pared that have a O.lOO-in.-dia bore and are 1 in. 
in  length. These graphite l iners w i l l  have a loose 
plug at the top end and three small holes near the 
bottom to al low the fuel to f i l l  the space inside 
the graphite l iner and the space between the l iner 
and the lnconel outer can. The fuel w i l l  provide 
heat transfer between the graphite and the Inconel 
wall, and fair ly accurate estimates of the graphite 
temperatures can be based on measurements o f  
the temperature of the wall, the thermal con- 
duct iv i ty of the graphite, and the heat generation 
by f iss ion in  the fuel. These capsules w i l l  be 
irradiated at a metal wal l  temperature of 1250°F. 

After irradiat ion the capsules w i l l  be examined 
i n  the Solid State D iv is ion  hot ce l l s  in  order to 
determine whether the graphite disintegrated. If 
the graphite i s  intact, an attempt w i l l  be made to  
determine the distr ibution of fuel components land 
f ission products in  the graphite. The graphite 
and the lnconel w i l l  be examined metallograph- 
i ca l l y  for evidences of corrosion, and the fuel w i l l  
be chemical ly analyzed for carbon and the con- 
st i tuents o f  Inconel. 
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2.3. CHEMISTRY 
W. R. Grimes . 

. 

P H A S E  E Q U I L I B R I U M  S T U D I E S  

Systems Containing UF, and/or ThF, 

R. E. Thoma 
H. lnsley C. F. Weaver 

H. A. Friedman 

Phase equil ibrium studies are being made for 
determining whether an LiF-BeF, mixture w i l l  
dissolve suff icient ThF, and UF, to provide a 
fuel for a fused-salt breeder reactor. I t  w i l l  be 
practical t o  treat the quaternary system Li F-BeF,- 
ThF,-UF, as a ternary system i f  the phase 
equi l ibr ia  and isotherms are very similar i n  the 
systems LiF-BeF,-ThF, and LiF-BeF,-UF, and 
i f  exfensive so l id  solut ion occurs in  the system 
Li F-ThF,-UF,. 

The systems BeF,-ThF, (ref 1) and BeF,-UF, 
are very similar. Liquidus curves of the systems 
LiF-UF, (ref 2) and LiF-ThF, (ref 1) are also 
similar, although LiF-UF, and LiF-ThF, so l id  
phases are, i n  general, dissimilar. It is  evident 
that phase diagrams of the systems LiF-BeF,-UF, 
and LiF-BeF,-ThF, w i l l  be similar and that 
substitutional so l id  solut ion occurs in  the system 
LiF-ThF,-UF,. It may be inferred that some 
interpolations can be made between the systems 
LiF-BeF,-UF, and LiF-BeF2-ThF, wi th  regard 
to  l iquidus temperatures and phase relationships. 

The System LiF=BeF,=ThF,. - Results of 
phase equil ibrium studies now under way of the 
system LiF-BeF,-ThF, are consistent wi th  
l iquidus profi les obtained previously. Recent 
experiments have been confined principal ly t o  
studies of the section o f  the diagram that  
represents mixtures containing 60 to  80 mole % 
LiF. The results are presented i n  the part ial  
diagram shown in  Fig. 2.3.1. This  diagram i s  
based on (1) analyses o f  the thermal effects that 
are indicated in  heating and cool ing (from above 
the l iquidus) curves for 50- to 100-g fused-salt 
samples, (2) petrographic and x-ray dif fract ion 
examinations of these samples, and (3) results of 
thermal-gradient quenching experiments. 

'C. J. 8arton et al., MSR Quar. Prog. R e p .  Oct. 31, 
1957, ORNL-2431, p 36. 

,C. J. Barton et al.. J. Am. Ceram. SOC. 41, 63-69 
(1958). 

Breeder reactor blanket or breeder reactor fuel 
solvent compositions, whose maximum ThF, 
concentration i s  restr icted t o  that avai lable in 
sa l ts  having less than a 550°C liquidus, may be 
chosen from an area of the phase diagram (Fig.2.3.1) 
i n  which the upper l imi ts  of ThF, concentration 
are obtained in  the compositions: 

75 mole % LiF-16 mole % ThF4-9 mole % BeF2 

69.5 mole % LiF-21 mole % ThF4-9.5 mole % BeF, 

6 8  mole % LiF-22 mole % ThF4-10 mole % 5eF2 

Resu I t s  of therma I-grad ient quenching experiments 
(Table 2.3.1) have shown that the temperatures 
along two of the boundary curves l jmi t ing the 
primary phase 3LiF.ThF are those shown in 
Figs. 2.3.2 and 2.3.3. T i e  results of quenched 
samples 2, 4, 5, 6, and 7 show that a lower melt ing 
l iqu id  occurs in the system than had been suggested 
by earlier data, and yet neither petrographic nor 
x-ray dif fract ion data permit a conclusion as to 
what phases are present in  the eutectic which th is  
low-melting l iqu id  represents. The composition of 
th is  l iqu id  appears to  be approximately 66 mole % 
LiF-4.5 mole % ThF,-29.5 mole % BeF,; how- 
ever, the sequence of appearance of so l id  phases 
i n  Table 2.3.1 does not suggest that th is  i s  a 
eutectic compos ition. 

The System LiF=ThF,-UF,. - The compounds 
ThF, and UF, form a continuous so l id  solution. 
Slowly cooled melts give mult iple temperature 
breaks, most of which are at  lower temperatures 
than the l iquidus values observed opt ica l ly  i n  
quenched samples. Since supercooling occurs in 
the slowly cooled melts, the optical results from 
quenched samples are rel ied on for l iquidus values. 
The liquidus points and curve are shown i n  
Fig. 2.3.4. Apparently no minimum exis ts  wi th in  
the system; consequently, the solidus l ine cannot 
extend below the melt ing point of UF,. The 
solidus l ine must therefore be close to  the l iquidus 
I ine; however, the presence of a brown, unidentif ied 
material a t  temperatures below the l iquidus has 
precluded optical observation o f  solidus temper- 
atures. 

The ThF,-UF, so l id  solut ion is green, frequently 
twinned, and b iax ia l  negative, It has an optic 
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angle of about 65 deg and a birefringence of 
approximately 0.05. The indices of refraction are 
shown in Fig. 2.3.5 as functions of UF, content, 

The compounds LiF.4ThF4 and LiF.4UF4 form 
a continuous sol id solution. A tentative liquidus 
curve for the LiF.4ThF4-LiF.4UF, join i s  shown 
in Fig. 2.3.6. This liquidus and the liquidus in 
the system ThF,-UF, indicate that the ThF,-UF, 
sol id-solution primary-phase f ield i s  sl ightly 

convex in  the direction of decreasing temperatures. 
The three-phase region composed of I iquid , 
ThF,-UF, so l  id solution, and Li F.4ThF4-Li F.41JF4 
sol id solution, which emerges as the LiF.4ThF4- 
LiF.4UF4 solid solution primary-phase field, i s  
convex in the direction of increasing temperatures. 

The LiF.4ThF4-LiF.4UF, sol id solution i s  
green and biaxial negative, and has an optic angle 
of about 5 deg. Its birefringence i s  approximately 

1 5 40 20 25 3 0  
2 LiF BeF2 

BeFe (mole Yo) 

UNCLASSIFIED 
ORNL-LR-DWG 27910 

LiF.2 ThF4 

E = EUTECTIC 
P = PERlTECT lC  

Ll Q U ID US 
TEMPERATURES 

ARE IN OC 

I 

Fig. 2.3.1. Part ia l  Phase Diagram of the System L i F - B e F 2 - T h F 4  for the Region Representing Mixtures Con- 

taining 50 to 100 Mole % LiF. 

82 



P E R I O D  E N D I N G  J A N U A R Y  3 1 ,  1958 

Table 2.3.1. Results of Thermal-Gradient Quenching Experiments on the System LiF-BeF2-ThF4 

Sample Composition (mole X) Temperature 
Phases Present 

No. L i F  BeF2 ThF4 (O C) 

1 68 27 5 460 3LiF*ThF4* and liquid 

448 3LiF*ThF4, 2LiF-BeF2, and liquid 

426 3LiF*ThF4, 2LiF-BeF2, and l i t t le or no liquid 

2 66 29 5 452 3LiF.ThF4 and liquid 

444 3LiF-ThF4, 2LiF.BeF2, and liquid 

4 13 3LiF-ThF4, 2LiF.BeF2, and very l i t t l e  liquid** 

3 64 31 5 45 1 3LiF-ThF4 and liquid 

43 1 

428 

3LiF*ThF4, 2LiF-BeF2, and very l i t t l e  liquid 

3LiF.ThF4, 2LiF*BeF2, and no liquid 

4 65 29 6 

5 67 26 7 

6 66 27 7 

7 64 29 7 

466 7LiF.6ThF4 and liquid 

457 

440 3LiF.ThF4,2LiF.BeF2, and liquid 

413 

470 3LiF-ThF4 and liquid 

444 3LiF.ThF4, 2LiF-BeF2, and liquid 

413 

474 7LiF-6ThF4 and liquid 

4 57 

452 

444 3LiF-ThF4, 2LiF*BeF2, and liquid 

413 3LiF.ThF4, 2LiF.BeF2, and liquid 

479 7LiF.6ThF4 and liquid 

455 

446 3LiF.ThF4, 2LiF.BeF2, and liquid 

395 

3LiF.ThF4 and liquid, no 7LiF.6ThF4 

3LiF.ThF4, 2LiF*BeF2, and very l i t t le liquid 

3LiF.ThF4, 2LiF*BeF2, and a sma l l  amount of liquid 

3LiF-ThF4, a smal l  amount of 7LiF*6ThF4, and liquid 

3LiF.ThF4 and liquid, no 7LiF.6ThF4 

7Li  F-6ThF4, 3Li  F.ThF4, and liquid 

3LiF.ThF4, 2LiF*BeF2, and l i t t l e  or no liquid 

8 70 20 10 484 3LiF.ThF4 and liquid 

449 3LiF*ThF4 and liquid 

9 69.5 7.5 23 563 7Li  F*6ThF4 and liquid 

559 

444 

3Li F-ThF4, 7LiF-6ThF4, and liquid 

3LiF.ThF4, 7LiF-6ThF4, and a s m a l l  amount of liquid 

*The phase 3LiF.ThF4, as  it appears in the ternary system, is routinely observed as a solid solution. 

**The presence of liquid in  the lowest  temperature sample indicates that the temperature range of the experiment 

was not law enough to  permi t  determination of the solidus temperature. 
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0.01. The indices of refraction as functions of 
UF, content are shown in Fig. 2.3.7. 

The compounds 7LiF.6ThF4 and 7LiF.6UF4 
form a continuous solid solution. The liquidus 
curve for the 7LiF.6ThF4-7LiF.6UF4 loin i s  
shown in Fig. 2.3.8. This curve and the three- 
phase region in the LiF.4ThF,-LiFJUF4 ioin 
indicate that the Li F-4Th F ,-Li F .4UF , sol id- 
solut ion primary-phase f ie ld i s  convex in  the 
direction of increasing temperatures. 
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Fig. 23.5. Indices of Refraction in  the System 

ThF,-UF,. 

The 7LiF.6ThF4-7LiF.6UF, solid solution i s  
green and uniaxial. I ts birefringence is  low and 
varies from 0 to 0.006. The indices of refraction 
are shown in Fig. 2.3.9 as functions of UF, 
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Fig. 23.9. Indices of Refraction Along the Join 
7 L  i F -6Th  F4-7L i F.6UF4. 

content. A s  the UF, content increases, the sol id 
solut ion changes from uniaxial posi t ive to  unia.xia1 
negative. Further, for mixtures containing about 

31 mole % UF,, the so l id  solut ion should be 
isotropic. Quenches o f  such mixtures have 
produced 7Li F-6Th F ,-7L i F -6U F, sol i d  so l  ut ions 
that have birefringences which are too low t o  
measure microscopical ly. 

The curvatures o f  the ThF,-UF, sol id-solut ion 
primary-phase f ie ld and the LiF*4ThF4-LiF.41JF, 
sol id-solut ion primary-phase field, which were 
mentioned above, indicated that their boundary 
curve should bend away from the L iF vertex of 
the LiF-ThF,-UF, diagram. Experimental values 
confirm this indication, as shown in  Fig. 2.3.10. 
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Fig. 2.3.10. The Primary-Phase Fields in the System L i F - T h F 4 - U F  
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In the system diagram presented in  Fig. 2.3.11, 
the temperatures of points a and c are 500 and 
488OC, respectively. Consequently the LiF- 
4Li F-UF, boundary curve temperatures drop from 
point u to  point C. The temperatures of points c 
and d are 488 and 5OO0C, respectively. Conse- 
quently the boundary curve between the L iF 
primary-phase f ie ld  and the 7LiF.6ThF,-7LiF.6UF4 
solid-solution primary-phase f ie ld  drops in temper- 
ature from point d to point C. In addition, evidence 
ex is ts  (Table 2.3.2) that 4LiF.UF4 appears as a 
third sol id phase i n  compositions along this 

boundary curve. There i s  a lso evidence (Table 
2.3.2) that LiF appears as a third sol id phase in 
compositions along the boundary curve between the 
4LiF*UF4 primary-phase f ie ld  and the 7LiF-6ThF4- 
7LiF.6UF4 solid-solution primary-phase field. 
Thus the boundary curve temperatures must 
decrease from point b to point C .  Point c is, then, 
a eutectic. 

The so l id  phases in  equil ibrium in compositions 
near point c at the invariant temperature are LiF, 
4Li FsUF,, and 7Li F 6 T h  F ,-7Li F -6U F so l  id 
solution containing about 41.5 mole 76 UF,. From 

U N C L A S S I F I E D  

4L iF .UF4 
UF4 (mo le  70) 

Fig. 2.3.1 1. Primary-Phase Fields in the System LiF-ThF4-UF,  for the Region Representing Mixtures Con- 
taining 50 to 100 Mole ’% LiF. 
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Table 2.3.2. Results of Thermal-Gradient Quenching Experiments in  the System LiF-ThF4-UF4 

Temperature of Composition 

(mole %) Phose Change Phases Above Phase Change Phases Below Phose Change 

L i F  ThF4 UF4 (OC) 

40 10 50 808 Liquid Liquid + LiF.4UF4-LiF*4ThF4 solid 
sol ut ion 

33.3 33.3 33.3 862 Liquid + UF4-ThF4 solid solution Liquid + LiF*4UF4-LiF*4ThF4 solid 
solut ion 

40 50 10 880 Liquid Liquid + Li F.4UF4-Li F*4ThF4 sol  id 
solut ion 

72.5 1 26.5 485 Liquid + 4LiF*UF4 + 7LiF*6UF4- L i F  + 4LiF*UF4 + 7LiF*s6UF4-7LiF*6ThF4 
7LiF.6ThF4 solid solut ion solid solution 

71 2 27 491 Liquid + L i F  + 7LiF*6UF4- L i F  + 4LiF*UF4 + 7LiF,,6UF4-7LiF*6ThF4 
7LiF*6ThF4 solid solut ion solid solution 

th is  information the compatibi l i ty triangle at  the 
invariant temperature can be drawn as shown i n  
Fig.2.3.11. The invariant fa l l s  wi th in  this triangle, 
and consequently, as stated above, point c must 
be a eutectic. 

Solubil i ty and Stabil i ty of PuF, i n  
Molten Fluorides 

C. J. Barton R. A. Strehlow 

Values for the so lub i l i ty  of PuF, i n  NaF-BeF, 
(57-43 mole %) at  three temperatures were given in  
the previous r e p ~ r t . ~  During the past quarter, 
values were obtained for the so lub i l i ty  of PuF, in  
two addit ional NaF-BeF, mixtures, three L iF-BeF,  
compositions, and one NaF-L i  F-BeF, mixture 
as a function of temperature. The range of BeF, 
concentrations covered i n  each of the binary 
solvent systems, approximately 36 to 50 mole %, 
includes the concentration range l ike ly  to  be of 
interest in  the MSR program. Binary mixtures wi th  

lower BeF, concentrations have too high l iquidus 
temperatures to  be useful a t  power reactor temper- 
atures, and the v iscos i ty  of mixtures containing 
more than 50 mole % BeF, is  too high t o  make 
them attractive. The ternary solvent mixture was 
included i n  the study to permit so lub i l i ty  de- 

The results obtained to  date in  these studies 
are presented i n  Table 2.3.3. Some of the results 
are almost certainly incorrect and w i l l  be checked 
in  new f i l t ra t ion experiments as soon as possible. 
The poss ib i l i ty  of analyt ical error was minimized 
i n  most of the doubtful results by repeating the 
analysis, either wi th  a new portion of the same 
sample or a separate portion of the original 
sample. Except for the f i rs t  few samples sub- 
mitted for analysis, which were ground but not 
sieved, a l l  f i l t rates were ground either to  -65 or 
-200 mesh and mixed thoroughly t o  avoid the 
poss ib i l i ty  of inhomogeneity. A possible cause of 
the observed discrepancies in  the data would be 
an error i n  the measurement of thle temperature of 
the l iqu id  sa l t  mixture. A fa i r ly  large vert ical 
temperature gradient i s  known t o  e x i s t  i n  the 
heated zone occupied by the fused sa l t  container, 
and it i s  possible that the thermocouple was 
accidental ly shif ted in the course of the experi- 
ments. An addit ional uncertainty in the determi- 
nation of the melt temperatures resulted from the 
thermocouple wel ls  in  most of the f i l ter  bottlles 
used in  these experiments being shorter than ihe  
design ca l led for; the ends of the wel ls  were not 
i n  contact wi th  the melts. Improved f i l ter  bott les 

terminations wi th  a lower BeF, concentration than that have thinner walled thermocouple we l ls  of 
would have been possible in  the binary systems the proper length t o  permit the thermocouple 
at  the lower l im i t  of the temperature range studied. junction t o  be surrounded by the sa l t  mixture 

became avai lable near the end of the quarter and 
1957, ORNL-2431, p 39. were used for the last  two measurements made, 

3 ~ .  J. Barton e t  MSR euaY. byog. R ~ P .  act. 31, 

88 



P E R I O D  E N D I N G  J A N U A R Y  31,  1 9 5 8  

Table 2.3.3. Solubility of PuF, in Alka l i  Fluoride-Beryllium Fluoride Mixtures 

Solvent Composition Filtration Fi ltrate Analysis 

Temperature Pu PuF, (mole %) 

No F L i F  BeF, (OC) (wt %) (mole %) 

64 36 

57 43 

50 50 

64 36 

56 44 

51 -6 48.4 

56 16 28 

that is, the measurements on the 51.6 mole % 
LiF-48.4 mole % BeF, and 56 mole % NaF-17 
mole % LiF-28 mole % BeF, mixtures. The 
improved bottles w i l l  be used t o  check some of the 
earlier data. The solvent compositions given in  
Table 2.3.3 are theoretical. The actual compo- 
sit ions have not yet been established by chemical 
analysis, except for the 51.6 mole % LiF-48.4 
mole % BeF, composition, which i s  the same 
mixture as that used for the determination of the 
so lub i l i ty  of CeF,, which i s  discussed i n  a 
subsequent section of this chapter. 

The data given i n  Table 2.3.3 show that, for 
L iF-BeF, mixtures in the composition range 
studied, the so lub i l i ty  of PuF, increases wi th  
increasing BeF, concentration, a t  least a t  the 
lower temperatures. In the NaF-BeF, system, the 
so lub i l i ty  of PuF, i s  higher in the mixtures wi th  
50 mole % BeF, and 36 mole % BeF, than in the 
mixture wi th  43 mole % BeF,. Thus there is an 

550 
598 
650 

53 a 
600 
652 

552 
600 
651 

532 
400 
643 

550 
649 

463 
54 9 
599 
6 54 

1.54 0.29 
2.43 0.46 
4.40 0.85 

1.17 0.22 
1-36 0.26 
2.16 0.41 

1.77 0.34 
1.97 0.37 
2.72 0-52 

1.15 0.1 6 
1 .a2 0.27 
4.30 0.63 

1.98 0.30 
6.24 0.98 

1.02 0.16 
2.44 0.38 
2.88 0.45 
5.76 0.93 

5 54 7.68 1.4 

indication that the so lub i l i ty  of PuF, i n  this 
solvent goes through a minimum in the v ic in i ty  of 
mixtures w i th  43 mole % BeF,. The so lub i l i ty  
value obtained wi th  the ternary mixture, which i s  
probably low because of the lack of a suff icient 
amount of PuF, t o  saturate the solution, indicates 
that the so lub i l i ty  of PuF, continues to  increase 
wi th  decreasing BeF, concentration. All the 
plutonium in this mixture was found t o  be combined 
as NaPuF4. The so lub i l i ty  of PuF, a t  565'C 
i n  the binary mixtures studied varied from about 
0.2 mole% for the 57 mole % NaF-43 mole % B e F 2  
mixture to  0.45 mole % for the 51.6 mole % 
LiF-48.4 mole % BeF, mixture. This  concen- 
trat ion range i s  believed, a t  the present time, to  
be more than adequate t o  fuel a molten sa l t  
plutonium-burner reactor. 

Another purpose of th is  investigation was the 
observation of the s tab i l i ty  of PuF, in fused sa l t  
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mixtures. Th is  has been accomplished by de- 
termining the plutonium species present i n  cooled 
samples of f i l t rates and unfi l tered residues 
produced by f i l ter ing mixtures that had been 
heated at temperatures of 550 to  65OoC for periods 
that were usually in  excess of 2 hr. The plutonium 
cornpounds present i n  the mixtures were identi f ied 
by petrographic examination, and valence de- 
terminations were made by spectrophotometric 
examination of dissolved portions of the samples. 
Only t r ivalent plutonium has been found i n  the 
mixtures examined t o  date. In addition, the bottom 
portions of two n icke l  f i l ter  bott les used i n  
f i l t rat ion experiments were submitted for analysis 
after removal of a l l  except a trace of fused salt. 
One sample had been in contact w i th  the NaF- 
BeF2-PuF3 mixture a t  6OO0C for about 2 hr and 
the other had contained the LiF-BeF,-PuF, 
mixture a t  temperatures varying from 500 to 65OoC 
for approximately 8 hr. The plutonium found i n  the 
two samples amounted t o  0.05 and 0.17 mg, 
respectively, and could be accounted for by the 
trace of fused sa l t  remaining on the nickel. No 
evidence o f  disproportionation of PuF, in  fused 
a lka l i  fluoride-beryllium f luoride melts under the 
condit ions maintained i n  these experiments has 
been observed to  date. 

F U S E D  C H L O R I D E S  AS S E C O N D A R Y  H E A T  
T R A N S F E R  F L U I D S  

R. E. Moore 

The physical, chemical, and nuclear properties 
of a secondary coolant far a molten sa l t  power 
reactor must sat isfy a number of requirements, 
The fol lowing characterist ics are desired: 
1. low melt ing point, 
2. low viscosi ty,  
3. high heat capacity, 
4. high thermal conductivi ty, 
5. low vapor pressure, 
6. s tab i l i t y  toward structural metals, 
7. reasonably low thermal-neutron cross section, 
8. freedom from act ivat ion in  a radiat ion f ield, 

Fluorides and chlorides seem to  offer the best 
choices among possible sa l t  systems. Melt ing 
points of 3OO0C and lower can be obtained w i th  
f luoride mixtures containing BeF2, but the 
v iscos i t ies  of these mixtures are high. If a low 
melt ing point accompanied by a low viscosi ty is 
t o  be obtained it i s  necessary t o  turn to  chloride 
systems. 

A large number of chloride systems have been 
described in  the literature, but, after an el iminat ion 
process based on gross deviat ions from the 
properties l is ted above, there remained only a few 
systems far further consideration. The eutel i t ic 
compositions (mole %) and melt ing temperature!; of 
these systems are l i s ted  below: 

Composition 
Melting 

Temper atuir e 

(OC) 

41.7 mole % RbCI-58.3 mole % L iC l  318 

64 mole % ZnCi2-36 mole % SnCI, 171 

180 38 mole % KCI-62 mole % SnCI, 

262 29 mole % KCI-71 mole % ZnCI, 

2 94 23 mole % LiCI-77 mole % ZnCI, 

2 249 47.5 mole % RbCI-52.5 m o l e  % ZnCl 

The very low melting points of the las t  i i v e  
mixtures l i s ted  would seem to  moke these compo- 
s i t ions especial ly attractive. A l l  these mixtures 
contain, however, either SnCI, or ZnCI,, wtiich 
have high vapor pressures, although the pressures 
are possibly not high enough t o  interfere vvith 
pump operation in  the coolant c i rcui t .  A calcu- 
lat ion of the ideal vapor pressure of the 29 mole % 
KCI-71 mole ZnCI, mixture, based on l i terature 
values for ZnCI,, gave values of 140 mm Hg a t  
65OoC and 1.4 mm Hg at 450'C. The acrual 
pressures may be somewhat lower than the ideal. 
Vapor pressures of the mixtures containing SnCl , 
would be expected to  be much Ihigher than those 
for mixtures containing ZnCI,, because the boi l ing 
point of SnCI, (623OC) is  considerably lower t5an 
the boi I ing point of ZnCl  , (732OC). 

Another important question concerning compo- 
s i t ions containing SnCI, or ZnCI, is the possibi l i ty  
of reaction w i th  structural metals. Calculat ions 
based on values of free energies of fo rmat im4 
indicate that considerable reaction may occur, 

especial ly in  the case of SnCI, mixtures. There 
i s  enough uncertainty i n  the calculations, however, 
that stat ic corrosion tests should be made. Plcins 
are being made for experiments in  which lnconel 
w i l l  be exposed t o  molten mixtures containing 

ZnCI, and SnCI, i n  sealed containers of fu!jed 
s i l ica.  

4A. Glassner,  A Survey of the Free Energzes  of 
Formation o f  the FIuorides, Chlorides, and Oxides of 
the Elements to 2500°K, ANL-5107 (Aug. 1953). 

, 

90 



P E R I O D  E N D I N G  J A N U A R Y  37, 1958 

The eutectic composition41.7 mole 76 RbCI-58.3 
mole % L iCl  appears to  be the most attract ive 
from the standpoints of vapor pressure and 
corrosion. The boi l ing points of RbCl and L iCl  
(1390 and 1353OC) are suf f ic ient ly high that the 
vapor pressure of the mixture should be negl ig ib le 
a t  reoctor temperatures. Calculat ions based on 
values of the free energies of formation4 indicate 
that  the mixture should be extremely stable in  
contact w i th  Inconel. Thermal-convection loop 
tests should be made to determine the rote of 
mass transfer. The new low prices of rubidium 
sol ts (quoted by American Potash 8, Chemical 
Corp. a t  $13.00 to  $27.50 per pound) may remove 
the cost objection to  the use of rubidium chloride. 

The treatment of RbCI-LiCI mixtures to  remove 
water, which i s  always present in  the salts, 
requires vocuum drying, grinding, and contacting 
wi th HCI during slow heating. Once the hydrolysis 
reaction 

CI-  + H,O+OH- + HCI 

has proceeded to  the right, the reaction is  not 
readi ly shif ted to  the left.5 An apparatus for 
carrying out such treatments i s  to  be constructed. 

V A P O R  P R E S S U R E S  O F  L i F - B e F 2  M I X T U R E S  

F. F. Blonkenship S. Cantor 

It was anticipated that at MSR operating temper- 
atures the vapor pressure of the fuel mixture would 
be low, but, since it i s  important to  know the 
magnitude of the vapor pressure, the total  vapor 
pressure of a fuel solvent composed of 64.9 mole % 
L iF and 35.1 mole % BeF2  was measured by using 
the Rodebush-Dixon6 method. The equotion that 
f i t s  the dota, which ore given in  Table 2.3.4, i s  

10,050 
log p (mm Hg) = 8.764 - - 

T I  

where T i s  temperature i n  O K .  A linear extrapo- 
lat ion of the data to  temperatures of reoctor interest 
i s  presented i n  Toble 2.3.5. 

From the vapor pressures of the NaF-BeF, 
system,7 it wos found that a change of 5 mole % 
i n  the higher boi l ing component lowered the total  

. 
5H. A. Laitinen, W, S. Ferguson, and R. A. Osteryoung, 

6W. h. Rodebush and A. L. Dixon, P h y s .  Rev. 26, 
J. Electrochem. SOC. 104, 516-20 (1957). 

851 (1925). 

Table 2.3.4. Vapor Pressures of the 64.9 Mole % 

LiF-35.1 Mole % BeF2 Mixture 

Temperature Pressure 

(OC) ( m m  Hs) 

968.6 
1017 
1039 
1066 
1095 
1128 
1146 
1160 
1182 
1194 
1203 

4.9 
9.4 

12.9 
1801 
25.8 
40.0 
47.3 
55.4 
71 -8 
83.0 
88.8 

Table 2.3.5. Extrapolated Vapor Pressures 
of the 64.9 Mole % LiF-35.1 Mole % BeF2 Mixture 

Temperoture Pressure 

(OC)  (mm Hg) 

500 
550 
600 
650 
700 

0.000058 
0.00036 
0.001 8 
0.0076 
0.027 

pressure by approximately one-half. Similar 
behavior can be expected i n  the LiF-BeF, system, 
For instance, the vapor pressure of a 70 mole % 
LiF-30 mole % BeF, solut ion would be about 
one-half the vapor pressure of the 64.9 mole % 
LiF-35.1 mole % BeF, solut ion a t  the some 
temperature. 

F U E L  R E P R O C E S S I N G  

G. M. Watson F. F. Blankenship 

Solubility of Noble Gases in Molten Fluoride 
Mixtures 

N. V. Smith 

Numerical values of the solubi l i t ies of helium, 
neon, argon, and xenon i n  NaF-ZrF, (53-47 mole %), 
expressed as Henry's law constants, were presented 

7K. A. Sense, R. W. Stone, and R. 3. Filbert, Jr., 
Vapor Pressure  and Equilibrium S tud ies  of the Sodium 
Fluoride-Beryl l ium Fluoride Sys t em,  BMI-1186 (May 27, 
1957). 
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previously.8 Measurements on the solubi l i ty  of 
hel ium and of neon i n  NaF-KF-L iF  (11.5-42-46.5 
mole %) have now been concluded, and the experi- 
mental results are summarized i n  Tables 2.3.6 and 
2.3.7 and are presented graphically in  Figs.  2.3.12, 
2.3.13, and 2.3.14. The solubi l i ty  study was 
undertaken w i th  the NaF-KF-L iF  mixture as the 
solveni  pending the completion of fac i l i t i es  for 
studying solvents containing BeF,. 

The solvent NaF-KF-L iF  has a l iqu id  structure 
which is  quite dif ferent from that of the NaF-ZrF, 
mixture, and the structures o f  mixtures containing 
BeF, probably range in  between. Accordingly, i t  
may be safe to  expect that the numerical values 

'J. H. Shaffer e t  al.. MSR Quar. Prog. R e p .  Oct.  31. 
1957. ORNL-2431, p 41. 

of the noble gas solubi l i t ies i n  solvents con- 
taining BeF, w i l l  be less than the corresponding 
values in  NaF-ZrF, but more than those i n  
NaF-KF-L i  F. 

The results presented i n  Tables 2.3.6 and 2.3.7 
show the same trends as those previously observed 
for solubi l i t ies in  mixtures containing ZrF,. The 
solubi l i t ies fo l low Henry's law, increase !with 
increasing temperature, and decrease w i th  in- 
creasing molecular weight of the gas. The heats 
of solut ion for the hel ium and neon gases i n  th is 
solvent were calculated t o  be 8000 and 8900 
calories per gram-mole of gas,, The numerical 
magnitudes of the solubi l i t ies in  NaF-KF-L iF  are 
roughly 50% of the corresponding values i n  
NaF-ZrF,. A more detai led analysis w i l l  be made 
when the measurements of the solubi l i ty  of argon 
i n  th is solvent are completed. 

Table  2.3.6. Solubility of Helium i n  N a F - K F - L i F  (11.5-42-46.5 Mole %) 

Saturating 

Pressure Sol u bi I ity 

(moles of helium/cm3 of melt) 

T e  mperat w e  

(OC) (atm) 

K* 

600 2.08 
1.77 
1.51 
1 .oo 
1 eo0 

x 10-8 

22.1 
19.0 
16.9 
11.0 
12.8 

x 10-8 

10.6 
10.7 
11.2 
11.0 
12.8 

650 

700 

800 

2.08 

2.05 
2.04 
1.75 
1.5 
0.98 

2.06 
2.04 
1.77 
1.51 
0.99 

28.5 

35.5 
34.8 
30.8 
26.3 
17.6 

48.3 
48.2 
41.8 
33.6 
21 -7 

Av 11.3 f 0.7 

13.7 

17.3 
17.1 
17.6 
17.4 
17.9 

Av  17.5 i 0.2 

23.5 
23.6 
2306 
22.3 
21 a 9  

Av 23.0 f 0.7 

* K  = c /p  i n  moles of gas per cubic centimeter of melt per atmosphere. 
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Table  2.3.7. Solubility of Neon in  N a F - K F - L i F  (11.5-42-46.5 Mole %) 

Soturoting 

Pressure 

(atm) 

Temperature Solubi I ity 

(moles of neon/cm' of melt) (OC) 
K* 

600 

700 

2.07 
1.49 
1.01 

2.05 
1.51 
1.02 

x 10-8 

9.57 
6.42 
4-20 

15.06 
11.04 
7.99 

x 10-8 

4.61 
4.30 
4.16 

AV 4.36 k 0.20 
- 

7.36 
7.33 
7.84 

800 2.07 
1.50 
1.03 

22.52 
16.53 
12.05 

AV 7.51 f 0.22 

10.89 
11.00 
1 1  -66 

AV 11.18 f 0.26 

* K  = c / p  in  moles of gas per cubic centimeter of melt per atmosphere. 
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Fig. 23.12. Solubility of Helium in Molten NaF-KF- 

LiF (11.5-42-46.5 Mole %). 
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Fig. 23.13. Solubility of Neon in Molten NaF-KF- 

LiF (11.5-42-46.5 Mole %). 

Solubility of HF i n  Molten Fluorides 

J. H. Shaffer 

Measurements are  being made of the so lub i l i ty  
of HF in various molten f luoride solvents as  a 
function of temperature, pressure, and solvent  
composit ion. T h e  e f fec ts  of composit ion of mixtures 
in  the N a F - Z r F 4  system are  shown graphical ly  in 
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UNCLASSIFIED 
ORNL-LR-DWG 27923 
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Fig. 2 3 . 1 4  Temperature Dependence of Solubilities 
of Helium and Neon in NaF-KF-LiF (11.5-42-46.5 
Mole %). 

Fig. 2.3.15. There i s  a remarkable increase in  
HF solubi l i ty  w i th  increasing NaF concentration. 

Preliminary resul ts obtained for the solubi l i ty  
of HF in  NaF-KF-L iF  (11.5-42-46.5 mole %) ore 
presented in Fig.  2.3.16. Since the l iquid structure 
of th is solvent might be assumed to  approximate 
that of molten NaF, the value of the solubi l i ty  of 
HF in  the NaF-KF-L iF  system may be used a t  
0 mole % ZrF, in  Fig. 2.3.17. Th is  curve was 
constructed from solubi l i ty  measurements o f  
solvents containing 19.5, 35, 40, 47, and 55 mole % 
ZrF,. The regions from 0 to  19.5 and from 19.5 to  
35 mole % ZrF, were interpolated because of the 
high melt ing points of the corresponding NaF-ZrF, 
mixtures. The heat of solut ion of HF as a function 
of solvent composition is shown i n  Fig. 2.3.18. 

The curves presented i n  Fig. 2.3.17 reveal a 
50-fold increase in HF solubi l i ty  as the ZrF, 
concentration decreases from 55 to  0 mole %. The 
heat of solut ion increases about threefold i n  the 
corresponding composition range. Similar corre- 
lat ions w i l l  be attempted as other solvents are 
studied . 

A study of the solubi l i ty  of HF i n  LiF-BeF, 
mixtures was initiated, and the results obtained to  
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- 
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2.5 
I > 
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1 5  

1 0  

0 5  
IO 2 0  3 0  40 5 0  60 
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Fig. 23.15. Henry's L a w  Constants for H F  Solubility 
in NaF-ZtF, Mixtures as a Function of Solvent Com- 

position. 

date for the LiF-BeF, (51-49 mole %) mixture 
are shown in Fig. 2.3.19. The heat of solut ion of 
HF in  LiF-BeF, (51-49 mole %) as calculated from 
the data presented i n  Fig. 2.3.19 is  -4100cal/mole. 
Both the HF solubi l i ty  and heat of solut ion volumes 
for the LiF-BeF, (51-49 mole '$6) mixture are of the 
same order of magnitude as the values obtained 
with corresponding Na F-Zr F, mixtures. Add it ioi ia I 
measurements of HF solubi l i ty  in  mixtures in  the 
LiF-BeF, system are being made. 

Solubi l i t ies of Fi  ssion-Product FI uorides 

W. T. Ward 

Investigations are under way for determining ihe  
solubi l i t ies of some fission-product fluorides i n  
various Be F ,-conto i n ing solvents. The radioactive 
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Fig. 23.17. Henry's L o w  Constants for H F  Solubility 
in NaF-ZrF, Mixtures. Fig. 23.16. Henry's L a w  Constants for H F  Solubility 

in NaF-KF-LiF  (11.542-46.5 Mole %) o s  a Function of 
Temperature. 
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Fig. 2.3.18. Heat of Solution of H F  in NaF-ZrF4 
Mixtures. 

Fig. 2.3.19. Henry's L a w  Constants for H F  Solubility 
in  L i F - B e F 2  (51-49 Mole %). 
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tracer techniques described in a previous report9 
are being used. 

CeF, in  NaF=BeF2. - The values of the solu- 
b i l i ty  of CeF in two NaF-BeF, mixtures were 
determined at  ?our points in the temperature range 
420 to 72OoC. The data are summarized in  
Table 2.3.8. 

in  NaF=BeF,. - Values obtained for the 
solubil ity of YF, in NaF-BeF, (61-39 mole %) are 
presented in Table 2.3.9. The total Y t t t  in the 
system, as calculated from the weights of YF, 
and solvent added at  the beginning of the experi- 
ment, was 6.0 w t  %. No satisfactory explanation 
can be offered for the amount apparently found in 

YF, 

9W. T .  Ward e t  al., Solubility Relations Among Some 
Product Fluorides in NaF-ZrF -UF4 (50-46-4 Fiss ion  

Mole %), ORNL-2421 (Jan. 15, 1958). 

Table 2.3.8. Solubility of CeF, in NaF-BeF2 
Sol vents 

Fi l trate Ana l y s i s  

Ce CeF, 
(wt %) (mole %) 

Temperature 

(OC) 

Sol vent: 

71 8 
639 
517 
424 

Solvent: 

716 
627 
520 
424 

61 Mole % NaF-39 Mole % BeF2* 

2.58 0.83 
1.29 0.41 
0.39 0.12 
0.1 5 0.047 

56 Mole % NaF-44 Mole % peF2* 

2.86 0.93 
1.38 0.44 
0.56 0.1 8 
0.26 0.083 

*Composition of solvent based on chemical analysis. 

Table 2.3.9. Solubility of YF,  in NaF-BeF2 
(61-39 Male %) 

Filtrate Anal y si s Temperature 

("C) Y (wt %) YF, (mole %) 

716 7.9 4.3 

617 7.6 4.1 

522 3.8 1.9 

427 2.2 1.1 

the f i rst  two filtrates being higher than the calcu- 
lated amount. 

CeF, i n  LiF=BeF,. - Experiments for de- 
termining how a variation of the lithium-to-berylliium 
ratio in LiF-BeF, solvents affects the solubil ity 
of CeF, are in progress. The results obtaiiied 
thus far are given in Table 2.3.10 and shown 
graphically in Fig. 2.3.20. The solubil ity of 
CeF, appears to be at  a minimum in the mixture 
containing about 63 mole % LiF. The saturating 
phase in a l l  cases was found, hy microscopy, to 
be pure CeF,. 

CeF, and LaF, in  LiF=BeF,. - The solubil it ies 
of CeF, and LaF, in the presence of each other in 
Li F-BeF, (52.5-47.5 mole %) were determined 
with the use of two radioactive tracers. The total 
composition of the system was calculated to be 
2.05 mole % CeF,, 4.41 mole % LaF,, and 93.54 
mole % solvent. The resul ts are shown in 
Fig. 2.3.21, in which the logarithm of the solu- 
bi l i t ies (mole %) i s  plotted against the reciprocal 
of the temperature. 

I I _ _ _ _  J 0 

LIF IN SOLVENT (mole % )  

Fig. 2.3.20. Solubility of CeF, in Various L i F - B e F 2  
Solvents. 
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Table  2-3-10. Solubility o f  CeF3 in Various L iF -BeF2  Solvents 

Fi l t ra te  Analysis F i I trate Solvent Composition 

(mole %) Temperature Ce Ce F3 
LiF BeF2  (OC) (wt %) (mole %) 

51 e6 

53 e8 

56.7 

59.3 

62.7 

66.0 

48.4 

46.2 

43.3 

40.7 

37.3 

34.0 

726 
61 5 
501 
407 

717 
632 
51 1 
412 

723 
612 
508 
425 

704 
627 
544 
476 

720 
643 
556 
467 

72 9 
656 
556 
476 

6.47 
3.12 
1.39 
0.41 

6.41 
2.98 
1-04 
0.367 

6.09 
2.42 
0.86 
0.328 

4.96 
2.66 
1.14 
0.515 

5.77 
2.91 
1.26 
0.442 

6-96 
3.72 
1.34 
0.535 

1.80 
0.83 
0.284 
0.105 

1.76 
0.79 
0.269 
0.094 

1064 
0.622 
0.21 9 
0.082 

1 a29 
0.677 
0.286 
0.128 

1 a50 
0.73 
0.309 
0.108 

1.79 
0.92 
0.322 
0.127 

Order of Oxide Precipi tat ion i n  Fluor ide 
Salt h e l t s  

M. Blander 

The precipitat ion of oxides of f iss ion products 
from fluoride melts i s  being studied as one o f  the 
possible methods for the purif icat ion of molten sa l t  
reactor fuel mixtures. Although the detai led 
theoretical analysis of such precipitat ion i s  
relat ively complex, simple thermodynamic con- 
siderations can be applied in  order t o  calculate 
the relat ive order o f  precipitat ion o f  oxides. As  
an i l lustrat ion of the principles involved, calcu- 
lat ions are described here for the oxide precipitat ion 
of U4', Cettt, and Be t t  from an LiF-BeF, 
mixture containing UF, and CeF3. 

The rule for the relat ive precipitat ion of oxides 
from a melt i s  a lso the rule of stabi l i ty. The order 
ofprecipi tat ion of Ce203and  B e 0  in the LiF-BeF, 
melt, for example, i s  investigated by comparing the 
thermodynamic stabi l i ty  of the pair of compounds 
on the r ight of the fo l lowing equation wi th that of 
the pair on the le f t  side of the equation: 

(1) Ce,O, + 3BeF2+2CeF3 + 3 B e 0  

At  temperatures at which the oxide i s  a sol id and 
precipitates in  pure form, the oxide that precipitates 
f i r s t  should be a member of the stable pair. The 
procedure is, then, to  calculate the free-energy 
change, A F O ,  for the pure sol ids of the reaction 
represented by Eq. 1. The ra t io  of the act iv i t ies 
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free energies of formation given i n  Table 2.3.11, 
and from Eq. 2 i t  was found that 

U N C L A S S I F I E D  
O R N L - L R - D W G ~ ~ ~ X  

Fig.  2.3.21. Solubilities of CeF3 and LoF3 When Both 
Are  Present in L i F - B e F Z  (52.5-47.5 Mole W) Solvent. 

(based on the so l id  as the standard state) of the 
two f luorides involved in  the reaction when the 
solvent i s  in  equi l ibr ium wi th  the pure sol ids 
Ce,O and B e 0  simultaneously can then be calcu- 
lated %y using Eq. 2: 

U2 

u3 

I f  the equil ibr ium rat io / a i e F 2  is  greater 

than the ra t io  i n  solution, B e 0  w i l l  precipitate, 
and, i f  it i s  less than the rat io i n  solution, Ce20, 
w i l l  precipitate. A value of A F O  for Eq. 1 of 
-140 kcal  was obtained by using the values of the 

C e F 3  

(2) A F O  = - R T  In K = -2.303RT log ~ . 
B e F 2  

3 

Table 2.3.11. Free Energies of Formation of Fluorides 
tt ttt 

and Oxides of B e  , f e  , and U4'  a t  1000°K* 

Free Energy of Formation 
(kco l /mo le) 

Fluorides 

BeF2 - 196 

C e F 3  - 360 

- 373 F4 

0 x 1  des 

Be0  - 123 

-361 

- 218 
2'3 

uo2 

*Data reported by A. Glossner, A Y u r v q  of the Free 
ETiergies o/ Formation of the Fluorides. Chloridcr. und 
Oxides o f t h e  Elements  to2500°K, ANL-5107 (Aug. 1953). 

The act iv i ty,  based on the sol id as standard 
state, of CeF, in  a 1 mole 74 solut ion in LiF- 
BeF, would be of the order of lo-,; the activnty, 
based on the sol id as standard state, of B e F 2  
i n  a 70-30 mole % mixture of L iF-BeF,  would be 
of the order of 10-2; and the estimated ra t io  of 
u : ~ ~ ~ / u ~ ~ ~  is  about 1. Since the calculated 

equil ibr ium rat io of ac t i v i t ies  i s  inuch greater tlian 
the estimated ratio, i t  may be concluded that D e 0  
w i l l  precipitate before Ce,O, precipitates. Since 
the calculated equil ibr ium rat io i s  so large, most 
of the BeF, w i l l  probably precipitate before (my 
C e 2 q 3  precipitates. These conclusions are true 
only i f  the B e 0  and Ce20, form no compounds and 
do not form sol id solutions. I f  C e 2 0 3  precipitates 
readi ly i t  must be as o compound or so l id  solui ion 
wi th BeO. 

The order of precipitat ion of U4+ and Ce+++ may 
be studied in  a similar manner. The AFo for the 
reaction 

2 

i s  -253 kcal, and the equil ibr ium rat io of the 

. 
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act iv i t ies of CeF, and UF, calculated from this 
quantity is, at 1000°K, 

1025 3,000/45 7 0 

The act iv i t ies of UF, and CeF, are of the order 
of lo-, for a 1 mole % solut ion of these two 
substances, and a crude approximation of the ra t io  
n t e F 3 / n ? J F 4  would give a value of lo-,. Since 

this i s  much smaller than the rat io calculated in 
Eq. 5, it i s  concluded that UO, w i l l  precipitate 
almost completely before any Ce,O, precipitates. 
Th is  conclusion is  subject to  the condit ion that 
only pure Ce 0 or UO, can precipitate. These 

2 3  
sample calculat ions i l lustrate the u t i l i t y  of even 
crude approximations to  the act iv i t ies of com- 
ponents of sa l t  mixtures. The same conclusions 
would have been obtained even i f  the individual 
act iv i t ies had been i n  error by an order of 
magnitude. 

Chemical Reactions of Oxides with Fluorides 
in L i F = K F  

J. H. Shaffer 

Selective precipitat ion of oxides may be useful 
i n  the development of a suitable scheme for the 
reprocessing of molten sa l t  reactor fuels. Ac- 
cordingly, the solubi l i ty  and some selective 
precipitat ion reactions of a variety of solutes are 
being studied, In order t o  avoid complications, 
the simple binary mixture of L iF and KF was 
chosen as a solvent. 

On the basis of direct and indirect information 
gained from the experiments completed thus far, 
the fo l lowing useful generalizations can be made 
regarding the solubi l i ty  o f  oxides of uranium, 
zirconium, hafnium, rare earths, a lkal ine earths, 
and a lka l i  metals i n  th is solvent: 

1, Uranium, zirconium, and hafnium precipitate 
as the dioxides and are the least soluble. 

2. Rare earths precipitate as R,O, and have 
very low solubi l i t ies.  
3. Beryl l ium and magnesium oxides are s l ight ly 

more soluble than the rare earth oxides but are 
s t i l l  quite insoluble. 

4. Barium, strontium, calcium, potassium, 
sodium, and l i th ium oxides are more soluble than 
the oxides specif ied in  items 1, 2, and 3. 

Quantitat ive measurements of the solubi l i t ies of 
the relat ively insoluble oxides are d i f f i cu l t  t o  
make, because the solubi l i t ies are so low as to  be 
below the direct l im i t  of detection of the radio- 
chemical method used. However, extrapolations 
have been made i n  order to estimate the concen- 
trat ion of the particular metal ion remaining i n  
solut ion in  the presence of some 25% excess 
precipitat ing agent (usually CaO or Na202).  The 
results are presented i n  Table 2.3.12. 

Several separations of solutes appear to  be 
possible on the basis of the selective precipitat ion 
of oxides obtained i n  the experiments. The 
results of the experiments are presented i n  
Figs. 2.3.22, 2.3.23, and 2.3.24, which show the 
concentration of solutes that remained i n  the 
l iquid as the system was t i trated by the stepwise 
addit ion of CaO. For example, Figs. 2.3.22 and 

Table 2.3.12. Concentration of Metal Ion in Molten LiF-KF at  6OO0C i n  the Presence 

of Excess Precipitating Agent 

Metal Found 
Analytical Method Used 

(wt %) Metal Ion Precipitating Phase * 

Zirconium Zr0 ,  < 0.0008 Rad i oc he mi ca I 

Hafnium HfO, <0.0008 Rad ioc he mical 

< 0.0085 Chemical 
Uranium u02 

Cerium <0.01 Radioc hemi ca I 

Beryl1 ium Be 0 C0.02 Chemical 

Barium Soluble to extent added > 6.5 Radi oc he mical 

*Compositions of saturating phases calculated from indicated end points of titration curves obtained with CaO as 

the titrating agent. 
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2.3.23 show that uranium is  precipitated essential ly 
quanti tat ively as UO, before any of the Ce,C, i s  
formed. The concentrations of cerium i n  these 
experiments were determined radiochemically, 
whi le the uranium concentrations were determined 
by chemical analysis. In the t i t rat ion of the 
mixture ZrF4-CeF, wi th CaO, as shown i n  

0 0.1 0 .2  0 . 3  0.4 0.5 0 6  
EQUIVALENTS OF COO ADDED 

Fig.  2.3.22. Titration of CeF, ond UF4  with CaO in 

L i F - K F  (SO-SO Mole %). 

UNCLASSIFIED 
ORNL-LR-DWG 27932 
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E Q U I V A L E N T S  OF C O O  A D D E D  

Fig.  2.3.23. Titrotion of CeF, and UF4 with COO i n  

Li F -KF (SO-SO Mole %). 

Fig. 2.3.24, the separation does not appear to  be 
qui te as sharp as i n  the case of the UF4-CeF3 
mixture, as shown in  Figs. 2.3.22 and 2.3.:23. 

The t i t rat ion w i th  CaO of ZrF, in  the presence 
of nonradioactive CeF, i s  shown i n  Fig. 2.3.:25. 
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CeF, with COO in L i F - K F  (50-50 Mole %). 
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In order to  determine the concentration o f  zir- 
conium radiochemical Iy, the zirconium was labeled 
wi th  Hf'*l, and the hafnium was assumed to  
behave l i ke  zirconium. The t i trat ion curve shows 
the assumption to  be sound. 

The t i trat ion of the mixture CeF,-BeF, wi th  CaO 
is  shown i n  Fig. 2.3.26. From the curve it may be 
seen that cerium and beryll ium are precipitated 
simultaneously but not i n  definite proportions; 
they probably precipitate as a so l id  solution. 
The results are summarized in  Table 2.3.13. It 
has been suggestedlO that the results of this 
experiment indicate that an attempt should be 
made to  precipitate cerium from the solut ion by 
adsorption on an excess of BeO. Accordingly, 
attempts are being made to precipitate not only 
cerium but also uranium. 

Lithium Recovery from NaF=KF=LiF kielts 

R. A. Strehlow 

The poss ib i l i ty  of recovering the economically 
valuable materials from molten sa l t  reactor fuels 
i s  o f  concern in the selection o f  a particular set 
of fuel components. The mixtures of a lka l i  metal 
f luorides which have been considered suffer to  

"3. J. Sturm, private communication to J. H. Shaffer. 
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Fig. 2.3.26. Titration of CeF3  and BeFg with CaO 

in LiF-KF (50-50 Mole W ) .  

Table 2.3.13. Titration of  CeF3 and BeF2 with CaO 

in LiF-KF (50-50 Mole W )  

Metal ion Found in Liquid 

(meqA00  g of solution) CaO Added 

(meqA00  g of solution) 
Ce +++ Be ++ 

112 

96 

80 

58 

40 

27 

21 

14 

0.5 

0.06 

197 

186 

184 

182 

175 

171 

118 

42 

1 1  

4 

0 

21 .o 
39.8 

61.2 

82.0 

102.8 

164.0 

225.9 

287.0 

342.0 

some extent from the restr ict ion that isotopical ly 
pure Li7 must be used. The discarding of the Li 
contained i n  these fuels after the maximum 
allowable poison concentration had accumulated 
would place a moderately serious cost burden on 
the power produced from a l ithium-containing fuel. 

Either of two approaches may be used to increase 
the u t i l i t y  of the fuel. Fuels  from which the 
lanthanides can be removed can, of course, be 
reprocessed and reused. This  presumably is  the 
case for LiF-BeF2-base fuels i n  which the 
principal residua I (non lanthan ide) poisons wou Id 
be primarily elements which are more noble than 
beryllium. If, on the other hand, the rare earths 
cannot be conveniently removed, the l i thium must, 
perforce, be removed from the balance of the fuel. 
Th is  i s  the case for a lka l i  f luoride melts con- 
taining combinations of lithium, sodium, and 
potass i urn fluor ides. 

It would be desirable t o  be able t o  remove the 
l i thium from NaF-KF-L iF  mixtures by a simple 
high-temperature technique and for the product t o  
be in a concentrated form and free from rare-earth 
contamination. It may be seen from Table 2.3.14, 
which shows the free energies of formation at  
1 O O O O K  of some ha1 ides, that samar ium ha1 ides 
are considerably more stable than the corre- 
sponding a lka l i  metal halides. Although, among 
the a lka l i  metal halides, l i thium forms the most 
stable fluoride, potassium forms the most stable 
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Table 2.3.14. Free Energies of Formation o f  Halides* 

-AF at 1000'K (kcal/mole) 
M+ 

F- CI-  Br- I- 

L i+  124.6 80.2 70.1 56.4 

Na + 112.6 76.7 68.3 56.0 

K+ 108.9 81 e6 75.2 63.5 

Smttt 114.7 65-7 54.7 39.3 

Sm++ 125.0 86.0 73.0 61 -0 

Be +' 97.5 42.3 29.9 12.7 

*L. Brewer et al., Natl. Nuclear Energy Ser .  Div.IV, 

196 (1950)- 

chloride, bromide, and iodide. It seems t o  be 
Dossible that the reaction described by 

(6 ) L iF + K-KF + Li 

might be made to occur if, for example, potassium 
chloride or bromide were added i n  suf f ic ient  
amount to  a mixture of the fluorides. Although 
sodium would be extracted t o  a greater extent than 
lithium, i ts presence in  small  amount i s  not a 
serious consideration. The equil ibr ium constant 
for the reaction (Eq.  6 )  can be calculated, since 

2 

aL i a K  F 
(7) A F O  = -RT  In  K = -RT I 

a K u L  i F  

where the a ' s  represent the thermodynamic ac- 
t i v i t ies  o f  the substances symbolized by the sub- 
scripts, R i s  the gas constant (1.98 cal/mole.°K), 
T i s  the absolute temperature, and A F O  i s  the 
change i n  free energy per mole when the process 
is  carried out w i th  a l l  substances maintained a t  
uni t  act iv i ty.  Thus a t  1000°K, 

15,700 cal/mole = (-1.98 cal/mole*'K) x 

s lOOO'K x In  K a  I 

K~ = 3.6 1 0 - ~  . 
The principal d i f f i cu l ty  i n  carrying out calcu- 

lat ions for more complicated cases (for example, 

mixed fluoride-chloride systems) i s  i n  the es t i -  
mation o f  the values of aLi/uK and aKF/aL iF  

for the metal phase and sa l t  phase, respectively, 
as functions of composition. The ratio, aL /aK, 
may be assumed to be equal to N L i / ~ K ,  where 
N L i  i s  the mole fract ion of l i th ium in  the metal 
phase. Th is  i s  equivalent t o  assuming ideal 
behavior i n  the metal. 

In the sa l t  phase the rat io of ac t i v i t ies  may be 
calculated for KF-LiF-KCI as (J function of the 
amount of KCI added. The methods which have 
been used for the calculat ion of ac t i v i t ies  in  
multicomponent systems are described below. 
Use is  made of the approximation 

where N and N - are the numbers of mole:; of 
M 1  x 1  + 

LA, and x,-, and the expression N\_ Y hl + + N X x -  

represents the total number of moles of all pos i i i ve  
and negative ions. Th is  approximation' '  may be 
expected to serve only at extremely high temcer- 
atures, since, clearly, no dist inct ion i s  drawn 
between posi t ive and negative ions. The calcu- 
lat ion implies a gas-l ike character of the melted 
salt. Temkin12 used the relation: 

where n + and n - are the numbers of moles 

of the posi t ive and negative ions, resoectively, 
i s  the number of moles of a l l  the oosi t ive 

ions, and n i s  the number of moles of a l l  .the 

negative ions. Here the "act iv i ty"  of the in- 
dividual posi t ive ion i s  related to  the other 
posi t ive ions instead of the ions of both charges. 

M 1  x 1  

3 M  + 

X X -  

"P.  Harasyrnenko, Trans. Faraday  S o c .  34, 1243 

"M. Ternkin, Acta  Phys~cochim.  U.R.S.S. 20, 41 1 
(1 938). 

(1945). 

. 
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The Temkin definition of mole fraction provided 
the point of departure for Flood, Forland, and 
Griotheim, l 3  who, from theoretical considerations, 
constructed a method of calculating the act iv i ty 
coefficient. Their relat ion may be symbolized by: 

m n  

(10) In y ,  = - 11 N M i N X ,  AFqi/RT , 

where yl, i s  the act iv i ty coefficient in a mul t i -  
component system containing m cations and n 
anions, and AFo. i s  the standard free energy of 
formation of component M i x .  by the simple meta- 
thetical reaction which also produces MIXl .  
This  simplifies for a simple ternary reciprocal 
system to 

22 I 

11 

7 

In y , l  = -NM2Nx2 A F i 2 x 2 / R T  . 

The act iv i ty i s  calculable, therefore, by the 
equation 

For the system under consideration, the meta- 
thetical reaction that Droduces the various com- 
ponents i s  

L i F  + KCI K F  + L i C l  

which has an associated AFo at lOOOOK of 
17.1 kcal/mole. 

The ternary mixture LiF-KF-KCI i s  displayed 
schematically as a reciprocal system in Fig. 
2.3.27. Point 1 in  Fig. 2.3.27 represents a mixture 
that i s  50 mole % LiF and 50 mole % KF. This 
composition is  near the eutectic composifion for 
the K F - L i F  binary, which contains 52 mole % L iF ,  
and was chosen as a representative f lu id with 
properties s imi lar  to  those of potential fuel 
mixtures. The line AB i s  the locus of compo- 
sit ions formed upon addition of KCI to the original 
composition. This line i s  divided into four equal 
parts by points 2, 3, and 4. The calculat ion of 
a L i / u K  from Eq. 7 i s  shown below for each of 
these composit ions at 1000'K. The pertinent 

13H. Flood, T. FGrland, and K. Sriotheim, 2. anorg. 
U .  allgem.  Chem. 276, 289 (1954). 

LiF 
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A K F  

a 
L i C L  K C L  

Fig. 2.3.27. The  Ternary Mixture L iF -KF-KCI  D i r -  
played Schematically as  a Reciprocal System. 

expressions are: 

For point 1 : 
aLiF = a K F  = 0.5 

For paint 2: 

Q L ~ F  = 0.375 x 0.75 x 

x exp r0.625 x 0.25 x (+17.1)/1.981 , 

~ K F  = 0.625 x 0.75 x 

x exp r0.375 x 0.25 x (-17.1)/1.981 , 

a K F  0.625 
'LiF 0.375 
- -  -- exp (-1.35 - 0.81) 

= 0.21 . 
For point 3: 

aL iF  = 0.25 x O S  x 

x exp [0.75 x 0.5 x (+17.1)/1.981 , 
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u K F  = 0.75 x 0.5 x 

x exp [0.25 x 0.5 x (-17.1)/1.981 , 

u~ F 
- =  3 exp (-3.24 - 1-08) 
u L i F  

= 0.108 . 
For point 4: 

a L i F  = 0.125 x 0.25 x 

x exp L0.875 x 0.75 x (+17.1/1.98)1 , 

at<F = 0.875 x 0.25 x 

x exp r0.125 x 0.75 x (-17.1/1.98)1 , 

u~ F - -  - 7 exp (-5.67 - 0.81) 
‘ L i F  

= 7 exp (-6.48) 
= 0.0106 . 

For point 5: 

N C i  = 0.875 , 

aLiF = 0.0625 x 0.125 x 

x exp [0.9375 x 0.875 x (+  17.1A.98) I , 

a K F  = 0.9375 x 0.125 x 

x exp [ 0.0625 x 0.875 x (-1 7.1/1.98) 1 , 

“K F 
- -  - 15 exp (-7.08 - 0.47) 

L i F  U 

= 15 exp (-7.55) 
= 0.0078 . 

Since K for the reaction (Eq. 6) was known t o  be 
3.6 x values for the rat io  uLi/aK could be 
calculated. The calculated values are shown i n  
Table 2.3.15. 

The formal signif icance of these calculat ions 
which involve the Flood, Forland, and Griotheim 
relat ion may be c lar i f ied by considering the adding 
o f  KCI to  LiF unt i l  a particular composition in 
the ternary diagram of Fig. 2.3.27 i s  reached, 
namely, the very center of the diagram, where 

N = N  = N  = N  = 0 , 5 ,  
L i +  K +  F -  c1- 

and therefore 

The equil ibr ium constant for the reaction 

KCI + LiF = LiCl + KF 

may be expressed as 

N K F  N L i C l  Y K F Y L i C I  

- N K C I N L i F  Y K C l Y L i F  
K a = K K  - 

Table 2.3.15. The Rat io a L i / n K  at 1000°K for the React ion K + LiF F‘KF + Li upon Addi t ion 
of  K X  to K F - L i F  (SO-SO Mole %) 

Ratio a L , / a K  for 

x = CI- X = Br- = 1 -  

(bo = 17.1) (AF’ = 20.8) ( A F O  = 22.5) 

KX 
(mole %) 

0.0 

0.25 

0.50 

0.75 

0.875 

3.6 x 10-4 

1.9 x 

3.4 x 

3.4 x 10-2 

406 X 

3.6 x 

2.7 x 

2.2 x 10-2 

1.4 X 10-1 

2.2 x 10-1 

3.6 x 

~ $ 7  x 

3.5 x 10-2 

2.6 X 10-1 

4.9 x 10-1 
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. 

. 

where K a  i s  determined from the expression 

A F O  = - R T  In  K a  . 
Since K N  i s  unity, 

Y ‘  K a  = K 

A value for K ,  of 6.2 x 
obtained from the expression 

at 1500’K i s  then 

-17,100 = RT In  K y  . 
As a crude approximation it may be assumed 

that L iF and KCI (the stable pair) have equal 
act iv i t ies.  This permits an estimate t o  be made 
of the act iv i t ies:  

1 1 

1 

Y L i F  
yKF = (6.2 x 10-5)’’4 = 0.089 = - , 

It should be noted here that for th is example a 
measure of the error involved in  the calculat ion 
may be seen, since an ac t iv i t y  i n  excess of unity 
(using the sol id as the standard state) would 
indicate precipitat ion or at least an immiscibi l i ty  
gap. Since neither of these is  known to  occur a t  
1500°K, it would be expected that these values 
may be i n  error by, perhaps, factors of 3. Th is  
would resul t  i n  an error factor of 10 for the ra t io  

“L i/“K - 
Experimental work has been carried out for the 

purpose of ascertaining the magnitude of  the 
N L i / N K  ratios. Samples consist ing of 300 g of 
LiF-KF (50-50 mole %) were equil ibrated i n  a 
nickel  reactor wi th about 70 g of potassium. The 
potassium metal addit ion was prepared by melt ing 
it and casting it into a nickel  inject ion device 
equipped w i th  a nickel  f i l ter. The injector was 
attached t o  the reoctor, and the potassium was 
remelted by application o f  a flame to the injector. 
The injector was then pressurized w i th  argon t o  
force the molten metal through the f i l ter  into the 
reactor, where the potassium was equil ibrated a t  

45OoC with the LiF-KF mixture. The mixture was 
then cooled to  15OOC to  permit the sa l t  to  sol idify, 
and two samples of the molten potassium were 
taken. Although the sampl ing temperature was 
below the consolute temperature for the L i -K  
system, it was suitable for any small rat ios of 
aL i /uK.  A modified metal-sampling apparatus14 
was used which permitted samples of l iquid metal 
to  be obtained under an inert atmosphere. Two 
quanti t ies of KCI were then added in  amounts of 
100 and 300 g. The mixture was equilibrated, and 
the metal phase was sampled after each addit ion in  
the manner described above. 

Analyses gave values for the three determinations 

of N L i / N K  = IO-, and of N = 0, 0.16, and 

0.35, respectively. One equil ibrat ion of a mixture 
of KI -L i l -K containing less than 0.05 mole fract ion 
of fluoride was carried out, and a value o f  
NLi/NK = 0.35 was obtained. These results 
indicate that the estimates described here and 
presented i n  Table 2.3.15 may be accepted as 
being of the correct order of magnitude. Th is  
leads t o  the conclusion that, a t  probable Li7 
price levels, th is process i s  not economically 
feasible. 

’u 

CI’ 

C H E M I S T R Y  O F  T H E  C O R R O S I O N  P R O C E S S  

G. M. Watson F. F. Blankenship 
G. J. Nessle 

Ac t i v i t y  Coeff icients of CrF, i n  NaF-ZrF, 
C. M. Blood 

The ac t iv i t y  coeff icients o f  CrF, dissolved in  a 
molten mixture of NaF-ZrF, (53-47 mole %) are 
being determined by using techniques described 
previously.’5 The ac t iv i t y  coeff icients of the 
metal f luoride solute are determined from experi- 
mentally measured values of equi l ibr ium quotients 
of the reaction: 

2 
MF,(4 + H,(g)- M(s) 

The results of experimental 
CrF, a t  850°C are summarized 

+ 2HF(g) . 
measurements on 
in  Table 2.3.16. 

14, u. Goldberg, A. S. Meyer, Jr., and J. C. White, The 
Sampling of Alkal i  Metal Systems with the Modified 
M S A  Sampler, ORNL-2147 (Sept. 10, 1956). 

15C. M. Blood, W. R. Grimes, and G. M. Watson, 
Activi ty  Coe f f ic ients  of Ferrous Fluoride and of Nicke l  
Fluoride in Molten Sodium Fluoride-Zirconium Fluoride 
Solutions, paper No. 75, Div is ion of  Physica l  and 
Inorganic Chemistry, 132nd Meeting of the American 
Chemical Society, New York, Sept. 8-13, 1957. 
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Toble 2.3.16. Equilibrium Quotients at  85OoC of  the Reaction CrF2(d )  + H2(g) e Cr(s) + 2HF(g) 

x 10-3 

9.55 
9.63 

10.78 
10.54 
10.55 
11.19 
11.01 
11 e26 
1 1.85 
11.78 
1 1 a64 
11 -90 
12.04 
12.51 
12.57 
1 1 a65 
12.06 
12.58 
13.51 
13.39 
5.12 
6.43 
6.99 

x 10-2 

9.48 
9.42 
9.27 
9.14 
9.08 
9.42 
9.25 
9.29 
9.42 
9.35 
9.37 
9.73 
9.86 
9.84 
9.99 
9.73 
9.52 
9.50 
9.86 
9.90 
2.63 
3.04 
3.04 

x 10-3 

0.97 
0.99 
1.27 
1.23 
1 e24 
1.34 
1 e32 
1.38 
1 a51 
1.50 
1 e46 
1.47 
1.49 
1 e61 
1.60 
1 e41 
1.55 
1.69 
1 a88 
1 e 8 4  
1 .oo 
1.37 
1 e62 

'H F XCrF2 

(otm) (mole fraction) Kx*  

x 10-3 

6.49 
6.63 
6.43 
7.98 
8.16 
6.73 
6.91 
7.30 
7.75 
7.40 
7.83 
8.45 
7.96 
8.58 
3.88 
3.78 
3.91 
4.33 
4.83 
5.36 
4.81 
4.63 
4.73 

x 10-2 x 1 0 - ~  

3.05 1.39 
3.1 1 1.42 
3.19 1.31 
3.87 1 e66 
3.91 1.72 
3.82 1.19 
3.96 1.21 
4.04 1.33 
4.09 1 e48 
4.07 1.35 
4.07 1 a52 
4.25 1 a70 
4.23 1.51 
4.27 1.74 
1.26 1.20 
1.14 1 e26 
1.03 1.50 
1.18 1.59 
1.43 1.64 
1.53 1.89 
1.57 1.48 
1 a63 1.32 
1 e63 1 e38 - 

AV 1.45 * 0.17 

* K x  = PiF/XCrF-Pti,, where X is mole fraction and P is pressure i n  atmospheres. 
L L  

This  tabulation shows the experimentally de- 
termined part ial  pressure of HF and mole fraction 
of CrF,, together wi th  the result ing equil ibr ium 
quotient. In each case the part ial  pressure of 
hydrogen was determined by subtracting the part ial  
pressure of  HF from 1 atm. The equil ibr ium 
quotients are a lso shown graphically i n  F ig .  2.3.28 
as a function of the CrF, content. 

An examination of the results indicates that, 
wi th in  the experimental precision achieved, the 
equil ibr ium quotients are independent of the mole 
fract ion of CrF, i n  the concentration range studied. 

I n  order to obtain the ac t iv i t y  coeff icients of 
CrF, in th is  solvent at 850°C, the fol lowing equi- 
l ibr ium constants were calculated from avai lable 

tabulations l 6  of thermodynami c properties: 

1. for CrF,(s) + H2(g) & Cr(s) + 2HF(g) 

K~ = 5.1 ; 

K~ = 8.0 1 0 - ~  . 
2. for CrF2( I )  + H2(g) e Cr(s) + 2HF(g) 

Comparison of  these constants with the average 
value that was obtained for the equil ibrium ratio, 
(1.45 k 0.17) x yielded values of ac t i v i t y  
coeff icients of CrF, of 0.284 and of 0.181 at 

16L. Brewer et  al., NatL Nuclear Energy Ser. Diw. IV 
198, 65, 109, 201 (1950). 
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K~ = (1.45 5 0. i7)  (0-3 0 D E T E R M I N E D  U N D E R  R E D U C I N G  C O N D I T I O N S  
A DETERMINED U N D E R  O X I D I Z I N G  C O N D I T I O N S  

~- K , ( ~ I  = 5.1 I O - ~  

~ ~ ( 1 )  = 8.0 10-3 
y ( s )  = 0 . 2 8 4  

4 .o 2 .o 3 .O 4.0 5.0 6.0 7.0 8 .O 9.0 ( x  10-2)  

xC r F2 

Fig. 2.3.28. Equilibrium Quotients at 85OoC of the Reaction CrF2(d) + H2(g) +Cr(s) + 2HF(g) in NoF-ZrF4  

(53-47 Mole %). 

850°C with respect to  the sol id and the super- 
cooled-liquid standard states, respectively. Ex- 
perimental work i s  under way at other temperatures. 

Solubility of FeF, i n  L i F - B e F ,  

R. J. Sheil 

Before attempting to determine act iv i ty  coef- 
f ic ients  of FeF, i n  molten L iF-BeF,  (63-37 
mole %), i t  was necessary to establ ish a concen- 
tration range below which the FeF, does not 
precipitate as a complex compound or in the pure 
state. For th is  investigation, known amounts of 
iron were added, as FeF,, to the solvent, and 
f i l tered samples o f  the solution were obtained at 
different temperatures. The concentrations of iron 
i n  the fi l trates, as determined by chemical analysis, 
were then compared wi th  the amounts of FeF, 
added. The results of the comparisons for these 
separate additions of FeF, are summarized in  
Table 2.3.17. The tabulated results indicate that 
equil ibrium measurements can be made wi th  SO- 

lut ions of FeF, i n  th is  solvent at concentrations 
wel l  i n  excess of 5000 ppm Fe" even at 5OO0C, 
which i s  the I owest temperature contemplated for 
the experiment. 

Table  2.3.17. Concentration of Iron Dissolved 

in L i F - B e F ,  (63-37 Mole %) at 500, 600, and 7OO0C 

++ ++ F e  Found in Filtrate (ppm) 

( P P d  At 7OO0C At 6OO0C At  5OO0C 

F e  Added 

5,000 4,925 4.835 4,845 

10,000 9,386 9,125 9,390 

50,000 49,100* 41,700 33,100 

*Petrographic examination of this fi ltrate revealed that 

the saturating phose w o s  pure FeF,. 

Use of Cr5' TO Study Chromium Migration in 
Po I yther ma I I nco ne1 -Molten Sa It Sys tems 

R. 6, Evans 

A proposed graphical method for calculat ing the 
rate and amount of migration (corrosion) t o  be 
expected in Inconel-No F-ZrF4-UF, systems 
because of the reaction 

C r O  + 2UF4=2UF, + CrF, 

has been evolved through studies of chromium 
migration wi th in  polythermal loop systems. The 
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calculat ions are based on the assumption that the 
c i rculat ing sa l t  i n i t i a l l y  contains equi l ibr ium 
concentrations of UF,, UF,, and CrF,, which are 
independent of time. In an attempt t o  compare the 
calculated resul ts w i th  resul ts of actual loop 
experiments, a study was made of four thermal 
loop experiments17 in  which CrS1 was u t i l i zed  to  
trace the chromium migration patterns w i th in  the 
loops. Several important points regarding the use 
of radioactive tracers i n  loops were noted in  the 
course of th is  work and are described below, s ince 
they w i l l  be of def in i te value i n  investigations of 
corrosion i n  polythermal loop systems. An outl ine 
of the experimental conditions for the four loop 
tests i s  given i n  Table 2.3.18. Three of the four 
experiments, as indicated in  Table 2.3.18, were 
conducted with Cr51 in i t i a l l y  present only i n  the 
salt, as Cr*F,. The results of these f i rs t  three 
experiments, i n  which CrW was in i t ia l l y  absent 
from the walls, do not give a direct indication of 
the over-all chromium migration pattern as a 
resul t  of corrosion. To  i l lustrate th is point, a 
combined p lo t  of the experimental data for the 
f i rs t  three experiments of Table 2.3.18 is  shown 
i n  Fig. 2.3.29. If it i s  assumed that the loop wa l l  
d istr ibut ion patterns for CrO and CrO" coincide, it 
could be concluded from Fig. 2.3.29 that the zone 
of maximum deposit ion of chromium as a resul t  of 
the reversal of the corrosion reaction i s  near 
section A. By mass-balance calculations, A i s  
between the zones of maximum chromium corrosion 
or depletion, C-C', and the zones of maximum 
deposit ion as a resul t  of corrosion, B-B'. In 
other words, the loop wa l l  d istr ibut ion patterns for 

CrO and Cr4* do not coincide wheri radioactive 
chromium is  i n i t i a l l y  introduced t o  the system as 
Cr*F,. 

Curve 2 of Fig,  2.3.29 shows a secondary 
maximum near the region of the true deposiiion. 
The original investigators ' have suggested that 
the shape of curve 2 i s  of greater signif icance 
than are the shapes of curves 1 and 3, because the 
loop operating time for the data of curve 2 was 
400 hr as compared with 125 and 288 hr for curves 
1 and 3, respectively. The sa l t  i n  loop No. 3 
was, however, pre-equilibrated for 192 hr before 
operation. It would seem that, i f  the secondary 
maximum of curve 2 were truly signif icant, the 
other two curves should have shown some tendency 
toward the in i t ia l  formation of such a maximum. 
It is d i f f i cu l t  to  v isual ize a chromium transport 
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Fig. 2.3.29. Ef fect  of U F 4 - U F 3  Corrosion on CrS1  

Distribution in lnconel Loops. 

Toble 2.3.18. Summary of Experimental Conditions of Bat te l le  Thermal Loop Experiments 

Experiment No. 

1 2 3 4 

CrS1 in i t ia l ly  i n  the melt Yes Yes Yes Yes 

~ r 5 l  in i t ia l ly  i n  wal ls  No No No Yes 

UF3 and CrF, in i t ia l ly  i n  melt NO No Yes Yes 

Tota l  operating time, hr 125 400 288 288 

Average loop temperature, F 1356 1341 1352 1345 

. 
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mechanism whereby the re la t ive amount o f  
chromium deposited a t  a point suddenly jumps 
from a constant value of 30% of the maximum to  a 
value of 75% of the maximum after 288 hr of 
operation. Calculated C r 5 '  distr ibution curves for 
th is  type of experiment under conditions of perfect 
pre-equil ibration of the sa l t  have the shape 
exhibited by curves 1 and 3. They a lso have a 
constant shape wi th  respect to  time when plotted 
on a relat ive basis. The theory on which these 
calculations were based is outl ined below. 

The CrOk distr ibution under any experimental 
procedure is  governed by two chemical equi l ibr ia 
at the wal l  surface, the most important of the two 
being the wal l  exchange reaction 

2 
Cr" + Cr *F2-  Cr"* + CrF, 

for which 

where N denotes male fraction o f  the material 
indicated by the subscript. Equation 1 is inde- 
pendent of temperature. The other reaction that 
affects the Cr"* distr ibution i s  

2 
Cro + 2UF4-2UF3 + CrF, 

i n  which the chromium may be labeled or unlabeled. 
Thus 

c 

The equil ibrium rat io  K ,  i s  temperature dependent. 
If the UF,, UF,, and CrF, concentrations in  the 
sa l t  are constant wi th  respect t o  time, Eq. 2 may 
be rewrit ten as a function of any loop position, 
L,  as 

['[CrO + cro* )  ( K p ) l B p  

( K 2 )  L 
(3) '(Cro + c r o * ) L  

The subscript BP refers to  balance points, which 
are the two points that separate the zones df 
deposition and depletion. In a properly pre- 
equil ibrated loop these points remain stationary. 

The net chromium migration across the wa l l  surface 
i s  zero at  these points. Accordingly the wal l -  
surface chromium concentration at  the balance 
points i s  equal to  the original chromium concen- 
trat ion i n  the alloy. 

In  addit ion to  the chemical equi l ibr ia a t  the 
surface, the CrOk (and C r q  wal l  distr ibution i s  
governed by the concentration o f  CrOk (and Cr") 
in i t ia l l y  in the interior of the wal ls  as a result of 
the sol  id-state dif fusion phenomena that are 
characteristic of metals a t  high temperature. 
Since linear d i f fus ion in a semi-infinite medium is  
involved, the distr ibutions a lso depend on the 
square root of the dif fusion coefficient, D, for 
chromium in  Inconel. The dif fusion coeff icient i s  
practical ly the same for Cr" and for CrW, and the 
value is  very sensit ive to temperature changes. 

A combination numerical-schematic steady- 
state example similar to  conditions of the th i rd  
experiment and involving the various chromium 
concentrations i n  three loop sections is presented 
in Fig. 2.3.30. Equations 1 and 3 were used t o  
preDare the example. It was assumed that, a t  
a given instant of time, 

N C r * F 2  = 1 x lo-'' , 

NCr0 = 0.174 , 

= 2.52 x independent 

of time], and the maximum salt temperature i s  
1042OK (T,,,, = 997°K). The salt  was assumed 
to be NaF-ZrF4-UF, (50-46-4 mole %, in i t ia l ly ) .  

[thus N ( C r F 2 + C r * F 2 )  = 2.52 x independent of 

time], and the maximum sal t  temperature is  1042°K 

( T m m  = 997°K). The sa l t  was assumed t o  be 

NaF-ZrF,-UF, (50-46-4 mole %, in i t ia l ly ) .  The 

quantit ies ( ~ l M / d t ) ~ ,  (dhf/dt)cr,o,  and ( ~ i M / d t ) ~ , o *  
represent, respectively, the net dif fusion rate of 
a l l  chromium, o f  unlabeled chromium, and o f  
labeled chromium. The rates are pos i t ive when 
the f low occurs i n  a posit ive x direction, that is, 
when [Cro]x=O - [Cro]x=m i s  positive. 

The most s ign i f icant  point demonstrated by 
Fig. 2.3.30 is  that calculated instantaneous Crw 
loop wal l  distr ibution data that take corrosion 
in to account w i l l  give approximately the same 

[thus '(CrF ,+Cr* F,) 
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- 
x = o  + X  

(s)T = NET DIFFUSION RATE OF A L L  

(s)cr = NET DIFFUSION RATE OF UNLABELED 

CHROMIUM wA MELT IN CONTACT WITH WALL 

CHROMIUM SURFACE LAYER ASSUMED TO BE 
IN EQUILIBRIUM WITH MELT 

INFINITE INCONEL TUBE 
(g)cro* = NET DIFFUSION RATE OF LABELED 

CHROMIUM 

Fig. 2.3.30. Theoret ical  Concentration Relationships for Chromium in  Various lnconel Thermal-Convection 

Loop Wall Segments. 

curves as those obtained experimentally (Fig. 
2.3.29) because (1) Cr"" i s  always di f fusing into 
the wa l ls  along the entire loop, regardless of the 
s ign or value of the other f low rates, and (2) the 
CrOk dif fusion rate i s  highest in  the high-temper- 
ature region, since (dW'dt)Cro* i s  proportional to 
( A C C r o ,  *D1I2) and D 1 I 2  increases with temper- 
ature. It may be concluded that experiments 
similar t o  the f i rst  three l i s ted  i n  Table 2.3.18 
are of l i t t l e  value for corrosion studies because 
the Cr- distr ibut ion pattern i s  control led by the 
wa l l  exchange reaction and wa l l  temoerature 
rather than by the corrosion reaction of interest. 

In the fourth experiment, C rS1  was in i t ia l l y  
present both i n  the salt, as Cr*F2, and in  the 
walls, a s  CrOk. The labeled chromium migration 
pattern in t h i s  case tended to fal low the aver-all 
migration pattern of the corrosion, as shown 
graphical ly an Fig. 2.3.31. Comoarisons of 

Figs. 2.3.31 and 2.3.32 demonstrate that the 
corrosion pattern calculated by assuming that 
T w a l l ] w = O  = T s o l +  is i n  fa i r  agreement w i th  the 
oattern obtained exDerimentally. The exDeri- 
mental curve of Fig. 2.3.31 is  not symmetrical, 
and the point of maximum deposit ion apDears t o  be 
displaced downstream from the maximuni wa l l  
temperature a t  section A .  In general, the same 
features characterize the curve of Fig. 2.3.32. 
Th is  strongly suggests that the wa l l  temperature 
a t  the inner surface of the tubing is very c lose 
to  the sa l t  temperature and that th is temperature 
controls the value of the equil ibr ium constant 
for the corrosion reaction. 

The ab i l i t y  to  reproduce the shape of the ac t iv i t y  
vs wall-temperature plots for the Battel le thermal 
loop experiments - part icularly for the fourth 
experiment - by means of calculat ions based on 
the predicted behavior suggests that the proposed 
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Fig, 2.3.31. Calculated Loop Wall Distribution of Chromium After Diffusion-Controlled U F 4 - U F 3  Corrosion 
of Inconel. 

migration mechanisms give a reasonable expla- 
nation of the steady-state chromium migration 
wi th in  thermal loops. 

Ac t iv i t y  of Nickel  i n  Nickel-Molybdenum Al loys 

S .  Longer 

Measurements are being made of the act iv i ty  of 
n icke l  in  nickel-molybdenum al loys by using an 
electromotive force method. The rel iabi I i t y  of 
measurements made wi th  emf ce l ls  of the type 

i s  dependent upon the revers ib i l i ty  of the ce l l .  
The usual cr i ter ia * -20  accepted as evidence 
that the c e l l  i s  behaving reversibly are that 
1. the potential remains constant wi th  time a t  

2. mechanical agitat ion has no effect on the 

3. the potential of the ce l l  returns t o  i t s  equi- 

constant temperature, 

potentia I , 

librium value rapidly after polarization, 

18J. F. El l io t  and J. Chipman, Trans. Faraday SOC.  

19K. W .  Wagner, Thermodynamics of Al loys ,  p 91 -97, 

2oG. F. A. Kortum and J. 0:M Bockris, Textbook of 

47, 138 (1951). 

Addison-Wesley, Cambridge, 1952. 

Ekctr6chernis t ry ,  p 581, Elsevler, New York, 1951. 
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Fig. 2.3.32. Effect of UF4-UF3 Corrosion on Cr5' Distribution in lnconel Loop. 

4. the observed potentials are reversible w i th  

5. there i s  no dif ference of potential between 
respect t o  temperature changes, 

two apparently identical electrodes. 

The f i rs t  condit ion has been met by a l l  cel ls 
tested. Also,  mechanical agitat ion of the elec- 
trodes has had no ef fect  on the observed emf. The 
ce l l s  have a lso  returned to  their equi l ibr ium 
potentials wi th in 30 min after a l l  four electrodes 
have been shorted together. In  most cases, the 
electrodes are w i th in  2 mv of their equi l ibr ium 
potential w i th in  5 min after shorting for as long 
as 15 min. It was found that concentration ce l l s  
in the nickel-chromium system were not readi ly 
reversible wi th respect to  temperature changese2' 
However, the f i rs t  attempt to run a ce l l  a t  two 
dif ferent temperatures i n  th is study was suc- 
cessful. A ce l l  wi th al loy electrodes containing 

21Work done by Id. 3. Ponish, O R N L .  

10 and 20 at. 76 molybdenum gave constant po- 
tentials at 80O0C for 15 days and for 6 more days 
at 7OO0C. I t  is planned, in the future, to  ascend 
and descend the temperature scale between :750 
and 1000°C wi th  a l l  cel ls. 

The cri terion of reversibi l i ty, however, has been 
the cause o f  the early termination of several ce l l  
experiments. Each ce l l  as presently run contains 
two al loy electrodes (usually of dif ferent com/3o- 
s i t ion) and two pure nickel electrodes that w'ere 
annealed a t  22OOOF for 16 hr after fabrication. 
In general, one nickel  electrode becomes errat ic 
either short ly after the start of a run or after 
behaving properly for as long as 12 days. 
Potentials as high as 70 mv have been observed 
between two nickel  electrodes which two days 
previously had been behaving properly and 
exhibited no potential difference. Ce l l s  con- 
taining four nickel  electrodes from dif ferent 
sources are now being run in  an ef for t  to  discover 
the cause of th is  anomalous behavior. Wo 
explanation is  evident to  date. 

. 
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P R O D U C T I O N  O F  P U R I F I E D  M I X T U R E S  

J. P. Blakely G. J. Nessle 

Preparation of Pure Fluorides 

Some transition-metal fluorides of high purity 
were prepared for use in  studies of corrosion, 
chemical equilibria, and phase relationships, 
and for use as reactants in  the preparation of 
other fluorides, including complexes. Nearly a 
kilogram each of ferric, ferrous, nickelous, and 
cobaltous fluorides were prepared. Ferric fluoride 
was prepared by passing anhydrous hydrogen 
fluoride gas over anhydrous ferric chloride at about 
30OoC. For preparing the ferrous, nickelous, and 
cobaltous fluorides, the commercially avai lable 
hydrated chlorides were part ia l ly  dehydrated a t  
about 100°C and treated with hydrogen fluoride 
a t  about 400°C. 

Small-Scale Pur i f icat ion Operations 

C. R. Croft 

The experimental fac i l i t i es  were used for the 
processing of 530 kg  of sa l t  mixtures i n  55 batches 
that consisted of 5-, lo-, and 50-lb quantities. 
Twenty-eight of these batches were materials that 
contained BeF,. Included in the total  were 11 
batches of the NaF-KF-LiF-UF, mixture for use 
by the Metallurgy Division. 

Requests for molten salts and especial ly for 
BeF2-bearing mixtures have reached a level which 
i s  beyond the production capabi l i t ies o f  the 
experimental faci l i t ies.  It is anticipated that the 
250-lb-batch production equipment w i l l  be operated 
a t  intervals during the next several months to  
provide the material required. 

Four batches total ing 270 kg of LiF-BeF,-UF, 
mixture were prepared during a t r ia l  run of the 
250-lb-batch production equipment for two weeks 
during December. Th is  operation, on a three- 
shif t ,  five-day-week basis, was conducted i n  
cooperation wi th the Y-12 Industrial Hygiene 
Department, and face masks and complete pro- 
tect ive clothing were used by the operating 
personnel. Careful monitoring by the industr ial 
hygienists revealed no signi f icant exposure of the 
personnel to  air-borne beryl l ium compounds. The 

occurrence of severe dermatit is among the 
operators, however, indicated that routine operat ion 
of the equipment under the conditions of th is test  

was not feasible. It wi l l ,  apparently, be necessary 
to  enclose the equipment and to  provide an 
improved vent i lat ion system before i ts continued 
use can be adiudged safe i n  a l l  practicable 
circumstances. 

Analyses indicated only 3 to 4 wt % uranium in  
the f inal product, rather than the 6.4 wt % charged 
to  the reactor. Examination of the residue in the 
reactor showed high concentrations of uranium as 
UO,. I t  is apparent that contact between HF 
and the l iquid i n  the large reactor was insuff ic ient  
to  remove H,O and B e 0  from the mixture and that 
precipitat ion of UO, by the reaction 

UF, + 2 B e 0 + U 0 2  + 2BeF, 

resulted. Experiments are under way to  develop 
a modified technique for preparing satisfactory 
material wi th th is equipment. Most of the avai lable 
material can be used i n  experiments for which the 
precise compositions requested are not essential.  

Preparation of Material for 1n.F i l e  Loop 

F. A. Doss 

A single batch was prepared that totaled about 
300 g of LiF-BeF,-UF, mixture in which Li’ and 
U 2 3 5  were used. The solvent mixture of Li7F 
and BeF, was purif ied in  Bui ld ing 9928 a t  the 
Y-12 Plant. When analyses of specimens from 
this preparation had indicated i t s  puri ty t o  be 
satisfactory, the material, in  i t s  original con- 
tainer, was taken to  Bui ld ing 9212 at the Y-12 
Plant where the U235F, was added and the f inal  
puri f icat ion was accomplished. Chemical analyses 
made by Y-12 and ORNL laboratories were in  good 
agreement as t o  composition of the melt for 
accountabi l i ty purposes. The material has, 
accordingly, been transferred to  the requestor (see 
Chap. 2.2 of th is report). 

Transfer and Service Operations 

F.A. Doss 

Fif ty- f ive f i l l i ng  and draining operations were 
performed during the quarter. Requests for such 
services decl ined to  a low of 12 during December 
and then increased t o  25 during January. About 
640 kg  of sa l t  and about 300 kg  of a lka l i  metals 
were transferred i n  these operations. 
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