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MOLTEN-SALT REACTOR PROGRAM QUARTERLY PROGRESS REPORT
SUMMARY

PART 'I. REACTOR DESIGN STUDIES

L1. Concepfuul Design Sfudles
and Nucleur Calculations

Further studies of the Interim Design Reacfor
have resulted in an improved fill-and-drain system
and alternate ways of fransferring heat from the re-
actor fuel to steam. - The revised fill-and-drain
system retains the previously described after-heat
removal scheme, but the components have been re-
designed to make remote repair and removal feasible,
As now designed the entire heat removal system may
be removed or inserted from cverhead wrthout dis-
turbing the fuel circuitry. :

A simplified fuel-to-steam hent transfer sysfem is
being considered that eliminates intermediate heat
transfer fluids. The direct fuel-to-steam heat trans-
fer system used in conjunction with ¢ Loeffler
boiler cycle allows control of the reactor and load
relationship with conventional steam cycle com-
ponents. Preliminary cost studies based en'a 640-
Mw (heat) two-region homogeneous reactor were
made for several heat transfer cycles, including the
direct fuel-to-steam cycle, ond it was found that -
the direct cycle gave the lowest first cost. A
helium-cooled cycle gave the highest first cost, but
optimization of the reactor system would lower the
cost appreciably. : '

Nuclear calculations relative to a 30-Mw expen-
mental reactor with a é-fi-dia core have indicated .
that the critical mass of the system ot 1180°F
would be 49 kg of U235 and the tofal inventory for a
system volume of 150 ft3 would be 65 kg of U%35,
After a year of operation, the critical mass would
have increased to 61 kg, with-g net mtegrqted
burnup of 14.4 kg. s

Calculations of the mmal states of U”’-fueled
reactors were completed. Data were obtained for
critical mass, inventory, regeneration ratio, etc. for
core diameters ranging from 4 to 12 ft and therium
fluonde concentrations in the core of 2,4, and 7
mole % for 600-Mw (thermal) reactors. Addmonal
calculations covering a 20-year operating period - -
of the 8-ft-dia core with 7 mole % thorium showed
that, after five years, the reactor is self-sustaining.

Calculations were alse made of the fissions in the
blanket of the Interim Design Reactor. To date,
calculaticns covering only the first five years of

operctlon have been complefed but the frachon of
fissions in the blanket appears to have stabilized
at about 0.02. Methods for calculating the nuclear
characteristics of graphite-moderated, hetero-
geneous, molten-fluoride-salt reccta's are being
developed, ' S : . -
Gamma-ray energy absorpﬁon coefficients were
computed as a function of energy for 24 elements:

~hydrogen, carbon; beryllium, nitrogen, oxygen,

magnesium, sodium, aluminum, silicon, sulfur,
phosphorus, argon, potassium, iron, calcium, copper,
molybdenum, iodine, tin, tungsten, platinum, lead,
thallium, and uranium. The calculated values have
been assembled on paper tape for use with the ‘
gamma-ray heating progrcm Ghimsr being written for
the Oracle.

- 1.2, Component Development and Tésting

Development tests of salt-lubricated pump bear-
ings were continued. Satisfactory molten-salt
hydredynamic bearing films were established in
two tests of an INOR-8 bearing and an INOR-8
journal. Slight rubbing marks found after extended
service are being investigated.” Equipment for test-
ing hydrostatic bearings with stationary pockets was
completed, and data on bearing loads and flows were
obtained in preliminary tests with water. Air en-
trainment encountered in preliminary dynamic tests
of a rotating-pocket hydrostatic bearing was cor-
rected, and the pressure distribution in the pockets
is being investigated.

A conventional aluminum bearmg and'an Inconel
journal that had been lubricated with Dowtherm -
*A" (a eutectic mixture of diphenyl and dxphenyl-
oxide) during 3200 hr of operation in a pump that
was circulating NaF-ZrF ,-UF , ot 1200°F was ex-
amined. . The clearance between the bearingand
journal had not changed and there were only shghr

- indications of wear,

The oil-lubricated centnfugal-pump rotary element
assembly being operated in a gamma-irradiation
facility ot the MTR had accumulated a total of
5312 ht ‘of operation and a¢'gammoa-ray dose rate to *

“the lower seal region of 9.3 x 10 r by the end of

the quarter. Samples of the bulk oil and the seal
leakage oil show that the viscosity has increased -
and that the bromine number has inceased. The



increases have not been sufficient to affect oper-
ation, however. The acidity number of the oil in- -
dicates that little oxidation of the oil has occurred.
The test will be terminated when the dose to the
lower seal region has reached 1010, S
Materials required for a motor suitable for Iong-:
term operation at 1250°F in a radiation field are .
being investigated. Six coil assemblies that in-
corporate electrical insulation developed for use -
at high temperatures were received from the Louis-
Allis Company for testing. Suitable magnetic core -
materials and electrical conductors are being sought.
Fuel pump design studies that were contracted to

the Allis-Chalmers Manufacturing Company and the

Westinghouse Electric Company were completed.
The results of both studies emphasized the need -
for the development of salt-lubricated bearings. . .
Various layouts of centrifugal pumps, both sump -
type and submerged, were suggested. :

A small, submerged, centrifugal pump with a
frozen-lead seal is being operated in evaluation
tests. During continuous iscthermal operation of
this pump for 2500 hr at 1200°F, with ¢ molten salt
as the pumped fluid, there has been no leakage of -
lead from the seal. A similar lead-sealed pump’
with a 3'/-m -dia shaft is being fabﬂcaied for test-
ing.

Freeze-flange and mdentedoseal-flcnge joints thut
had sealed successfully in high-temperature molten-
salt lines were tested with sedium. Both joints
operated successfully; there was no indicaticn of
sodium leakage. Two large freeze-flange joints-
were tested in a 4-in. line. carrying o high-temper-
ature molten salt. There was no salt leakage, but
gas leakage of the flanges was slightly .in excess
of the allowable 10=7 cm? of helium per second.
Modifications are now bemg made to improve the
gas tightness.

Heater-and-insulation units designed for use on'a
4-in. line were tested along with the large freeze
flange. The thermal loss from two units was found
to be about four times the heat loss from an equi-
valent length of “Hy-Temp pipe insulation 3 in.

+ thick,

' Three commercu:lly avmlcble expansion joints
were tested and found to be unsatisfactory for use
in molten salt or sodium lines. Since the bellows
that failed in two of the tests were weakened by the
attachment of thermocouples, similar units w:ll be -
fested without thermocouples. o

iv.

" Data Were‘obfainea from‘ which a plot of the sub-

limation temperature vs vapor pressure was pre-

~ pared, and the information was used in the design

of a thermal-convection loop for evaluating the heat
transfer performance of aluminum chloride gas.
Exposure of Inconel and INOR-8 specimens to
aluminum chloride vapor for 1000 hr showed that

" either material would be satisfactory for con-

struction of the thermal-convection loop. -

Construction and operation of forced-circulation
corrosion testiag loops was continued. - Of the
thirteen facilities with operating loops, six are of
the new construction that gives maximum protection
against freezing of the salt in the event of power
failures, and the remaining seven loops have been
improved so far as possible without changing the
loop piping. Assembly of the first in-pile loop was
almost completed, and a second loop is belng
assembled.

1.3. Engineering Reseutéh

The enthalpies, heat capacities, and heats of
fusion were determined for the mixtures NaF-BeF -
UF , (53-46-1 mole %), LiF-BeF ,-UF , (53-46-1 mozle
%), NaCl-CcCI , (49-51 mole %), LiCI-KCI (70-30
mole %), LiCl-KCl (60-40 mole %), and LiCI-KCI
(50-50 mole %). Preliminary values were cbtained
for the surface tension of LiF-BeF.;UF P (62-37-1
mole %) over the temperature range of 440 to 750°C.
Apparatys for measurements of the coefficient of
thermal expansion, thermal conductivity, viscosity,
and electrical conductivity of beryllivm-containing
fluecride salt mixtures are being assembled.

The cause of a major discrepancy in heat balance
in the study of the heat-transfer coefficients of LiF-
BeF -UF (53-46-1 mole %) flowing in @ small-
dmmeter Inconel tube is being investigated. A
pump system for investigating such long-range -
effects as film formation by comparison of heat-
transfer coefficients is being constructed. = |

1.4. Instrumentation and Controls

The results of a series of tests of Inconel re- *
sistance-type fuel-level-indicating elements have :
not been reproducible, as yet, but it has been
established that fuel 130 has sufficient resistance
to provide a useful milliwatt output from the probe.
Polarization and surface tension effects are being
investigated as posslble sources of the incon~ -
msfencues. :



1,5. ‘Advanced Recctor Design Studies

Graphite-moderated molten-salt reactors fueled
with low-enrichment material were studied, and the
results of preliminary calculations indicated that
initial enrichments as low as 1.25% U235 might be
used in a circulating-fuel system. Highly enriched
vranium would be added as makeup fuel, and such
reactors could probably be operated to burnups as
high as 60,000 Mwd/ton.

A simplified natural-convection melten-salt re-
actor for operation at 576 Mw (thermal) was studied
to determine the approximate size of components
and the fuel volume. Natural-convection power re-
actors of this size are characterized by high fuel
volumes and large numbers of heat exchanger tubes.
Therefore it is expected that the initial costof a
natural-convection reactor would be higher than that
for a forced-circulation system, and the large number
of heat exchanger tubes casts some doubt as to
whether the natural-convection system would
actually be more reliable than the forced-circulation
system.

PART 2. MATERIALS STUDIES =
2.1 Meinllurgy o

Two Inconel und four INOR-8 thermal-convecﬂon
loops, which circulated various fused-fluoride-salt
mixtures, were examined. An Inconel loop which
operated 1000 hr at 1350°F with the mixture LiF-
BeF ,-UF  (62-37-1 mole %) was attacked to a depth
of 3 mlls. A loop operated previously with this.
mixture at 1250°F showed approximately 1 mil of
attack over a similar test period. Operation of an
Inconel loop at 1050°F for 4360 hr.with the mixture.
NaF-LiF-KF (11.5-46.5-42 mole %) resulted in the -
formation of subsurface voids to a depth of 2 mils. .
No attack was evident in any of the INOR-8 loops
even after operation, in one case, for 3114 hr. -

Test results were also obtamecl for three Inconel
forced-circulation loops operated with fluoride -
mixtures. A loop which circulated the mixture
NaF-ZrF ~UF, (57-42-1 mole %) and also con- . -
tained a secondary sodium circuit showed maximum’
attack to a depth of 1.5 mils .in the salt circuit and
only slight surface roughening in the sodium cir- -
cvits. No cold-leg deposits were present in either
circuit. Mixtures of LiF, BeF,, and UF  produced
attacks of 5 and 8 mils respectwely in fwo other

loops operated for slightly more than 3000 hr at ¢
maximum hot-leg temperature of 1300°F. :

INOR-8 samples removed from a forced-circulaticon
loop that was shut down after 3370 hr of operation
for repair of a leak at a heater lug were found to have
no evidence of surface attack., Etching rates showed
slight differences between as-received and as-tested
specimens, Operation of the loop has been resumed,
The mixture LiF-Ber-UF4 (53.46-1 mole %) is
being circulated in this loop.’ The maximum wall
temperature is 1300°F. The failure occurred at a
weld of the tubing to a heating lug adapter, and it
was found that the wrong weld material had been
used.,

Routine mspecﬂon of 1he INOR-8 material now
being received has revealed that the quality is as
good as that of Inconel and of stainless steels made
to ASTM standards. The rejection rate for fully ine
spected welds is now about 10%.

A sodium-graphite system was used to prepare -
Inconel and INOR-8 tensile test specimens for a
study of the effect of carburization on the mechanical
properties, The carburization at 1500°F caused in-
creases in both the yield and tensile strengths of

‘Inconel and decreased the ductility at room temper-

ature, For the INOR-8 specimens, the yield strength
was increased, the tensile strength was slightly
decreased, and the ductility was greatly reduced.
The changes were dependent on the amount of car-
burization.. In similar tests at 1250°F the carburized
specimens again showed a trend to lower ductility,
but some specimens were more ductile than control
specimens,

. In comparative tests of the carburization of INOR-8
by fuel 130-graphite systems, 3-mil surface cuts of
specimens exposed only to fuel analyzed 640 ppm
carbon, while similar cuts of specimens exposed to
fuel containing a graphite rod analyzed 940 ppm
carbon.. Mechanical property tests showed the same
trends as those found for the specimens carbunzed
in sodium-graphite systems.

For a test of the penetrahon of graphite by fuel
130, a graphite crucible 4/ in. long with a tapered -
hole 0.43 in; ID and 3/ in. deep was {oaded with the
fuel and tested in a vacuum at 1300°F.- Radio-
graphs were made at 500-hr intervals to study the -
penetration of the graphite by the fuel. - At the end
of the first 500 hr test of a CCN graphite crucible,
there had been no penetration of the graphite, but o
disk of UO, had formed at the bottom of the tapered
hole that was 0.1 in. thick. Subsequent analyses



showed that it contained 28% of the uranium -
originally present in the fuel. Further tests with
TSF in contact with fuel 130 have shown similar -
precipitation of UO, but to a lesser extent. Since -
the precipitation was least in the TSF graphite,
‘which is purer than the CCN grade, it is thought that
the precipitation may be ccused by impurities in ﬂ\e
graphite.

The precipitation that occurred in these tests was
not observed in the carburization tests described
above. Further it is in contrast to the lack of pre-
cipitation in similar tests in which fuel':30 (NaF-- -
ZrF +UF , 50-46-4 mole %) was used. Metallographic
exummu‘hons of the crucible showed no attack and- -
no penetration of salt into the pores. '

Corrosion tests of pure silver and silver-base -
brazing alloys in static fuel 130 showed silver and -
its alloys to have very limited corrosion resistance.
On the other hand, gold-bearing alloys have shown
excellent carrosion resistance in fuel 130. .

A time-temperature-stress relationship was formu-
lated for the creep strength of INOR-8 to aid in
predicting long-time creep strengths. Heat-to-heat
variation studies indicated a 0.14%-carbon-content -
heat to be appreciably stronger than twe other INOR-8
heats containing 0.02 and 0.06% carbon.

Eleven alloys with compositions bracketing the
maximum amount of each major alleying element of
INOR-8 have been vacuum-induction melted and are
presently being aged at temperatures in the range of
900 to 1800°F. These alloys will be tested in order
to determine the. effect of composition on sfructural
stability.

Specimens of commercially fabricated INOR-8 were
aged for 5000 hr ot test temperatures of from 1000
to 1400°F. These specimens exhibited no in-
stabilities in tensile tests that would be detnmental
during long-time service. ~

Room- and elevated-temperature mechanical
property tests of INOR-8 weld metal both in the as-
welded and in the welded and aged conditions were
made and the results were compared with similar
data for Hastelloy B and Hastelloy W. Aging
seriously reduces the room-temperature ductility of
Hastelloy B and Hastelloy W weld metal, while the
ductility of INOR-8 weld metal is improved. The
influence of melting practice and carbide spheroid-
ization on the elevated-femperature duchllty of
INOR-8 is being studied.

The brazing of thick tube sheets is being studied.
Promising results were obtained in a test braze of

vi

a /-ln.-OD 0.065-in.-wall Inconel tube into a 5-in.-
thlck Incenel tube sheet with Coast Metals No. 52
alloy. The brazing alloy was preplaced in annular
trepans in the tube sheet and fed to the joint through
three small feeder holes. Methods of joining
molybdenum and nickel-base materials are also being
studied for pump application.

2.2. Radiation Damage 7
The electrically heated mockup of the INOR-8

in-pile thermal-convection loop was operated under
simulated in-pile conditions. This experiment
served as a performance test for the various com-
ponents of the loop and indicated that modifications
of the cooling«ir injection system were required.
The in-pile medel of the loop is being assembled.

. Two flucride-fuel-filled graphite capsules were
examined that had been irradiated in the MTR for
1610 and 1492 hr at 1250°F. The graphne was un-
damaged.

2.3. Chemistry

Phase equilibrium studies of flucride-salt systems
containing UF and/or ThF , were continved. Data
are being cbtained on the NaF-BeF ,-ThF +UF,
system to provide a comparative bcsns for evaluahon
of lithium-base quaterary systems.

Studies have revealed the cause of low concen-
tration of uranium in 50-1b batches of LiF-BeF,-
UF, (62-37-1 mole %) that were transferred from
250-1b batches. The first liquid to form when the
mixture is melted is the eutectic composition con-
taining 3.1 wt % uranium rather than the nominal
6.5 wt % uranium in the 250-1b batch. Thus the
composition of any partially molten batch must be
intermediate between that of the lowest melting
eutectic and the nominal composition of the liquid.
Complete me lting of the mixture is necessary to
mainfain composition homogenelfy

Extensive gradient-quenching experlmenfs were
completed on the LiF-BeF o~ ThF  system. Asa
result of these expenments several modifications
were made in the preliminary phase diagram issved
previously. - Three-dimensional models of this -
system and of the previously studied system LIF-
ThF -UF , were constructed.

The effects of divalent and trivalent fission-
product ions on the solubilify of PuF, in LiF-BeF,
mixtures was studied. The effect of fhe trivalent
ions was found to be sufficient to indicate that they
should not be allowed to build up in the fuel, but



the effect of the divalent ions was insignificant. .
Data were obtained that provide a basis for the
use of trivalent ions in a scheme for reprocessing
fused-salt mixtures containing plutonium.

Solubility studies were made on several systems,
including argon in LiF-BeF, (64-36 mole %); HF in
LiF-BeF, mixtures contmmng 10 to 50 mole %

BeF ,; CeF in NaF-LnF-Ber solvents of various
composihons, CeF,, LaF,, and SmF, in LiF-BeF,.
UF, (62. 8-36.4-0.8 mole %); CeF, uncl LuF slmul-
Mneously in LiF-BeF -UF  (62. 8-36 4.0.8 mole %Y;
and CeF, and SmF, snmuhcneously in LiF-BeF,- -
UF, (62.8-36.4-0.8 mole %). An elementary model
was sfud:ed with which estimates can probably be
made of the solubilities of the noble gases in media
of high surface tension to within an order of mag-
nitude, which is sufﬁcienﬂy accurate for reactor
applicatiens. - : '

Two methods of separating uranium from une
desirable fission products in flucride-salt fuel
solvents are being studied. Experiments are in
progress in which a chromatographic type of
separation of uranium and fission-product rare
earths is effected by using beryllium oxide as the
column packing matericl. in other experiments
uranium precipitation upon the addition of water in
the influent gas stream is being investigated.

Tentative values were obtained for the activities
and the activity coefficients of nickel metal in
nickel-molybdenum alloys. The values were calecu-
lated from measurements of the electromotive force
of cells containing pure nickel and nickel-molybdenum
alloy electrodes in a bath of NaCl-KCI eutectic con-
taining 5wt % NICI

Apparatus was set up for measuring the surface
tensions of BeF, mixtures. Trial runs gave a value
of 195 dynes/cm at 425 to 450°C for LiF-BeF ,-UF ,
(53-46-1 mole %) and 196 dynes/cm at about 480°C
for LiF-BeF, (63-37 mole %).

In the study of the chemical equilibria involved in
the corrosion of structural metals, the effect of
solvent composition on the equilibria

3CrF2;"2CrF'3 +Cr®
and
3FeF,——2FeF, + Fe°®
was investigated. The solvent LiF-NaF-ZrF, was

used because it permitted a continuous variation
from a basic to an acidic melt without interference

from precipitation. - Increasing disproportionation ot
was found with decreasing ZrF , content.

.Snmlfar tests in solvents containing Ber which

is considered to be more basic than ZrF ,, showed
that in an LiF-BeF, mixture containing 52 mole %
BeF, the disproportionation of CrF, was roughly
comparable to that in a solvent conta ining 35 mole
% ZsF . -These results confirmed the supposition
that BeF ., mixtures are more basic than correspond-
ing ZrF , mixtures ond that the extent of dispro-
portionation of CrF, is greater in the more basic.
solvents. Expenmenfs carried out with FeF, in the
same solvents showed no dlspropomonahon.

Further measurements of the activity coefficients
of CrF, dissolved in the molten mixture NaF-ZrF
(53-47 mole %) were determined and equilibrium
quotients were calculated. The results of the -
measurements of CrF, and the corresponding in-
vestigations of NiF, and Fer, along with the
values for the activities of chremium in alleys, can
now be used in the study of corrosion of Inconel
and INOR-8 alloys. It is thought that the rate of
corrosion in these alloys is diffusion controlled.

Calculations were made of the amounts of
chromium metal which should be added to pre-
equilibrate a salt prior to a test in an Incenel loop.
The corrosion by a pre-equilibrated salt should de-
pend only on the hotetc-cold-zone transfer mechanism,
ond the results should be indicative of long-term
coarosion rates in reactors.

Studies of chromium-diffusicn in chromium-con-
taining nickel-base alloys were continued. It is
hoped that the results of these experiments will
provide a means for predicting the void penetraticn
distances to be expected for a given set of cor-
rosion conditions.

An experimental study was made of the corrosion
of Inconel by aluminum chloride vepor in an all-
metal system. The results indicated that the amount
of attack of Inconel can be expected to be pro-

. portional to the pressure of the aluminum chleride

vapor and that at 5 atm the corrosion after 300 hr
would be about 0.7 mil, INOR-8, in which the
activity of chromium is much lower than in Inconel,
should prove quite resistant to aluminum chloride
vapor, Other alloys selected on the basis of
chemical and structural considerations are to be
tested.

The containment of aluminum chloride is of in-
terest because the gas has unique properties which
make it a heat transfer medium of potential utility
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at high temperatures. * First, because of the large -
number of atoms per molecule, the heat capacity of
the gas is high. - Further, because at high temper-
atures the major species is AICl, and at lower
temperatures the major species is Al Cl, cooling
the gas in a heat exchanger will remove, in-addition
to the heat obtained from the temperature change,
the heat from the disseciation reaction. Estimates
of the physical properties of the gas were made to
provide a basis for the design of a thermal-con-
vection loop in which to test the heat transfer -
characteristics and the corrosiveness of the gas.

In tests of the penetration of graphite by molten
salts, ‘it was found that NaF-LiF-KF penetrated to
greater extent than LiF-MgF,, as indicated by ’
weight gains.: The NaF-LiF-KF mixture has a lower
density and o lower viscosity than the LiF-MgF,
mixture. In both cases there was even penefrahon
to the center of the graphite rod.

“A new methed of preparing chromous flucride was
explored in which the reaction is

San + Cr%Cer +Sn

The chromium-containing portion obtained in the

viii

experiment had the crystallographic properties of
pure chromous flocride. Improved methods for pre-
paring vanadium triflueride end ferrous fluonde were
also developed

2.4. Fuel Processing

- Sufficient laboratory work has been done to con-
firm that fluorination of the fuel salts LiF-BeF -
UF, or LiF-BeF -UF -ThF results in good
urunwm recovery. Therefore the flucride volatili-
zation process, which was developed for hetero- .
geneous reactoer fuel processing and was used
successfully for recovery of the uranium from the
fuel mixture (NaF-ZrF -UF4) circulated in the Air-
craft Reactor Experlmenf, appears to be applicable
to processing of fuels of the type now being con-. .
sidered for the molten-salt reactor.

Developmental work has been initiated on the
processing of the solvent sclt so that it can be re-
cycled. The recovery process is based on the
solubility of LiF-BeF, in highly concentrated
aqueous HF and the msolublllfy of rare earth and
other polyvalent-element fluorides.
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l 1. CONCEPTUAL DESlGN STUDIES AND NUCLEAR CALCULATIONS
k H. G. MacPherson

Reactor Projects Division

INTERIM DESIGN REACTOR

A study has been made of improvements and
varigtions of the Interim Reactor Design described
in ORNL-2634 and, briefly, in the previous quar-
terly report.! Specifically, as described below,
an improved fill-and-drain system has been de-
signed, and alternate ways of transferring heat
from the reactor fuel to steam have been-con-
sidered.

Fuel Fi.llv-';qryld-'Drrain System
G. D. Whitman = :
Design studies of the fuel fill-and-drain system

for the interim design reactor were described pre-

viously,'*2 and further study of possible configu-
rations has resulted in a system that eliminates .
maintenance difficulties inherent in the initial
design. The original concept of pipes and water
walls resulted in o relatively low first cost sys-
tem; however, the components were not readily
accessible for repair. In addition the entire
system was contained in a gastight thermally in- -
sulated volume that complicated primary entry for
maintenance operations,

The new concept retains the after-heat removal
scheme, that is, radiant heat transfer to a boiling
water system, but the components -have been re.
designed so that overhead accessibility makes
remote repair and removal more practical, The
fused salt is contained in a cylindrical tank into
which a number of vertical bayonet tubes are in--
serted. These tubes are capped at the bottom and
welded into the top of the vessel, which forms ]
tube sheet. These tubes serve as the primary -

after-heat removal radiating surface and contribute

substantial nuclear poison to the geometry. . ..
The water boiler, which consists of a number of
mating double-pipe bayonet tubes projecting down-
ward from a combination water-and-steam drum, -
rests on the top of the drain vessel. The boiler
tubes fit inside the tubes in the fuel vessel, and

H. G. MacPherson{Moltven-Saltv Reactor Program .
Status Report, ORNL-2634 (Nov. 12, 1958), and MSR
Quar, Prog. Rep. June 30, 1958, 0RNL-255'| p 3.

26, D. Whitman, MSR Quar. Prog. Rep. Jan. 31, 1958,
ORNL-2474, p 15.

ot

the combination forms a radiant heat exchange
system. This concept retains the double con-
tingency protection against fluid leakage from
either system,

Electric heaters and insulation are installed
around the fuel vessel for preheating. The boiler
tubes are flooded with water for after-heat rempvdl,
and the rate of heat removal may be controlled by
the boiler ‘‘water rate’’ or by dividing the boiler
into sections which may be used in combinations
to control the rate and locations of heat removal

in the fuel vessel.

The entire boiler system may be removed or
inserted from overhead without disturbing the fuel
circuitry. A failed fuel tube could plug at the
tube sheet and only failure of the vessel walls
would necessitate complete removal of the system.

The drain system required for a 600-Mw (thermal)
molten-salt reactor system was considered, and it
was found that four vessels 5 ft in diameter and
12 ft high would be needed to contain the 600 ft3
of salt from the reactor. Each of the vessels
would be capable of removing 1.8 Mw of after heat
within the practical temperature limitations of the
container materials.

Criticality calculations were made at off-design

_conditions. The nuclear poison contribution of the

removable boiler tubes was neglected and the
bayonets projecting into the fuel tanks were con-
sidered to be flooded with water. It was de-
termined that approximately 60 Ib of 1.5% boron
steel would have to be placed in the system to
give multiplication constants below 0.5 with the
probable U235 concentrations in the fuel salt.

Fﬁe‘vl-to-Sfeum Heat Transfer
“M. E. Lackey

A direct fuel-to-steam heat transfer system has
been studied for application in a molten-salt
power reactor. The complete heat removal sys-

“tem consists of four circuits in parallel to remove

the heat from the fuel and a single circuit to re-

move the heat from the blanket. Each of the cir-
cuits is separate and independent up to the point
where the superheated steam paths join chead of

the turbine.. Each circuit has a salt-to-sfeam heat . -
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exchanger located in the reactor cell and an evap-
orator and steam compressor located adjacent to

the reactor cell.

A simplified flow diagram of the heat transfer

system is shown in Fig. 1.1.1,

This system is

entirely free of sodium and its associated prob-
lems. The fuel-to-steam heat couple in conjunc-
tion with the Loeffler boiler cycle provides a
differential modulating thermal block between the
fuel and the water which allows complete and
conventional control of the reactor and load re-

lahonsh: p.

Compuruﬂve Costs of Several Sysfems
“G. D. Whitman

Prellmmary cost studles have been made for a
number of heat transfer cycles for a molten-salt
power reactor, and the capital costs for seven
heat transfer systems are summarized in Table
1.1.1. In all cases the system was assumed to
include a fixed-size, two-region, homogeneous
reactor in which 640 Mw. of heat was generated
and then transferred to a reheat-regenerative
steam cycle. The steam conditions were set at

1800 psia and 1000°F reheat.

In all cases four parallel heat transfer loops
and four steam generating systems were coupled

" to the fuel circuit, and a single heat transfer loop

and steam generator were used in the blanket
circuit, Reheat was supplied by the fuel system
exclusively in all the systems.
The reactor plant portion of the cost summary
included the shielding, containment vessel, in-
strumentation, remote maintenance equipment,
auxiliary fluid systems, original fluid inventories,
and the chemical plant equipment, in addition to
the reacter and heat transfer circiitry. The con-
ventional plant costs included the costs of land,
structures, steam system (not including boilers,
superheaters, or reheaters), turbine-generator,
accessory electrical equipment, and miscellaneous

power plant equipment.

The general expense item listed in Table 1.1.1
was assigned to cover the design and indirect
costs incurred during the construction and startup
phases of operation. It was set at approximately
16.5% of the reactor and conventional plant sub-

total.

The heat transfer linkage used in each sys’tem is
indicated, and 'in order to compare the costs more

Table 1,1.1. Molten-Salt Reactor Costs

Net electrical output: 260 Mw
Plant lead factor: 0.80

Interest rate on capital investment:

.”% per annum

Reactor with Reactor with
Reference Inferim Reactor with . . Natural-
Design Reactor - Design Reactor Loeffler System Lo:m:y;:)vn L:;:l.l:s’S.y:';;m G:;c::;.d Convection Reactor
(No-Na-Steam) (Na-Steam) (Na-Steam) (Steam-Steam {Steam-Steam (He ot 300 psic) (No-No-Steam)
. (NoNo-H,0)  (Na-No-H,0)  (No-Steam Reheat) Reboct) Reboat] , (Na-No-H,0)
Reactor plant $20,232,000 $19,600,000 $17,432,000 $17,100,000 $15,688,000 $26,234,000 $24,500,000
Contingency (40%) s 8,093,000 7,840,000 6,973,000 6,840,000 6,275,000 10,493,000 9,800,000
Subtotal - ) 28,325,000 27,440,000 24,405,000 23,940,000 21,963,000 36,7”,@ ‘ 34,300,000 -
Conventional plant 29,350,000 29,350,000 31,200,000 31,850,000 32,400,000 29,350,000 " 28,250,000
Contingency (7.5%) 2,201,000 zml",ooo 2,340,000 2,389,000 2,430,000 2,201,000 2,'|'I§,006
Subtotal - 31,551,000 31,551,000 33,540,000 34,239,m 34,830,000 31,551,000 30,359,000
Ru;dor md conventional 7 59,876,000 58,991,000 57,945,000 58,179,000 56,793,000 68,278,000 64,669,000
plant subtotal )
General axpense 9,950,000 9,800,000 9,625,000 9,650,000 9,440,000 11,350,000 10,750,000
{including design) - o ‘ - '
Towlcost -~ $59,826,000 58,791,000 $57,570,000 $48,829,000 $65,233,000 $79,628,000 $75,419,000
Foel volome, 6 . 515 555 589 59 m %6 - 1765
Fixed cost contribution . 537 59 520 52 5.09 6,13 5.80

fo power cost, mills/kwhr
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easily certain design features were fixed, as pre-
viously described. More nearly optimized systems
would probably result in lower costs; however,
with the exception of the gas-cooled cycle, it was
not evident that optimization studies would sig-
nificantly alter the relative costs.

The Loeffler direct fuel-to-steam system gave
the lowest first cost. In this case the elimination
of a sedium circuit resulted in a net saving even
though the fuel-to-steam heat exchanger was more
expensive than the heat exchangers in the sodwm-
coupled system.

The helivm-cooled cycle resulted in the highest

first cost. This was due primarily to the relatively

large amount of heat transfer surface required in
the fuel-to-helium and helium-to-water-to-steam
heat exchangers. This particular system would
probably be the most sensitive to optimization
studies. In particular, increasing the coolant gas
pressure and using gases other than helivm could
reduce the size of the heat transfer equipment.
Differences in fuel volume will also be reflected
in fuel cycle costs, which are not included in
the capital costs shown in Table 1.1.1. A first
approximaticn, based on changes in fuel inventory
charges alone, indicate that each additional 100
ft3 of fuel volume would add about 0.06 mill/kwhr
to the cost. On the basis that each plant had the
same net electrical output, the maximum deviation
in the power cost contributed by the capital charge
was found to be approximately 1 mill/kwhr.

EXPERIMENTAL REACTOR CALCULATIONS
J. W. Miller

A 30-Mw experimental reactor is being con-
sidered that would have a 6-ft-dia core enclosed
ina l/2~in.-thick INOR-8 pressure vessel. Sur-
rounding the core there would be a 6-in.-thick
layer of insulation, a 6-in.-thick air space, and
five 2-in.-thick boron steel thermal shields cooled
by 4-in.-thick layers of diphenyl.

Nuclear calculations indicate that the critical
mass at 1180°F would be 49 kg of U235, and the
total inventory for a system volume of 150 ft3
would be 65 kg of U235, After a year of operation,

the critical mass would have increased to 61 kg,

with @ net integrated burnup of 14.4 kg.
Approximately 7% of the neutrons would be
captured in the core vessel. This compares with
5% tor the 600-Mw reference design reactor.
Weighting these numbers by the reactor power

levels, indicates that the heat-generation rate in
the experimental reactor would be approximately
7% of the heat-generation rate in the reference
design reactor.

Approximately 31% of the neutrons would escape
from the core vessel, and these would all be cap-
tured by the time they reached the fourth boron
steel thermal shield.

 NUCLEAR CALCULATIONS
L. G. Alexander

Nuclear Characteristics of Homogeneous,
Two-Region, Molten-Fluoride-Salt
" Reactors Fueled with U233

The calculations entailed in the investigation of
initial states of U233.fueled reactors were com-
pleted, and it was discovered that serious dis-
crepancies existed between results obtained from
the Oracle program Cornpone and the UNIVAC
program Ocusol, especially when the results were
used as input for the Oracle burnout code, Sorghum.
The difficulty was traced to fluctuating end-point
fluxes generated by the Cornpone program. Ac-
cordingly, the Compone cases were discarded,
and the series of calculations was completed with
the Ocusol program. Meanwhile, the defect in the
Compone program was remedied by the author,

W. E. Kinney, and the two programs ere now in
fair agreement, as discussed below.

The results of the calculations are given in

Table 1.1.2, where critical mass, inventory, re-

generation ratio, etc., are given for @ series of
cases covering core diameters ranging from 4 to
12 ft and thorium fluoride concentrations in the
core of 2, 4, and 7 mole %. The regeneration ratio
is plotted against the critical inventory for a
600-Mw (thermal) system in Fig. 1.1.2. The dotted
line in Fig. 1.1.2 is the envelope of the curves
shown and is the locus of optimum conversion for
a given inventory. As may be seen, the 8-ft-dia
cores are necrly optimum at all thorium concen-
trations, and initial regeneration ratios of up to
1.08 can be obtained with inventories ranging up
to 1300 kg of U233,

The subsequent performance of the 8-ft-dia core
with 7 mole % thorium was studied by means of
the Oracle code Sorghum. Extracts from the cal-
culated results are given in Table 1.1.3, where
inventories, absorption ratiocs, regeneration ratios,
etc., are given for periods of operation of up to
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Table 1.1.2. lnitial Nuclear Characteristics of Two-Region, Homogeneous, Molten-Fluoride-Salt Reactors Fueled with U233

B o

Fuel salt: 37 mole % BeF2 + 63 mole % LiF + UF, + ThF,
Blanket salt: 13 mole % ThF4 + 16 mole % BeF2 + 71 mole % LiF

PERIOD ENDING OCTOBER 31, 1958

h Total power: 600 Mw (heat)
External fuel volume: 339 ftss

" Case No, 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
" Core diameter, ft 4 4 4 6 6 6 8 8 8 10 10 10 12 12 12
-, ThF gin fuel salt, mole % 2 4 7 2 4 . 7 2 4 7 2 4 7 2 4 7

U3 4n fuel salt, mole % 0.619 0.856 1.247 0.236 0.450 . 0.762 0.152 0.316 0.603 0.121 0.242 0.528 0.101 0.222 0.477
U233 atom density, atoms/cm®  19.8x 107 27.4x 10" 39.9x 10" 7.55x 10" 14.4x10'% 24.4x 10" 4.88x 107 10.1x 10" 19.3% 10" 3.8 x 10" 8.39x10'7 16.9x10'7 324x 10" 7.39x 1017 15.25x 10"

' Critical mass, kg of U233 72.0 100.5 146.5 ' 94.2 177.8 301 143 299 566 221 48| 970 320.5 733 1510

Critical inventory, kg of U2%% 810 118 1630 <374 m o 1204 325 677 1283 364 793| 1600 4 1007 2078

.. Neutron ébsc;}p‘fion ratios*

v U233 (fissions) 0.871 0.874 - 0.868 0.876 0.867 0.865 0.873 0.87 0.844 0.871 0.873 0.864 0.870
2By 0.129 0.126 0.119 0.136 0.132 0.124 0.133 0.135 0.127 0.130 0.146 0.129 0.127 0.136 0.130
1" BeeLi-F in foel salt 0.070 0.066 0.069 0.093 0.075 0.076 0.120 0.082 0.078 ©  0.142 0.081 0.164 0.093 0.083
" Core ‘vessél‘ "

Be-Li-F in blanket salt 0.129 0.1 0.095 0.101 0.080 0.062 0.086 0.059 0.043 0.062 0.031 0.049 0.032 0.020
Leakage ‘
Th in fuel salt 0.343 0.426 0.517 0.581 0.650 0.740 0.716 0.785 0.865 0.800 0.315 0.938 0.872 0.922 0.998
Th in blanket salt 0.653 0.600 0.538 0.403 0.382 0.330 0.264 0.254 0.213 0.189 0.130 0.146 0.115 0.130 0.092
" Neutron yield, 7 2.20 2.20 2.22 2.18 2.19 2.21 2.19 2.18 2.20 2.19 2.1¢ 2.20 2.20 2.18 2.19
Regeneration ratio 0.996 ©1.026 1.055 0.984 1.032 1.070 0.980 1.039 1.078 0.989 1.045 1.084 0.987 1.052 1.090
*Nqufroné absorbed per neutron absorbed in U233.




Table 1.]73. "Lon.g-Term Nuclear Performance of a Two-Region, Homogeneous, Spherical, Molten-Fluoride-Salt Reactor

Fuel: U233

Cokre_diameier:‘ 8 ft
ThF4‘ in core: 7 mole %
Power: 600 Mw (thermal)

Load factor: 0.8
External volume: 339 hs
Chemical processing rate:

1.66 ft3/day for core
1.97 #3/day for blanket

Initial State After 1 Year After 2 Years After 5 Years After 10 Years After 20 Yeors
Inventory  Absorption Inventory Absorption Inventory Absorption Inventory Absorption Inventory Absorption Inventory Absorption
(kg) Ratio (kg) Ratio (kg) Ratio (kg) Ratio (kg) Ratio (kg) Ratio
Core elements
Th232 14,527.1  0.8652 14,527 0.8416 14,527 0.8343 14,527 0.8237 14,527 0.8086 1,527 0.7892
Pg233 (i 0 18.8 0.00692 18.63 0.00671 18.38 0.00642 18.11 0.00605 17.67 0.00562
u233 1,283.28  1.0000 1,363 0.9998 1,388.3 0.9994 1,420.7 0.9966 1,453,03 0.9876 1,500.02 0.9721
Fissions 0.8730 0.8740 0.8741 0.8721 0.8548 0.8519
my 0.1270 0.1258 0.1253 0.1245 0.1228 0.1202
y234 0 0 27.32 0.00348 53.91 0.00672 129.3 0,0156 242,05 0.0305 428.7 0.0472
yss 0 0 0353  1.73x 10-* .32 6.37x10°4 7.7 0.00339 2.7 0.01235 63.07 0.0279
Fissions 0 1.23 x 10~* 4,53 x 10~4 0.00241 0.00880 0.0199
ny 0 0.50 x 104 1.84 x 104 0.00098 0.00355 00080
ys 0 (] 0.00347 6.39x 10-7 0.0252 4.50 x 10~¢ 0.343  5.89 x 10~% 2.206 0.000458 11.73 0.00178
Np2%7 0 0 274x 1075 9.76x107°  3.23x10"* 113x 1077 0.00725 2.46 x 107¢ 0.568 2.40 x 10-3 0.321  9.94%10-%
y238 0 0 412x107  1.01x 10" 9.44x10~% 225x10"?  565x10"% 1.30x10~7 0.00922 2.863 x 10~% 0.104 2.11x10-5
Py23® 0 0 3.46x10°7 1.98x 1012 1.49x10~7 837x10-!"" 229x10~% 1.25x10-8 0.000732 5.952 x 10~7 0.0148 7.36 x 10~¢
Fissions ( 1,22 x 10-12 5.15x 10" 0.77 x 10-® 3.687 x 107 4.58 x 10-6
n,y 0 0.76 x 1012 3.22x10-"! 0.48 x 10-8 2,255 x 107 2.78x 10-%
Fission products 0 0 5.2 0.0165 158.2 0.0221 180.5 0.0244 181.5 10,0234 181.5 0.0221
Li . 3,699.12  0.00522 36,991 0.00488 3,699 0.00478 3,699 0.00465 3,699.1 0.00449 3,69.1 0.00429
Be 2,739.23  0.00907 2,79 0.00906 2,739 0.00906 2,739 0.00905 2,739.2 0.00903 2,7%9.2 0.00900
F 26,330.9  0.06433 26,331 0.0643 26,331 0.0642 26,331 0.0642 26,331 0.0640 26,331 0.0638
Blanket
Th232 30,821.6 0.2132 30,822 0.2132 30,822 0.2131 30,822 0.2128 30,822 0.212 30,822 0.2n
Pq233 (i 4,79 4.79 4.78 4.mM 4.752
y3s 0 26.26 38,15 44.36 44,53 44,35
Other 0.0428 0.0428 0.0428 0.0428 0.0426 0.0423
Total inventory, kg of 1,283.28 1,389.6 1,427.8 1,472.2 1,520.73 1,607.5
fissionable isotopes
Fission yield, 5 2,20 2.203 2.204 2,204 2,202 2.196
Fuel feed rate, kg/year 118 27.4 6.0 -0.1 -0.8
Net integrated fuel 0 11.46 21.5 -6.42 -75.87 -167.36
bumup, kg
Regeneration ratio 1.079 1.051 1.047 1.046 1,045 1.042
“ ¢ v < ¥
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20 years. The regenerahon ratio, total mventory
(including U233 in the blanket), annual feed rate,
and net integrated burnup are plotted in Fig. 1.1.3.
It may be seen that, although the regeneration ratio
remains above 1.04 and therefore there is a net
breeding gain, it is, nevertheless, necessary to
add fresh U233 during the first five years to com-
pensate for the ingrowth of fission products and
nonfissionable isctopes. The annual edditiens
amount to 118, 27.4, 10.8, 6.0, and 1,6 kg, re- - .
spectively, but less than 1.0 kg per year is .
required after five years, and the reactor is then
self-sustaining. By the end of the second year
the net integrated burnup (total inventory less
total fuel purchased) becomes negative.

Blankef Fissions in the Reference Design Reuctor

The burnout code, Sorghum, used in this study
does not take into account fissions occurring in _
blanket. In order to estimate these, a series of

sequential Cornpone and Sorghum calculations was .

performed, in which the concentrations of fhe 16 -
elements in the reactor predlcted by one-year
Sorghum caleulations were submitted pericdically .
to a criticality test by the Cornpone program. The
outputs, consisting of fraction of fissions in the

PERIOD ENDING OCTOBER 31, 1958
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Fig. 1.1.3. Nuclear Performonce of Two-Region,
Homogeneous, Molten-Fluoride-Salt Reactor Fueled
with U233,

blanket, together with space-averaged group fluxes
and leakage probabilities, were then used as in-
puts for further one-year Sorghum calculations.
The neutron source in Sorghum was also reduced
by the fraction of fissions occurring in the blanket.
In addition to providing information about the
fissions in the blanket, this series of calculations
also provided a test of the usual method of operat-
ing the code. The case selected for study was

_the Interim Design Reactor with a core 8 ft in

diameter, a fuel salt consisting of 36.5 mole % -

BeF,, 62.5 mole % LiF, and 1 mole % ThF, to-
gether with sufficient UF , to make the system

critical (about 0.25 mole %) The case was run
as Cornpone calculation 01045 and the resulting
data were used as input for Sorghum calculation
01065. In the integration of the time-dependent
difference equations, a time increment of 5 days
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was used until the time variable corresponded to
one year of operation of the reactor; at this time,
the increment was increased to 30 days for the
next 20 years of reactor time. This is customarily
done to shorten the time required for the compu-
tation and is justified by the fact that, after the -
first year, concentrations change slowly.

A second series of calculations was performed -
as described above, except that the time incre-
ment was held constant at 5 days. After one year
of reactor operation, the concentrations predicted
by the Sorghum code were found to render the
reactor slightly subcritical (k = 0.9982 on Corn-
pone 02045), even though the U233 in the blanket
was taken into account. The fraction of fissions
in the blanket was estimated to be 0.013. This
information, together with flux spectrum and leak-
age probabilities, was used as input for further
Sorghum calculations, etc., with the results shown
in Fig. 1.1.4, where the fraction of blanket fissions
is shown as a function of reactor operating time.
Also shown is @ comparison of two key parameters,

UNCLASSIFIED
ORNL—LR—DWG 34507

°
Q
N

FRACTION OF FISSIONS
IN BLANKET

CORNPONE BASE, SECOND SERIES

1 l
( CORNPONE BASE, FIRST SERIES
06 e s
= ""*l\ OCUSOL BASE

REGENERATION
RATIO

05 DIAMETER OF CORE:, 8ft
1250 ThF, IN FUEL: mole %
_ EXTERNAL FUEL VOLUME: 339 #3
» TOTAL POWER: 600 Mw (THERMAL)
& LOAD FACTOR: 0.8 ‘
> &
£5 || | _
&4 1000 |— /OCUSOL Base | L=
zg ,,-—\ - - - - '// .
49 /
[S 7] .
£2 / \CORNPONE BASE, FIRST SERIES
Su 750 I I | ]
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Fig. 1.1.4. Blunket Fissions In Interim Deslm
Reactor. -
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critical inventory and regeneration ratio, com-
puted in the two series of calculations. The cal-
culations to date cover only the first five years of
operation; however, the fraction of fissions in the
blanket appears to have stabilized at about 0.02.

A comparison between the two lower curves for
critical inventory shows satisfactory agreement
between the two methods of calculation, especially
since the top points of the discontinuous curve
represent the critical condition. Similarly, the
low points of the discontinuous curve for regener-
ation ratio agree well with the smooth curve. How-
ever, it is not presently understood why the slopes
of the discontinuous curves differ so much from
the smooth curves, and it may be that the agree-
ment of the points is fortuitous.

Comparison of Ocusol and Cornpone Calculations

As mentioned above, a mathematical defect in
the Cornpone program was discovered, and hence
all pricr Cornpene calculations were discarded.
After the error had been corrected, the program
was used to recompute an Ocusol case. A com-
parison of the results obtained from the two pro-
grams with identical input conditions is shown in
Table 1.1.4. It may be seen that, while there is
good agreement between the regeneration ratios,
there is a substantial difference between the
critical inventories and that the Cornpone program
predicts the lower values. :

The discrepancies have been resolved in favor -
of Cornpone, which embodies a fourth-order approx-
imation to the difference equations, whereas
Ocusol uses only second-order approximations that
result in an under-estimate of the absorptions in -
the core. In order to achieve a neutron balance
in Ocusol, the currents at the boundary of the core
are adjusted arbitrarily and are not computed from
the gradients of the flux. As a result, the leakages
are overestimated. In Cornpone, the fourth-order
solutions satisfy the neutron balances to less than
one part in a thousand, and the boundary currents
are correctly computed from the gradients of the
flux.

The difference in the behavior of this reactor as .
predicted by Sorghum calculations based on the
Ocusol and on the Cornpoﬁe solutions are shown.
in Fig. 1.1.4. It may be seen that the differences
in regeneration ratic are negligible, but the cal-
culation based on Cornpone predicts a critical
inventory about 50 kg lower than that based on
Ocusol. ~
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_Table 1.1.4. Comparison of Ocusocl and Compone Calculations for the Interim Design Reactor

Fuel: v?3s
.+ Core diameter: 8 ft
L ThF4 in core: 1 mole %
‘Power: 600 Mw (thermal)
Lead factor: 0.8
External fuel volume: 339 f° . .

Ocusol

Cornpone
E Inve'qfory Absorption’ Inventory "~ Absorpticn
0 (kg) Ratio © 7 (kg) Ratio
Core elem'ents
232 2,121 0.364 2,121 0.378
u23s 616 565
Fissions 0.729 0.734
Cmy 0.271 , 0.266
u2e. 45.9 0.039 TR 0.042
Li 3,969 0.033 3,969 0.037
Be . 3,044 0010 3,044 0.010
F 24,291 0.058 24,29 0.047
Blanket
Th232 30,822 0.232 30,822 0.227
Other 0.063 0.071
Fission yield, 7 1.800 1.812
Regeneraﬁo:i ratio 0.635 0.647

Heterogeneous Reactors

As mentioned in previous reports, graphite-
moderated, heterogeneous, molten-fluoride-salt
reactors show promise of achieving higher regener-
ation ratios for a given investment in fuel than the
homogeneous reactors. As a result, attention has
been given to developing a reasonably reliable
method of calculation. The multigroup Cornpone
program for Oracle was modified by W. E. Kinney
to provide a boundary condition of zero net cur-
rent in each diffusion group. Thus it is now pos-
sible to freat a heterogenecus unit cell in an
infinite lattice and to compute group disadvantage
factors which may then be applied to the group
cross sections in a homogeneized version of the
finite reactor. A program modifying the Cornpone
program to apply these facters has been written.

Gamma-Ray Heating Calculations

Work on @ pregram for computing the gamma-ray
heating in the core vessel and blanket of homo-
geneous, molten-salt reactors was resumed.
Gamma-ray energy absorption coefficients as a
function of energy for 24 elements were computed
from the x-ray attenuation coefficients listed by
Grodstein,3 according to a procedure developed
previously. The defining equation is:

Fe=Hpe + [optyy + [+ e +

3G. W. Grodstein, Natl. Bur, Standards (US) Cire. 583
(1957).

‘. G. Alexander, The Gamma Energy-Absorption
Coefficient, ORNL CF-56-8-219 (August 8, 1956).

n
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where
#, = gamma-ray energy absorption coefficient,
Fpe = photoelectric absorption coefficient,
#. = Compton scattering coefficient,
f, . = fraction of energy of photon deposited
locally in a pair-production collision,
/. = fraction of energy of photon deposited
locally in a Compten collision,

f,, = fraction of energy of photon carried away
from Compton collision by photons having
energies less than E, the *‘cut-off”
energy.

In these calculations [ p Was taken to be equal to
1.0; that is, the annihilation radiation was in-
cluded in the local heating effect. This is not
strictly consistent with the use of a low-energy

5L. G. Alexander, The Integral Spectrum Method for
Gamma-Heating Calculations in Nuclear Reactors, ORNL
CF-56-11-82 (Nov. 4, 1956).

12

cut-off limit, E o; of 0.1 Mev for the Compton
process. The energy-absorption coefficients com-

- puted here will be used, however, in an “‘integral

spectrum’’ calculation of the type described in
ORNL CF-56-11-82 (ref 5) in which the coefficient
is averaged over the photen spectrum which is not

‘known with sufficient accuracy to warrant taking
‘into account the annihilation radiation. Co

~ For a cut-off energy of 0.1 Mev, /_ is equal to

- -zero with negligible error for all energies down to

and including 0.15 Mev. The energy-deposition

“coefficient for Compton scattering, f_, was taken

from the values listed in ref 4, o

The calculated values are listed in Table 1.1.5,
and they have been assembled on paper tape for
use with the gamma-ray heating program Ghimsr

- being written for the Oracle. A closed, three-

address subroutine has been written for the com-

- putation of Storm's attenuation function for'spheri-

cally symmetric systems.é

6M. L. Storm et al., Gamma-Ray Absorption Distribu-
tions 4., KAPL-783 (July 24, 1952).
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Table 1.1.5. Gamma-Ray Energy-Absorption Coefficients, He

Photon ) ‘ u g Photon i

Energy £ Energy hd

E,y {(Mev) tbums/rt.:vtom . émz/g E,,, (Mev) " barns/atom o chzlg

Hydrogen (1;2) : Beryllium (4;9.02)

01 0.0620 0.0375 0.1 0.251 0.0167
0.2 0.0856 0.0514 0.2 0.342 0.0228
0.4 0.0982 0.0589 0.4 0.39% 0.0264
0.6 0.0991 0.0595 0.6 0.396 0.0264
0.8 0.0970 0.0s81 || ‘0.8 0.388 0.0258
1.0 0.0927 0.0556 1.0 0.372 0.0248
1.5 0.0850 0.0510 ” 1.5 0.328 0.0219
2.0 0.0815 0.0589 2.0 10.328 ) 0.0219
3.0 0.0669 . 0.0401 | 3.0 0.273 . 0.0182
4.0 0.0593 0.0356 4.0 0.247 0.0165
6.0 0.0491 0.0294 6.0 0.213 0.0142
8.0 0.0425 0.0255 8.0 0.191 0.0128

100 0.0376 0.0226 - 10.0 0.177 0.0118

Carbon (6;12) - ‘Nitrogen (7;14)

0.1 0.391 0.0199 0.1 10,470 0.0202
0.2 0.512 10,0257 i 0.2 0.599 0.0258
0.4 0.589 0% || oa 0.689 0.0296
0.6 0.594 0.0298 || 06 0.694 0.0298
0.8 0.582 0.0292 0.8 0479 0.0292

SN0 0.557 0.0279 ” | 1.0 0.650 0.0280
1.5 0.512 0.0257 ” s 0.597 ' 0.0257
2.0 0,493 0.0247 2.0 0.579 0.0249
3.0 0.416 0.0209 ‘3.0 0.490 0.0211
4.0 0.381 0.0191 T4 0.451 0.0194
6.0 0334 00167 || 6.0 0.400 0.0172
8.0 0.306 0.0153 8.0 0.370 0.0159
10.0 10.390 0.0145 10,0 0.251 0.0151

13
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Table 1.1.5 (continued)

v ke eew ke

E;y (Mev) barns /atom crn2/g E, (Mev) barns/atom cmz/g
Oxigen ‘(S:ié) : | VSpdﬁiu:;(l'l;n)
0.1 0.531 0.0200 0.1 1.04 0.0273
0.2 0.702 0.0264 0.2 1.0 0.0270
0.4 0.790 0.0297 0.4 .19 0.0293
0.6 0.784 0.0294 0.6 1.098 0.0288
0.8 0.776 0.0292 0.8 1.067 0.8279
1.0 0.745 0.0280 1.0 1.021 0.0268
15 0.683 0.0257 1.5 0.940 0.0246
2.0 0.662 0.0249 2.0 0.895 0.0234
3.0 0.563 0.0212 3.0 0.791 0.0207
4.0 0.522 0.0195 4.0 0.745 0.0195
6.0 0.452 0.0170 6.0 0.658 0.0172
8.0 0.410 0.0154 8.0 0.608 0.0159
10.0 0.394 0.0148 10.0 0.599 0.0157
Magnesium (12;24.32) Alumiaum (13;26.96)

0.1 1.280 0.0316 0.1 1.595 0.0356
0.2 1.085 0.0268 0.2 1.189 0.0265
0.4 1.185 0.0293 0.4 1.285 0.0287
0.6 1.188 0.0294 0.6 1.288 0.0287
0.8 1.162 0.0288 0.8 1.264 - 0.0282
1.0 1 0.0276 1.0 1.210 0.0270
1.5 1.025 0.0254 1.5 L1 0.0248
2.0 0.074 0.0248 2.0 1.088 0.0242
3.0 0.869 0.0215 3.0. 1.031 0.0230
4.0 0.822 0.0203 4.0 0.901 0.0202
6.0 0.767 0.0190 6.0 0.848 10.0189
8.0 0.739 0.0182 8.0 0.822 0.0184
10.0 0.727 0.7180 110.0 0.714 0.0160

4
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Table 1.1,5 (continued)

Photon ] II Photon
Energy . Fe Energy - Fe
E,y {Mev) barns/atom cmz/g E.y (Mev) barns/atom cmz/g
Silicon (14;28.06) Phesphorus (15;31.02)

0.1 1.986 0.0426 0.1 2.49 0.0485

0.2 1.209 0.0259 ‘ 0.2 1.45 0.0282

0.4 1.392 0.0300 0.4 1.49 0.0290

0.6 1.383 0.0297 0.6 1.48 0.0288

0.8 1.360 0.0292 0.8 1.45 0.0282

1.0 1.303 0.0280 O we .39 0.0270

s 1.198 0.0257 s 1.28 0.0249

2.0 1.173 0.0252 .20 1.26 0.0275

3.0 1.030 - 0.0221 3.0 .n 0.0216

4.0 0.984 0.0211 4.0 1.068 0.0208

6.0 0.933 0.0200 6.0 1.017 ~0.0198

8.0 0.912 0.0196 , 8.0 (1.007)

10.0 0.906 0.0195 : 10.0 1,022 - 0.0195

Sulfur (16;32.06) ; Argon (18;39.91)

0.1 3.10 0.0593 0.1 47 0.0709
0.2 1.60 0.0300 0.2 1.95 0.0294
04 1.60 0.0300 04 1.82 0.0274

0.6 1.60 0.0300 Y 1.80 0.0272

0.8 1.56 0.0296 Y 175 0.0264

Lo 1.49 0.0280 | 1.0 1.67 0.0252
SRR 1.37 0.0257 1.5 1.55 0.0234
2.0 1.34 , 0.0252 ) 1.52 0.0229
3.0 119 0.0224 Y 136 0.0205

4.0 1.15 0.0211 4.0 ~ 1.32 0.0199

6.0 1.10 0.0206 L 60 1.25  0.0189

8.0 1.10 ' 0.0206 L 80 1.29 0.0294
10.0 1.10 0.0206 0.0 1.30 0.0196

15
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Table 1.1.5 (continued)

16

Photon Photon
Energy Fe Energy Fe
E,, (Mev) barns /atom em?/g E,, (Mev) barns /atom em?/g
| Potassium (19;39.1) Calcium (20;40.07)
0.1 5.8 0.0895 0.1 7.26 0.1092
0.2 2.14 0.0330 0.2 2.38 0.0358
04 1.94 0.0299 0.4 2.05 0.0309
0.6 1.90 0.0293 0.6 2.01 0.0325
0.8 1.85 0.0285 0.8 1.95 0.0294
10 1.76 0.0272 10 185 0.0278
L5 1.63 0.0251 s 1.72 0.0259
2.0 1.61 0.0248 2.0 1.69 0.0255
3.0 144 0.0222 3.0 1.52 0.0229
4.0 1.41 0.0218 4.0 1.50 0.0226
6.0 1.39 0.0214 6.0 1.49 0.0224
8.0 1.41 0.0218 8.0 1.50 0.0226
10.0 1.43 0.0220 10.0 1.53 0.0230
Iron (26;55.84) Copper (29;63.57)

0.1 20.7 0.223 0.1 32.5 0.308
0.2 445 0.0479 0.2 6.2 0.0287
0.4 2.84 0.0206 0.4 3.33 0.0316
0.6 2.67 0.0288 0.6 3.03 0.0287
0.8 2.57 0.0277 0.8 2.90 0.0275
1.0 2.44 0.0263 1.0 2.74 0.0260
1.5 2.24 0.0242 1.5 2.50 0.0237
2.0 2.23 0.0240 2.0 2.52 0.0239
3.0 2.07 0.0223 3.0 2.45 0.0232
40 2.08 0.0224 40 2.40 0.0228
6.0 2.15 0.0232 6.0 2.52 0.0239
8.0 2.22 0.0240 8.0 2.63 0.0250
10.0 2.40 0.0258 100 2.73 0.0259
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Table 1,1.5 (continued)

Photon | o Photon

Energy Fe Energy Fe

E,y (Mev) "~ barns/atom . cmz/g E.y (Mev) ’,I}arns/atom cmz/g

“ Molybdenum (42;95.0) | I : : Tin (50;118.7)
0.1 147 0.930 0.1 289 146
0.2 22.3 0.140 0.2 Y 0.221
0.4 6.9 0.0433 | 0.4 105 0.0534
0.6 5.04 0.0316 0.6 6.90 0.0350
0.8 ~ 4.53 0.0284 0.8 5.86 0.0297
1.0 . 420 0.0264 " 1.0 5.29 0.0268
1.5 3.81 0.0239 1.5 4n 0.0239
2.0 ..3.86 0.0242 2.0 4.77 0.0242
3.0 3.86 0.0242 3.0 S 0.0242
4.0 399 0.0250 | - 4.0 5.12 0.0260
6.0 439 0.0275 6.0 5.77 0.0292
8.0 A 0.9 || 80 6.27 0.0318
10.0 . 5.03 0.0315 100 674 0.0341
lodine (53;126.93) ' Tungsten (74;184.0)

0.1 363 1.72 0.1 1254 an
0.2 54  0.268 0.2 192 0.630
0.4 124 0.089 |° 0.4 . 37,0 0.121
0.6 77 10.0365 : 0.6 18.8 0.0616
0.8 6.4 00303 I 08 13.1 0.0430
10 575 00272 [© 1.0 n.2 0.0368
1.5 . ..5.08 0.0240 ?; 15 9.5 0.0311
2.0 .55 0.0244 2.0 8.5 0.0278
3.0 . .,5.21 00247 |- 3.0 875 0.0286
40 o 540 0025 || 40 . 9.51 0.0312
6.0 - 631 0.0299 . 6.0 110,86 0.0356
8.0 6,90 0.0327 . 80 11.82 0.0388

10.0 . 7.44 0.0352 10,0 13.0 0.0426

17
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Table 1.1.5 (continued)

e 3 o 2
E.y (Mev) ‘ ‘bcrns/ctcm crqzlg ,E'}' (Mev) ba;ns/oiom cmz/g
Platinum (78;195.2) “Thallium (81;204.4)
0.1 1505 4.65 0.1 1715 5.04
0.2 232 0.716 0.2 268 0.789
04 448 0.139 0.4 51.5 0.152
0.6 21.6 0.0667 " 0.6 244 0.0719
0.8 15.2 0.0470 0.8 16,9 0.0497
1.0 .12.1 © 0.0374 1.0 133 0.0392
1.5 9.5 0.0294 1.5 10.2 0.0301
2.0 9.3 0.0288 2.0 10.2 0.0301
3.0 9.6 0.0297 I 3.0 10.3 0.0304
4.0 10.4 0.0321 i 4.0 11.0 0.0324
6.0 10.8 0.0333 6.0 12,6 0.0371
8.0 12.9 0.0398 8.0 13.8 0.0406
10.0 14.2 0.0439 10.0 15.1 .0.0445
Lead (82;207.20) Uranium (92;238)

0.1 1785 5.18 0.1 3801 0.962
0.2 282 0.819 0.2 533 135
0.4 53.7 0.156 0.4 82.2 0.208
0.6 25.4 0.0738 0.6 38.3 0.0970
0.8 17.4 0.0506 0.8 24.9 0.0630
1.0 13.8 0.0401 1.0 19.1 0.0483
1.5 10.5 0.0304 1.5 3.7 0.0346
2.0 10.4 0.0302 2.0 13.1 0.0331
3.0 10.4 0.0302 3.0 13.1 0.0331
4.0 1.4 0.0332 4.0 14.0 0.0354
6.0 12.9 0.0375 6.0 16.6 0.0419
8.0 13.2 0.0384 8.0 7.0 0.0432

- 10.0 15.5 0.0451 10.0 " 18.8 0.0475

18
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1.2. COMPONENT DEVELOPMENT AND TESTING

~ H. W. Savage

W. B. McDonald

. Reactor Projects Division

FUEL PUMP DEVELOPMENT
~W. F. Boudreau “A. G. Grindell

Developmenf Tesfs of Sult-Lubncufed Bearings

P. G. Smith W. E. Thomas
‘ H. E. Gilkey -

Hydrodynumic Benrings. ~ The results of the first
attempt ! to establish a molten salt (LiF-BeF 7UF &
62-37-1 mole %) hydrodynamic bearing film have been
assessed and three additional tests with the same
combination of materials, an INOR-8 bearing and an
INOR-8 joumal, have been made. A review of the
bearing installation procedure used for the first test
revealed that the bearing had been placed into the
test apparatus upside down. This error accounts
for the difficulty experienced in maintaining a
hydrodynamic film during bearing operation.

Testing of a second bearing and journal of INOR-
8 was terminated on schedule at the end of a 500-hr
period of satisfactory operation. Examination of
this bearing and joumnal revealed a very small
amount of wear and a nearly unchanged surface
finish. Every indication points to the establishment
and maintenance of a hydrodynamlc film durlng
operation of this bearing and joumal. Fifty-seven
stops and starts were made during a 54-hr period
of the test. The remainder of the test was con- |
ducted at constant conditions, that is, a shaft
speed of 1200 rpm and an applied radial load of
200 lb. A report2 covering the first and second
tests was written. i

The some bearmg and |oumu| were then assembled
for a third test to investigate the effect of repeated
operation. The third test covered a period of 284
hr during which 37 stop-start tests were performed.
The last 100 hr of operation were at constant con- f
ditions: shaft speed, 1200 rpm; applied radial load,
300 Ib. ‘Examination of the bearing and journal re-
vealed slight rubbing marks at each end of fhe
bearing. :

Tp, G. Smiih W, E. Thomas, and L. V. Wulson, MSR
Quar Prog. Rep ]une 30, 1958, ORNL-2551, p 20.

%, 6. Smith, Salt-Lubricated H ydrodynamic Journal = :
?;ggz)ng Tests Nos 1 and 2, ORN{. CF-58-8-10 (Aug. 7,

A fourth test with a new (third) bearing and
journal of INOR-8 in molten salt at 1200°F is under
way to trace the cause of rubbing marks to either :
stop and stfart tests or to steady-load operation. It
is planned to continue the testing of the second
bearing and journal at a later date.

Hydrostatic Bearings. ~ Fabrication of fhe hydro-
static bearing tester® was completed and tests were
run on two hydrostatic bearings with water as the
lubricant. - During the first test, in which e radial

. clearance of 0.003 in. was used, the bearing and

journal experienced considerable wear. [t was found
that the supply pressures for the four hydrostatic
pockets differed from each other, instead of being
constant.  The radial distribution of these pressures
was very similar to the radial distribution of the
volute pressures, which give rise to the load on the
bearing. As a consequence, the bearing force tended
to be least in the direction of the greatest bearing
load. This difficulty was troced to four partitions
which had been installed in the manifold supplying
the hydrostatic pockets. The partitions were re-
moved for the second test, which was conducted
with a second hydrostatic bearing having a radial
clearance of 0.0075 in. For this test, additional
instrumentation was installed to permit indication
of the eccentricity of the journol. This instru-
mentation consists of nozzles through which air
flows radially inward toward the cylindrical shaft
surface; the back pressure on the nozzle isa
function of the distance between the nozzle outlet
and the cylindrical surface. Further refinements in
this technique of measurement appear to be de- .
sirable,

In the second test, data were. obtmned at shaft
speeds from 600 to 3000 rpm at various pump cire
cuit resistances in.an attempt to determine the ‘
effect of varying the bearing load. Data on bear- .
ing loads and flows were obtained by measuring the'
pressure in each bearing pocket and the pressure
differential across each crifice. The second bear-
ing and journal experienced slight wear of the type
that might be expected to occur during stopping and

3
L. V. Wilson, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 19. s Rep. J
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starting. At low speeds, during stopping and start- -

ing, no supply pressure is available to the hydro-
static pockets; thus contact between the journal’
and bearing may be expected.

Rotating-Pocket Hydrostatic Bearings. ~ Static
tests were completed on the rotating-pocket hydro-
static bearing,4 and dynamic tests are in progress.
In the initial dynamic test it was found that there
was entrainment of air in the process water. This
problem has been sclved by the use of an external-
circuit that carries flow from the upper side of the
impe ller-bearing region to the impeller suction
through ¢ stilling well. Ancther problem that is
being investigated is that of the pressure dis-
tribution in the pockets. The pressure distribution
obtained thus far in dynamic tests does not con-

‘form to that found in the static tests and pre-
dicted by the analytical studies. :

Bearing Mountings. ~ Two types of bearing mounts
are being studied. One of these is a column type =
of sleeve mount designed at ORNL. that takes into
account the thermal expansion differences of the

-materials. - Plans have been made to test this mount
statically prior to applying it to an actual bearing

in a molten-salt system. Fabrication of a mount for
testing awaits a satisfactory solution to the problem
of brazing melybdenum to Inconel and to INOR-8.
The other type of mount being studied is a patented
fixture supplied by Westinghouse. Tests of this
fixture, designated **Thermoflex,"’ are under way.

Development Tests of Conventional Bearings
-D. L. Gray W. E. Thomas

Organic-Liquid-Lubricated Bearings. ~ The high-
temperature sump pump being used to conduct a
demonstration of the behavior of Dowtherm A"’
(eutectic mixture of diphenyl and diphenyloxide)
as a bearing lubricant operated satisfactorily for a
period of 3206 hr. The pump circulated fuel 30 -
(NuF-ZrF UF,, o 50-46-4 mole %) at a temperature
of 1200°F the shaft speed was about 2600 rpm; the
temperature of the Dowtherm *‘A’ supplied to the
bearings was maintained at 180°F, with approxi-
mately a 5°F rise through the test bearings. The
lubricant flow rate was 2 gpm. \

Upon completion of 3200 hr of operation, the
pump was disassembled, and the test bearings and
seals were inspected. The double-row angular-

Y.v. Wilson, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 17. ’
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contact ball bearings (MRC-5309), which were sub-
merged in the lubricant during operation, showed
no detectable wear or imperfections. The diametral

* clearance between the aluminum bearing and the

Inconel joumal was found to be essentially the
same (0,0044 in.) as it was at the time of the
previous 100-hr inspection. Seal nose heights
were measured at the beginning and the end of @
2008-hr test period, and wear indications of 0.0016
in. on the upper seal and 0.0004 in. on the lower
seal were noted. Lower seal leakage averaged

2 ecm®/day during the operating period, but the
upper seal leakage was essentially zero.

The pump was reassembled and reinstalled in the
test stand and operation at the above-mentioned
steady-state conditions was resumed. After 6 hr of
operation, that is, an over-all total of 3206 hr of
operation, a building power interruption caused the
lube oil pump to stop. Within about 30 sec, it was
noticed that the drive equipment was heavily over-
loaded and that the pump speed had been reduced
to zero. Upon disassembly of the pump it was
found that the pump shaft had seized in the aluminum
beunng. It was further observed that the three oil-
supply grooves in the becmng were not covered by
the journal for approximately / in. Thus apath
existed during the entire test for direct escape of
the pressure-fed lubricant to the region external to
the load-carrying film of the bearing. However, it
is believed that this bearing would have continued
to operate for a longer period of time had the lube
oil pump remained in operation. The demonstration
was terminated after this incident and a final report
is being written.

Bearing and Seal Gamma Irrudloﬂon. - The .
centrifugal-pump rotary element assembly being
operated without an impeller in a gamma-irradiation
facility at the MTR had accumulated a total of
5312 hr of operation by the end of the quarter; during
4426 hr of the operating peried, the assembly has
been exposed to gomma irradiation. The cccumu-
lated gamma-ray dose to the lower seal region has
reached approximately 9.3 x 10% r. The bulk oil
has accumulated an approximate gamma-ray dose of
2.25x 10%r.

On June 12, 1958, a momentary power failure
stopped shaft rotation and caused seal leakage of
53 em? in the following 24 hr. Durmg the succeed-
ing 24 hr the leakage was 12 em3, after which the
leakage leveled off to the nomal 6 to 7 em3/day.
On June 23, 1958, an attempt was made to ac-
celerate the bulk oil radiation damage by reducing



the lube oil dilution factor. A total of 5430 em?

of oil had been removed from the lube oil reservoir
when the low lube oil flow alarm halted rotation of
the shaft. Sufficient oil was then replaced to
permit stable operation, but subsequently operation
was stopped twice because of a low lube oil level.
The leakage of the lower seal increased during this
quarter from approximately 6 ml/day to approxis
mately 60 ml/day. It is believed that the stoppages
may have contributed to the increused rate of leak-'
age.

It is planned to terminate the test when the lower
seal region has received a dose of 10'? r. This
should be achieved within three additional weeks.
The test unit will then be retumed to ORNL for
examination.

Table 1.2.1 lndlcutes the effect of the rcdmhon
on samples of the lubricant, Gulfspin 34, which
were taken at various times and tested by fhe ORNL
Analytical Chemistry Division, -

The viscosity of both the bulk and the seal-
leakage oil has increased, but'is not yet deleterious
to the operation of the test. The increase in the -
bromine number indicates that the gamma irradiation
has displaced some hydrogen atoms from the hydro-
carbon molecules of the lubricant, ' The acidity
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number indicates that the lubricant system has v

suffered very little oxidation during the test,

. Mechanical Seals
D. L. Gray

Labyrinfh and Splif—Purge Arrangement, — Load-
deflection data were obtained for new seal springs
and for the seal springs used in the NaK pump that -
was operated to test a labyrinth and spllt-purge
arrangement, as described previously.” The data
are being analyzed to determine the effect of the
test conditions on the seal-face loading created by
the springs. The load-deflection tests were made
both with and without the elastomeric O-ring which
seals between the stationary and floating members
of the seal in order to determine the effect of the
resistance offered by the O-ring to the axial move-
ment of the flexibly mounted secl ring element of
the seal assembly. The results of these tests and
the operation of the pump are being correlated.

Bellows-Mounted Seal. ~ The modified Fulton-
Sylphon bellows-mounted seal being subjected to an
cndumnce test in a NaK pump has accumulated a

So. L. Gray, MSR Quar. Prog. Rep. June 30, 1958,
0RNL-2551, P21

chle 1.2,1, Effect of Gamma lrradiation on Lubricating Properties of Gulfcrest 34
“ine Centrifugal-Pump Rotary Element Assembly

Bulk Circulating Oil .

Accumulated Oil Leakage
from Lower Seal

Control

Sample Taken '3-13-58 5-24-58 7-29-58
Sample 3.27.58 4558  7-31-58  fto 42858  to  to
- - 32788 521.58  8.8-58
Approximate gamma- 0 0.47x10% 1.3x10% 1.82x108
. ray dose {r). ' n
Viscosify (sus ot ot 90.2 89.4% 049+ 185 108.0 1126 - 140.2  168.2
Bromine No. (mg of Br - 0.87 28 T 42 5.6 3.4 41 - 73 .. 6.8
per 100 gofail) T o ' :
Acidity mgof KOH -~ 0 . 0 . 0 0013 0o 0. 0 s

per g of oil) :

: *These quanﬂfies were checked within 5.5% by an independent cnalysu performed by the Special Samples

Laboratory of the Y-12 Technical Division.
**Result not yet available.
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total of 8110 hr of operation.  The pump has been
operafmg at a temperature of 1200°F and a speed of
2500 rpm. The observed seal leakage has continued
to decrease to the point that it has become difficult
to measure and can be considered to be negligible.
Two stoppages occurred: (1) a power failure caused
the pump to be stopped for 5 min, and (2) the pump
was stopped to replace the motor brushes. The -
test has been scheduled for termination at the end
of 8760 hr, at whlch time the seul will be examined.

Rcd:oﬂon-Resisfnnt Elecfric Mofors for Use >
at High Temperatures

S. M. DeCamp

The investigation of the materials that weuld be
required for radiation-resistant motors for use at
high ‘temperatures has included studies of electrical
steels and high-strength low-resistance electrical
conducters, in addition to the studies of electrical
insulation previously reported.® This work is
directed toward the development of a motor suitable
for long-term operation at 1250°F in a radiation
field.

Six coil assemblies that incorporate the electrical
insulation system developed by the Louis-Allis
Compdny for use at high temperatures were re-
ceived early in September. These coil assemblies
(called ““motorettes’’) are arranged on a steel frame
in such a fashion that the three separate aspects of
the insulation problem normally encountered in an
electric motor are properly simulated and can be
separately measured. These aspects of the problem
are usually referred to as ‘‘turn-to-turn,’’ *‘coil-to-
coil,’” and **coil-to-ground’’ resistance.

During the course of development work by the
Louis-Allis Company it was found that a new wire
product (Silotex-N) made by Anaconda Copper
Company was superior to ceramic-coated wire at
elevated temperatures. Silotex-N wire is a nickel-
plated copper conductor covered with a glass serv-
ing. The wire is also coated with a silicone
varnish that is stable up to about 350°C. At this
temperature the silicone is driven off, and Si0, is
left as a residue. The glass serving appears to be
a good tum-to-turn insulation at high tempemtures
based on tests run by the Louis-Allis Company.

No tests have been run by ORNL to date.

The coil-to-coil and coil-to-ground insulation

supplied with the motorettes consists of mica that

6. M. DeCamp, MSR Quar. Prog. Rep. june 30, 1958,
ORNL-2551, p 22.

22

was coated and impregnated with a modified ceramic
cement by the High Temperature Instrument Com-
pany, Again, preliminary tests by the Louis-Allis
Company at 1200°F indicate goed results, After
the coils are wound, they are placed in the **slots”

" of the motorette with the mica as a slot liner (coil-

to-ground insulation) and as a coil separator (coil-
to-coil insulation). The whole assembly is then
impregnated with a ceramic compounded by the
Louis-Allis Company. All materials used in the
motorettes appear to offer good insulating properties
at a tamperature of 1200°F. Radiation resistance
has not been checked by test, as yet, but this re-
quirement was considered in the selection of ma-.
terials, Testing of the motorettes by ORNL will
include assessing the effects of time at elevated
temperatures, thermal cycling operation during nu-
clear irradiation, and operation during nuclear irradi-
ation at elevated temperatures.

A preliminary investigation of magnetic core ma-
terials for use at high temperatures indicates that
little progress has been made in this field. More
work on obtaining satisfactory magnetic steel is
planned.

Operaticn of an elecfrlc motor at 1250°F will
require electrical conductors with good mechanical
strength properties and low electrical resistivity.
Work is presently under way to detemmine types of
materials which might be considered for such an
application.

Design Studies of Fuel Pumps

Engineering study contracts for the evaluation of
various types of molten-fluoride-salt pumps and for
the preparation of preliminary design studies were
awarded to two companies late in the previous
quarter, and work on both contracts (Allis-Chalmers
Manufacturing Company and Westinghouse Electric
Company) was completed during this quarter.

The work by Allis-Chalmers took the form of o
feasibility study. Nineteen different types of pump
and drive combinations were evaluated, including
centrifugal pumps of the canned-motor type, similar
pumps with remote drives, positive displacement
pumps, jet pumps, and electromagnetic pumps. The
study resulted in a recommendation that two types
of centrifugal pumps be selected for further study:
(1) a pump with a vertical shaft and a free gas-to-
salt interface and a totally enclosed fan-cooled
motor drive; and (2) a turbo-pump energized by a
secondary fluid, possibly a barren-salt mixture that



is compatible with the reactor salt and the container
material.

Three preliminary centrifugal pump layouts were
selected by Westinghouse for inclusion in their ;
report (a number of other, less applicable, layouts

were shown to ORNL engineers during the course of

the work). Two of the layouts included in the re-
port showed pumps of the sump type (having a free

" liquid-to-gas interface in the body of the pump).
Both of these layouts made use of a salt-lubricated
lower bearing, while the upper bearing was lubri-
cated by a low-melting-point salt in a container
physically separated from the process salt. - Both
pumps made use of totally enclosed motors.

The third Westinghouse layout showed a sub-
merged pump completely filled with salt that made
vse of o motor designed for operation at high
temperatures. Both the journal and the thrust
bearings were lubricated by the molten salt.” The
motor windings were to be made with a specially
formed mica insulation system being developed by
Westinghouse for another reactor project. A sub-
merged pump of this type would have advantages in
c molten-salt reactor in that (1) the heating of the
pump parts by fission gases would be eliminated and
(2) the pump could be made considerably smaller
than a sump fype of pump. “ :

One of the primary purposes of these desi ign .

studies was to determine which particular elements

of a fuel pump should be selected for inclusion in
the development program. In this respect, both
vendors emphasized the need for salt-lubricated
bearings.

Frozen;Lead Pump Seal ’
W. B. McDonald E. Storto
L) L. Crowley

A small submerged centrifugal pump with a-
frozen-lead seal was designed and fabricated and
is being operated-in evaluation tests. The pump
volute and impeller were pattemed after a standard
Eastern Industries, Inc., Model D-11 il pump and
" were fabricated of Inconel. The pump barrel, which
is the container for the lead, contains the seal
glond. The gland incorporates a long tapered
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annulus which narrows te a short annulus of con-
stant diameter around which the cooling ceil is

wrapped (see Fig. 1.2.1).

* The pump shaft is a directly coupled extension
.- of the motor shaft and depends upon the motor for
support and guidance. There is a 0.015-in. diam-

etral clearance between the pump shaft and the

" pump body at both the seal gland and the volute

The drive motor is a fractional horsepower (,é) in-
duction motor rated to draw 2.0 amp under a full
load at 3460 rpm. During operation with the
frozen-lead seal this motor utilizes 1.5 amp at

‘3580 rpm.

The test loop in which the pump is operating con-
sists of /-m. sched-40 Inconel pipe with @ small
surge funk at the top. Heat is applied by Calrod
heaters controlled by Variacs, and temperatures are
measured and recorded by thermocouples and a
recorder. The pump, motor, and loop assembly is
shown in Fig. 1.2.2 without the heaters and thermo-
couples,

In preparation for filling, the loop piping was
heated to 1000°F. With the pump shaft rotating,
1100 g of pure lead was loaded into the pump
barrel; the chamber was about two-thirds full. The
remainder of the loop and the pump barrel were then
filled with fused salt mixture 30 (NaF-ZrF -UF ‘)
and flow was started. Isothermal operchon was
established at 1200°F for the main loop, ond the
temperatures of the pump barrel were regulated to

‘establish a lead-to-fused salt interface temperature

of 1200°F and a seal-gland temperature of 820°F.

Since fﬁe start of operation on June 13, 1958, the

’ ’;pump and seal have operated continuously for 2600

hr. During the first 100 he of operation, a slight

“leakage of lead was observed. This was stopped
" by adjusting the coolant flow, and no leakage has

occurred since. A closeup view of the seal gland

. while in operation is shown in Fig. 1,2.3.

In order to further evaluate the possibility of a

~ lead-sealed pump, a lcrger model is being pre-

pared for testing. A 3/-ln.-d|q shaft, which will
operate at 1200 rpm, w 1[ be used in a seal gland of
similar configuration. The peripheral speed of the
shaft will be 1020 fpm compared with 190 fpm for

the smaller quel.
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v Fig; 1.2.1. Sectional View of Lead-Sealed Pump.
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Fig. 1.2,2. Frozen-Lead Sealed Pump and Test Loop
Without Heaters and Thermocouples.
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Fig. 1.2.3. Frozen-Lead Seal Gland During Operation.

DEVELOPMENT OF TECHNIQUES FOR REMOTE
MAINTENANCE OF THE REACTOR SYSTEM

W. B. McDonald

'_Méchcnical Joint Development
A. S. Olson

The necessity for the development of a reliable
mechanical joint was explained previously,” and
detailed descriptions of the three types of joints
under consideration were presented. Screening
tests of the three joints were conducted under
thermal-cycling conditions in e high-temperature
loop that circulated fuel 30 (NaF-ZrF -UF ) at
temperatures up to 1500°F, 8,9 7

During this quarter, ‘fhe\ freeze-flahge and in-
dented-seal-flange joints were tested with sodium,
since sodium may be used as the | primary coolant
for a molten-salt power reactor. The two joints
are shown installed in the loop in Fig. 1.2.4. The

‘testing procedure consisted of the following: (1)

assemble joint and leak check (cold)ron helium leak
detector; leakage specification, S1x10~7 em of
helium per second; (2) weld joint into loop and

- operate through 50 thermal cycles between 1100

ond 1300°F; (3) drqm loop and remove |omf intact;

A s, Olson, MSR Quar. Prog. Rep ]an. 31, 1958,
ORNL-2474, p 20.

8a. s, Olson, MSR Quar. Prog. Rep. ]une 30, 1958,
ORNL.-2551, p 24.

9W. B. McDonald, E. Storto, A. S. Olson, Screenmg
Tests of Mecbamcal P;‘p Jomts or a Fused Salt Re-
actor System, ORNL CF-58-8-33 (Aug. 13, 1958).
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Fig. 1.2.4, Freeze-Flange and Indented Seal-Flange Joints Installed in Loop for Testing with Molten Sodium.

(4) leak check joint on leak detector; and (5)
separate joint, remake joint, and leak check.

The leakage rate for the freeze flange joint,
which contained a seal ring made of annealed
copper, was 2 x 10-8 cma/sec before the test and
1x 107 cm3/sec after the test. The flangese
were then separated and reassembled with a new
seal ring of the same material, and the leakage
rate dropped 1o 1.3 x 10~8 em3/sec. ‘

The leakage rate for the indented-seal-flange
joint, which contained a seal ring made of nickel-
plated Armeo iron, was 5 x 108 cm3/sec before
the test and 3 x 10~8 em3/sec after the test. The
flanges were then separated and reassembled with
a new seal ring of the same material, and the leck-
age rate dropped to 1 x 108 em3/sec.

Temperatures were measured during the test at
the points indicated in Fig. 1.2.5. The molten
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Fig. 1.2.,5. Diagram of Locations of Thermocouples on

Sodium.

- Mechanical Joints Tested in a Loop That Circulated



sodium was circulated at a flow rate of 2 gpm, and
the average temperature cycle time for the 50-cycle
test was 60 min. Representative temperatures
measured during the test are listed in Table 1.2.2.
Both joints operated successfully; there was no
indication of sedium leakage. The separated joints
are shown in Figs. 1.2.6 and 1.2.7 as they appeared
after the test.

The annealed copper seal ring used in the freeze-
flange joint was identical to that used in the pre-
vious tests with molten salt. The gasket used in
the indented-seal-flange joint was made of annealed
Armco iron that was nickel plated to prevent oxi-
dation of the iron. This gasket material was also
successfully tested with molten salt. ,

A detailed description of the large freeze-flange
joint for use in a 4-in.-dia line was presented
previously.® Tests of two of these joints were con-
ducted in a high-temperature loop that circulated
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fused-salt fuel 30 at temperatures up to 1300°F
under thermal-cycling conditions. The flanges are
shown installed in the loop, prior to testing, in

Fig. 1.2.8, and the test loop.is shown schematically
in Fig. 1.2.9.

A heater-insulation unit, designed for use on a
4-in.-dia line, was installed on the lcop and tested
along with the large freeze-fiange joints. The
heater-insulation unit is shown in Fig. 1.2.10. A
spacer is shown in Fig. 1.2.11. Two of the heater-
insulation units and one spacer, located between
the units, are shown installed on the test loop in
Fig. 1.2.8. It was found that the thermal loss from

“the two units was about four times the heat loss
from an equivalent length of ‘‘Hy-temp’’ pipe in-
sulation 3 in. thick on a 4-in. pipe.

The cold leakage rates for the two large freeze-

_ flange |omts, before installation in the loop, were

6.7 x 10=8 cm® of helium per second for flange No.

Table 1,2.2. Temperatures Measured During Thermal Cycling of
Flanged Joints in a Sodium=Filled Test Loop

Thermocouple T:::ie':‘:f:re Cycle Tr::ei:;:re Cycle
Number®* ©F) Number ©F) Number
FreezesFlange Joint
27 110 10-20-28-29 133 9
28 '170 21 215 9-41
29 905 29-31-32-34 1095 1-2
30 1075 - 31-32 1295 g
31 1045 31-32-39 1255 Numerous

3z 890 38 1085 2
33 170 20 212 89
34 o108 10 130 8-9
Indented-Seal-Flange Joint
21 908 - 37 1025 35
22 920 4 1035 18-28-41
23 925 34 1050 35
24 965 Numerous 1110 35
25 1060 32.38 1055 Numerous
26 1 1078 21-33 1288 8-41

*See Fig. 1.2.5 for location of thermocouples.
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,Fig.:'l;2 6. Indented-Seal-Flange Joint After Re:ﬁovul from Molten Sodlum Test Loop.
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Fig. 1.2.8. Large Freeze-Flange Joints and Heater-Insulation Units Installed in Test Loop.

1 end 1.6 x 10~8 em®/sec for flange No. 2. During
the loop test, temperatures were measured at the
points indicated in Fig. 1.2.12. Molten salt was
circulated at a flow rate of ~40 gpm: The salt
temperature was cycled 50 times between 1100 and
1300°F; each cycle was of 2 hr duration. Repre-
sentative temperatures measured during the test
are listed in Table 1.2.3.

There was no indication of salt leakage durmg
the test, but gas leakage tests made on the flanges
while they were installed in the loop indicated
leckage rates in excess of the maximum allowable
leakage rate of 107 em? of helium per second.
The bolts on the special clamps around each joint
were tightened from original loads of 180 ft-Ib each
to approximately 400 ft-lb each wnthouf cpprecmble
improvement of the leakage rates."

The clamps were therefore removed from the
flanges, and additional bracing was welded to them
to permit higher loads. In addition, oxide was re-
moved from the clamps, and they were given an
oxidation-resistant coating. A special lubricant
containing graphite and molybdenum disylfide in a
resin base was also coated over the surfaces of
the clamp and bolts to reduce friction between
mating surfaces and thus provide a clamp of greater
efficiency. Two seal rings are being fabricated
from 25 aluminum. It is believed that the use of
these seal rings and a higher bolt loading will
provide a gas-tight joint. The thermal-cycle testing
will be repeated following these modifications.

Both of the joints were separated, after removal
of the clamps, and the inside surfaces of the
flanges were examined for signs of cracking caused .

AN
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Fig. 1.2.11. Spacer for Heater-lnsulation Unit.
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Fig. 1.2,12, Diagram of Location of Thermocouples on
Joints Tested in Mechanical Joint Development Test
Loop.

by thermal stress. No such stress cracks were ob-
served in dye checks.

The joints were easily disassembled in about 20
min. The frozen salt in each joint was firmly
attached to the stainless steel screen that had been
placed there for that purpose, as shown in Fig.
1.2.13. A flange is shown with the screen and
salt seal removed in Fig. 1.2.14. Note that the
flange face is sufficiently clean for reassembly of
the joint. .

Evaluvation of Expansion Joints for Molten-Salt
’ Reactor Systems

J. C. Amos

Three commercially available expansion joints
have been tested in the test facility shown in Fig.
1.2.15. The joints were cycled over their maximum
allowable traverse at rated conditions of 1300°F

. and 75 psig in an environment of molten salt or

Toble 1,2.3, Temperatures Measured During Thermal Cycling of Freeze-Flange Joints
in Mechanical Joint Development Test Loop

Thermocouple Minimum Cycle Maximum Cycle
Number* Temperature Number Temperature Number
(°F) (°F)
Flenge No. 1

1 440 v 550 3

2 827 17 1030 6-10

3 962 17-18 1140 10

4 965 - 17-18-29 1135 10

5 875 10-17-29 1030 10

6 353 5 ' 435 30

7 265 17 305 . 3

8 247 17 288 11-32

Flange No. 2

9 458 28 598 32
10 882 28-29 1045 3 10
n 970 17-18 1140 Numerous
12 932 18 1098 . 26
13 898 18 1063 8
14 413 17 510 2-3-31-49
15 242 17-18-41 307 ) 49
16 330 10-18 378 49

*See l.'-'ig. 1.2.12 for location of thermocouples.
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isassembled Freeze-Flange Joint Showing Frozen Sclt Seal on Insert Screen.

1.2.13. D

Fig.

UNCLASSIFIED

PHOTO 32549

\

Fig. 1.2.14, Disassembled Freeze-Flange Joint After Removal of Frozen Salt Seal and Screen.
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Fig. 1.2.15. Expansion Joint Test Facility.
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sodium. The joints and the results of the tests are
described in Table 1.2.4. . ., =

The failure of the Zallea joints cannot be con-
strued as a reflection of the integrity of the joints,
since the bellows were evidently weakened by the
attachment of thermocouples. The Cook Electric
Company joint will be examined metallurgically in
an effort to determine whether the failure was due -
to a weld defect or to excessive stresses at rated
operating conditions. Three mere expansion joints,
shown in Fig. 1.2.16, are currently being installed
in the test facility. Thermocouples WI" not be

tfached to these units.
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Remote Maintenance Demonstrution Facility
#et Cu K. McGlothlan

The contractor’s portion: of the field construction
work for the remote maintenance demonstration
‘facility (Fig. 1.2.17) in Experimental Engineering
Building 9201-3 has been completed.  This work

- consisted of fabricating and erecting the salt safety
spill tray and enclosure and the railway for the
manipulator.. In addition, the contractor installed
structures for the dummy reactor, piping, and dummy
heat exchangers (Fig. 1.2.18).

In Fig. 1.2.17 the fuel dump tank and two dummy
heat exchangers are also shown in their approximate

Table 1.2.4. Descriptions of Expansion Joints and Results of Tests

Vendor " Cook Eleetric Co.
Material L Stainless steel
Test fluid i Sodium

Maximum traverse of joint 2'|/4 in.

Number of cycles to failure n

Location of failure : Bellows seam weld

Zaollea Bros.
Inconel
Molteﬁ salt
25/8 in.

49

Thermocouple attachment

to bellows

Zallea Bros.
Stainless steel
Sodium

5 .
2/8 in,
60

Thermocouple attachment

to bellows

. FLEXCONICS CORP
JOINTS

COOKELECTRICCO l°f"'|’9" I??!|.{9‘n‘uwj

JOINT

UNCLASSIFIED
PHOTO 32544

Fig. 1.2.16. Expansion Joints To Be Tested in the Expansion-Joint Test Facility.,
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Fig. 1.2,17. Remote Muiﬁtenunce Demonstration Facility.

position. Although this facility contains a dummy
reactor and two dummy heat exchangers, it will con-
tain ¢ loop with a pump for circulating molten salt
at 1250°F through 3'/2-in. and 6-in. Inconel pipe.

it will be demonstrated in this facility that any

or all components of this quarter-scale simulated
reactor system can be maintained remotely by @
General Mills manipulator as viewed through a
stereo-type closed-circuit television system. The
procedures developed can be adapted for use on a
full-size reactor system.

The manipulator will operate on a 40-ft-long track
with a 22-ft span. The vertical travel of the mani-
pulator arm will be 20 ft. This manipulater is now
being constructed at General Mills Company.

The first of three shipments of equipment for the
two closed-circuit television systems has been

made by General Precision Laboratory. The dummy
reactor has been fabricated and is on the job site.

Fabrication in a local job shop of the 3‘/2-in. and
6-in. loop piping subassemblies is in progress.
Bids are being obtained for the fabrication of 20
sets of freeze flanges and the removable electric
heater and insulation units for the 3%-in. and 6-in.
piping. In addition, bids are being ogtained to
medify an existing molten-salt pump for use in
this system,

Approximately two-thirds of the engineering work
for this job has been completed. The remaining
portion of the engineering work consists mostly of
electrical, instrumentation, and remote tocling de-

_sign..
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Fig. 1.2,18. Hea? Exéhanger,’Piping‘cnd Reactor Support Sfrueﬁ:re of Remote Maintenance Demonstration Facility.

HEAT EXCHANGER DEVELOPMENT
J. C Amos

ALCI, Therm'ul-Convectign Loop -

A thermal-convection loop has been designed for
evaluating the heat transfer performance of cluminum
chloride gas. This gas has been suggested as a
possible low-pressure gas coolant which would
eliminate many of the containment problems in-
herent in high-pressure gas systems. Aluminum
chleride gas is of interest for the molten-salt re-
actor concept because of the almost complete dis-
sociation reaction (Al Cl ""'"2A|Cl ) that occurs
between 900 and 12008F This dlssocmﬂon pro-
cess is reversible and results in @ large increase

" in the heat capacity of the gas over the temperature
range presently considered for the molten-salt re-
actor fuel (see Chap. 2.3, ““Chemistry,”’ for dis-
cussion of ‘“Gasecus Aluminum Chleride as a Heat

Exchange Medium''). Operation of a thermal-
convection loop should provide an initial qualitative
evaluation of the effect of dissociation on the heat
transfer characteristics of this gas.

The small-scale opparatus shown schematically
in Fig. 1.2.19 was assembled to obtain a subli-
mation temperature vs pressure curve for aluminum
chloride and to provide preliminary compatibility
data for the gas in the container materials of
principal interest. A plot of the temperature vs
vapor pressure data is presented in Fig. 1.2.20.
Inconel and INOR-8 corrosion samples installed in
the test apparatus were exposed to aluminum
chloride vapors for 1000 hr. Visual and metallo-
graphic examination disclosed intergranular attack
to @ maximum depth of 2 mils at the high-temperature
(1200°F) end of the Inconel specimen and grain-
boundary penetration to a depth of 0.5 mil at the -
high-temperature end of the INOR-8 specimen. The -
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Fig. 1.2.19. Diagram of Apparatus for Determining
Aluminum Chloride Sublimdtion Temperature vs Pressure
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cold end (750°F) of both specimens revealed a
light, metallic-appearing deposit of a maximum
thickness of 2 mils on the INOR-8 specimen and 1
mil on the Inconel specimen. Spectrographic
analysis showed this deposit to be predominantly
aluminum. Representative photomicrographs of
these specimens are shown in Figs. 1.2.21 through
1.2.24. These preliminary data indicate that either
of the materials tested would be satisfactory for
use in the thermal-convection loop end suggest that
there may be no serious compatibility problem
between aluminum chloride gas and INOR-8, the
centainer material proposed for ¢ molten-salt power
reactor system. ' ,

Molten-Salt Heat Transfer
Coefficient Measurement

Modifications to the molten-sclt heat transfer co-
efficient test facility required for o salt-to-salt heat
transfer test are essentially complete. Data runs
will be started early in the next quarter. A de-
scription of this test facility and the results of o

_salt-to-liquid metal test were reported pre-

viously. 1%

‘IOJ. C. Amos, R. E. MacPherson, ond R. L. Senn,
MSR Quar. Prog. Rep. Jan. 31, 1958, ORNL.-2474, p 27.

"J. C. Amos, R. E. MacPherson, and R, L. Senn,
MSR Quar. Prog. Rep. June 30, 1958, ORNL-2551, p 31.
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Fig. 1.2.21. Top of Inconel Specimen Exposed to
Aluminum Chloride Gas at 1200°F for 1000 hr.  Etchant:
glyceria regia.  250X.



Fig. 1.2.22, Bottom of Inconel Specimen Exposed to
Aluminum Chloride Gas at 750°F for 1000 hr. Etchant:
glyceric regia. 250X.

UNCLASSIFIED
T-15801

Fig. 1.2.23. Top of INOR-8 Specimen Exposed to
Aluminum Chloride Gas at 1200°F for 1000 hr. ‘Etchant:
aqua regia. 250X.

PERIOD ENDING OCTOBER 31, 1958

JUNCLASSIFIED
T-15800

_Fig. 1.2.24, Bottom of INOR-8 Specimen Exposed to
Aluminum Chloride Gas at 750°F for 1000 hr. As
polished., 250X.

DESIGN, CONSTRUCTION, AND OPERATION OF
MATERIALS TESTING LOOPS '

Forced-Ciréuidion Loops
J. L. Crowley

Construction and cperation of forced-circulation
corrosion testing loops was continued. Operation
of seven new loops was started during this peried,
and three loop tests were terminated. By the end
of September, 13 loops were in operation and one
loop was ready to be filled, Nine of the operating
loops are constructed of INOR-8 and four of Incenel.
A summary of operations as of September 30, 1958,
is presented in Table 1,2.5.

Of the three terminated loops, one was an In-
conel loop (9377-1), one an INOR-8 locp (9354-2),
and the cther an Inconel bifluid loop (designated
CPR). The decision was made to terminate loops
9377-1 and 9354-2 after the power failure on April
6 caused their failure.'2 The CPR loop was termi-
nated after completion of a year of operation to

12, 4. Crowley, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 33.
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Table 1,2,5. Forced-Circulation Loop Operations Summory as of Septémber 30, 1958

‘

} ‘ Composition Asproximate Approximate Maximum Minimum Maximum Hours of
Leop Loop Material | . Number of ;::w Rate Reynolds Wall Fluid Fluid Operation at Comments
Designation and Size Circulated (gpm) Number at ~ Temperatur Temperaturs  Temp e  Conditions
Fluid* 9P 1100°F P °F) ©F Given
CPR Inconel, 3‘ in. sched 40, 122 1 5,000 1250 1095 - 1190 2148 Operation terminated to provids operating
‘ l in. OD x 0,035 in, wall, Sodi 7 ’ 97,700 nas space for an additional loop
6 in. OD x 0,035 in, wall v ‘ 1085 :
9344;1 Inconel, /2 in. OD 123 2 3,250 1300 1105 1230 . 7950 Fluid dumped on July 3 for changing of
0.045 in. wall . pump motor
© 9354.3 " INOR.8 ) 84 2,75 1200 1100 1145 6289 Operation stopped temporarily on June 16
‘ for removal of section of loop piping for
Het leg, % in, sched 40 4,500 ‘ metallurgical exomination; restarted
Cold leg, ¥ in. OD, 5,400 ' with Tw batch of fluidloﬂcr pUMP re-
0.045 in. wall placed and emergency heaters added
9344.2 Inconel, '4 in. OD, 12 2.5 8,200 1200 1000 1090 5861 Fluid froze on July 2 when foulty relay
0,045 in. wall cavsed loss of pump drive; fluid
partially froze again on Aug. 5 when o
" building power failure caused failure
of the pump drive motor; operation re-
" sumed after both incidents
9377-3 Inconel, !5 in. OD, 131 2 3,400 . 1300 1100 1240 4774 Fluid dumped on July 23 for npair of
: 0.045 in. wall - holting oil rotary wion .
9354-1 Inconel, 4 in. OD, 126 2.5 2000 1300 1100 1190 4308 Fluid dumped on June 20 for instal-
: 0.045 in. wall lation of emergency heoters; fluid
: dumped on July 29 when a lug
odopm' mode of SP-16 mmiol do-
ped a crack; adapter rep
ond operation resumed
9377-1 Inconel ]& in. OD, 126 2 1,600 1300 ’ 1100 ns #13 Operation terminated after rupture de-
0.045 in, wall scribed previously
9354-5 INOR-8, 6 in, OD, 120 1 C2,200 0 0 1300 1095 1230 3383 Fluid portiolly froze on Aug. 5 when
0,035 in. wall ‘ . v building power failure coused pump

drive motor failure; loop contains
graphite samples

13043y SSIY90Ad 8013V§ ¥ LTVS*NI LI0W
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Table 1.2,5 (continued)

Approximoh

R . Composition Approximate Maximum Mini Maxi Hours of
.~ Leop Loop Material Number of : Reynolds . Wall ~ Fluid Fluid Operation at
" Designation . ond Size " _Circuloted Flr :;“ Number at  Temperature  Temp: perati Conditions Comments
5 o Flud* 9P - 1100°F A ©F ©P Given
9354-4 INOR-8 130 2,5 1300 1130 1200 1646 Operation started July 23; loop con-
Hot feg, % in: sch ad‘ o0 3,000 : : _ tains three INOR-8 somple inserts
_ Coldleg, jin.0D, 3,500
© 0,045 in. wall . -
MSRP.7  INOR-8, % in. OD, - 123 Not Not 1300 n00 1210 1302 Operotion started on Aug, 7
‘0.045 in. woll e _available ‘available : :
9377-4 *Inconel, Y in. ‘oD, 120 175 2,600 1300 100 185 1247 First loop with cooler coil ond con- -
. 0.045 ln. wcll ' trols of new design; operation storted
July 24; new: protective devices pre-
vented freezing of fluid on two
occasions of pump foilures; pumps re-
placed ond operation resumed
93542 INOR-8, % in. OD, 2 2 6,500 1200 1050 1140 1052 Operation terminated after rupture de-
0.045 in. wall scribed previously
- MSRP-6 * INOR-8, ¥ in. OD, 134 5 Not S Net ¢ ¢ 1300 1100 <1190 822  Pump bound on first stortup attempt;
0.045 in. wall : availoble available - ) during preheating ofter pump change,
N ; - loop tubing parted between cooler and .
pump before fluid was introduced;
tubing being examined by Metallurgy
' Division for couse; loop repaired ond
operation no_ﬂcd on Avg. 27
'MSRP-8  INOR-8, % in. OD, EERYVTE © 2.0 4000 1200 100 1210 605 Operation started on Sept. 4
'0.045 in. wall : ‘ ' - .
MSRP-9  INOR-S, % in, OD, 134 © Not " Not 1300 mo 1225 411 Operotion storted on Sept. 10
. .045 in. wall - available available
MSRP-10  INOR-8, % in. OD, 135 Not Not 1300 © 1100 - 1210 24 - Operation started cn Sept, 19
' 0.045 in, wall " available available S

*Composition 12: NaF-LiF-KF (11.5-46.5-42 mole %)
Composition 84: NoF-LiF-BeF, (27-35-38 mole %)

Composition 122: NaF-2eF (UF,

(57-42.1 mole %)
Composition 123: NuF-BoF -UF (53-46.1 mole %)
Composition 126: LiF-BeF -UF (53-45-1 mole %)

Composition 130: LiF-BeF gUF, (62-37-1 mole %)
Composition 131: LiF-BeF -UF (60-36-4 mole %)
Composition 133: LiF-Bef 4JF (711613 mole %)
Composition 134: LiF.BeF, oThF‘- JUF, (62:36,5-1:0.5 mole %)

Covnposiﬁon 135: NaF-BeF -ThF -UF (53-45.5-1-0.5 mole %) "

8561 ‘1€ ¥390.L00 SNIGN3 401y 3d
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provide space for an additional loop (see Chap. 2.1,
*‘Metallurgy,’’ for results of metallurgical exami-
nations).

Other than minor occurrences involving individual
loops, there were only two incidents during the -
quarter that cffected all loops. The first was a
building power failure on August 5 of less than 1
min duration that affected seven operating loops.
At this time, while an extensive emergency elec-
trical system was being installed, all loops were
equipped so that momentary power failure would
automatically place them on isothermal operation.
Five of the loops did resume operation isothermally
after the power was reapplied. On two loops,
9354-5 and 9344.2, the pump drive motors tripped
out on overload when required to restart under the
load of the magnetic clutch and the pump. These
two loops were partially frozen when circulation
was not maintained but were both successfully -
thawed and placed back into operation. The over-
load breakers on all motors, although sized accord-
ing to proper electrical code, were increased to
carry a larger startup current. :

The other incident that affected all loops was ¢
changehouse fire across the sireet from where the
forced-circulation comosion loops are located.

The fire destroyed the poles supplying an alternate
power source to the building and also threatened to
spread to the operating area. All operating loops on
that side of the building were placed on iscthermal
operation in preparation for dumping. [t was not
necessary to dump, however, and the loops were
returned to normal operating conditions after the
danger was past,

Orders were placed for the fabrication of three
INOR-8 loops and two Inconel loops. One INOR-8
loop will be used as a spare and two Inconel loops
will replace two presently operating loops sched-
vled to be terminated.

Of the thirteen facilities with operating loops,
six are of the new design, which gives maximum
protection, as described previously.'? The re-
maining seven are in various stages of improved
protection that could be provided without dlsturbmg
the |oop piping.

In-Pile Loops
D. B. Trauger
J. A. Conlin P. A. Gnadt

Assembly of the first MSR in-pﬂe loop will be -
completed by November 1, and the loop is sched-
uvled for insertion in the MTR December 1, 1958

42

(MTR cycle 113). A second loop is being as-
sembled, and parts for a third loop are being fabri-
cated. The second loop will provide additional

" data and serve as a backup loop in the event of a

failure of the first loop. The instrumentation and
contrels required for loop operation are bemg pre-

~ pared at the MTR.

The schedule for operation of the second loop
will be determined by the success of the first loop
and the outcome of pump tests presently under way,

_ as described previously.'® In these tests, two

" methods have been tested for starting the loop in
* the reactor. The first method consisted of filling
- the loop during assembly, freezing the salt, and
" then thawing it out after insertion in the reactor.

It was demonstrated in four successive tests with
the first prototype pump that progressive meltout
from the pump to the nose coil could be achieved
without damage to the loop. During meltout, how-
ever, pump speed perturbations occurred, and
several hours after the fourth meltout the pump
seized. Investigation showed a large accumulation
of salt in the intermediate region between the sump
and bearing housing and salt in a granular form
mixed with oil in the copper rotor region. Although
x-tay examination indicated that salt had collected
in the intermediate region without the concurrent .
meltout procedure, melting out of the loop was
probably a contributing factor.

A second method of starting the loop in the re-
actor was found to be satisfactory in a second
prototype pump test. The original filling system,
which consisted of an integral fill tank that was
heated and drained into the pump after installation
in the reactor was modified by changing the in-
ternal passages of the pump to eccommodate the
high surface tension of the salt. This system was
incorporated in the first loop.

The appearance of salt in the region between the
sump and bearing housing in both the first and
second prototype pump tests presents a further
difficulty. The melting and thawing of the loop in
the first test was thought to have been a con-
tributory cause; however, the salt deposit appeared
again in the second pump test-but to a lesser degree.
This salt transfer is not understoed, but is be-
lieved to be, in part, a function of the suspected
high surface tension of the fluid. At present the
second prototype pump, similar to the pump used

'3p, B. Trauger, J. A. Conlin, and P. A. Gnads,
MSR Quar. Prog. Rep. June 30, 1958, ORNL-2551, p _34.



in the first loop, is being tested to determine the

effect of this phenomenon on long-term operation.
A third test of a modified pump is being set up in
an attempt to correct the situation. Modifications
indicated by these tests will be incorporated in

PERIOD ENDING OCTOBER 31, 1958

the pump of the second loop. Since construction of
the first loop is beyond the point that would permit

‘pump modification, the period of in-pile operation

will be based on the duration of the pump life test
presently in progress.
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1.3. ENGINEERING RESEARCH
H. W. Hoffman

Reactor Projects Division

PHYSICAL PROPERTY MEASUREMENTS equation,

W. D. Powers R. H. Nimmo Ho = Hygo = a+bT + cT? (cal/g) ,
Enthalpy and Heat Capacity where the temperature T is expressed in °C. The

coefficients b and c of Table 1.3.1 may be used to

The enthalpies, heat capacities, and heats of ;
obtain the heat capacity, Cpr from the following

fusion were determined for six additional salt mix-

tures. Of these, two were fuels of the alkali metal- ~ eduation:

berylliu.m system; and the other four were chlorides ¢, = b+ 2cT (cal /g-°C) .

of possible interest as secondary coolants. The L4

results are given in Table 1.3.1, in which the con- For comparison and completeness, previously de-
stants a, b, c, are the coefficients in the enthalpy termined values of several related mixtures are

Table 1.3.1. Enthalpy Equation Coefficients ond Heats of Fusion of Several Fused Salt Mixtures

T Enthalpy Equation Heat of Fusion {cal/g)
emperature . s
Salt Mixture Phase Range (°C) Coefficients™ Temperature H, - Hq
a " b c °c)
x 10—3
NaF-BeF ,-UF Solid 100-300 -7.8 40251 +11.83
(53-46-1 mole %)  Liguid 400-800 57  +0.312  +10.87 365 2
LiF-BeF.,-UF Solid 100-300 -10.9  +0.293  +19.38
2°UF, 400 63
(53-46-1 mole %)  Liquid 400-800 128 +0.539 -1.90
LiF-BeF.-UF,**  Solid 100-300 —9.6  +0.293 +2.18
274 450 122
(62-37-1 mole %)  Liquid 470-790 +24.2  +0.488 +2.52
NaCl-CaCl, Solid 100-500 45 10158  +7.60
(49-51 mole %) Liquid 550850 —18.4  +0.358 -7.70 500 48
LiCl-CaCl,** Solid 100-425 32  +0.167 +11.31
(62-38 mole %) Liquid 520-895 +25.8  +0.289 " 496 61
LiCI-SrCly** Solid 100495 -3.6  +0.140  +4.25
(52-48 mole %) Liquid 550850 -39.8  +0.356 —8.16 525 43
LiCl-BaCl,** Solid 100500 4.5  +0.146 +2.50
(70-30 mole %) Liquid 550-850 6.6  +0.278 -3.93 5N 49
Licl-kCl Liquid 450-800 +153  +0.361 -3.12
(70-30 mole %)
LiCl-KCI Liquid 400800 +21.2  +0.315 —0.18
{60-40 mole %)
LiclkCl Liquid 500-800 +38.5  +0.239 +4.62
(50-50 mole %)

*Heat capacity may be evaluated from table as = b + 2cT; enthalpy given as Hp - Hggor=a+ T + cTz.
**Previously reported results repeated for completeness.



repeated in Table 1.3.1. Measurements of the
solid state have not been completed for the three
LiCl-KCl mixtures studied in the liquid state,

The results of initial measurements of the mix-
ture LiF-BeF,-UF , (53-46-1 mole %) were some-
what erratic. Spec:flcolly, the enthalpy valves
were observed to be a function of the heating-
cooling cycle history of the sample. Thus, for
samples heated to 450°C and suddenly quenched
in the calorimeter, an average enthalpy of 225 cal/g
was obtained. Data for four samples measured at
500°C resulted in an average enthalpy of 220 cal/g,
a value less than that for the original measurements
at 450°C. Since BeF, and mixtures containing
large percentages of BeF, are known to form
glasses, it was suspected that the anomalous be-
havior was associated with this phenomenon. Ac-
cordingly, the samples were remeasured with slower
cooling in the calorimeter (100 min to equilibrium
in comparison with the normal 20 to 30 min). The
slower cooling rate was achieved by msertmg an
msulchng liner within the cavity of the copper
block. Under these conditions, the enthalpy values
were temperature-consistent and of higher magni-
tude. Since the observed enthalpy is the energy
difference of the salt between the two given tem-
perature levels, the higher values indicate a lower |
final energy state and hence a more stable form.
Evidence obtained by varying the heating rate and -
pattern in attaining the initial sample temperature
suggests that the upper energy state was identical
for all the samples, " The results presented in
Table 1.3,1 for Ber-contommg mixtures are
based on the slow-cooling data,

The enthalples and heat capacities of the LICI-

KCI mixtures are compared in Table 1.3.2¢ona .
gram-utom basis with results obtained by Douglas
and Dever! at the National Bureau of Standords
for the eutectic mixture LiCI-KCl (59-41 mole %).
It is of interest to note the change in the tempera-
ture dependence of the heat capacity with decreas-
ing LiC! content in the mixture. Between 500 and
800°C the heat capacity of the 70-30 mixture de-
creases by 5.7%, that of the 60-40 mixture by only
0.3%, and that of the 59-41 NBS mixture by 3.5%,
while that of the 50-50 mixture increases by 9.7%.
Additional data will be required for verification of
this indicated effect of composition.

T. B. Douglas and J. L. Dever, Nchoncl Bureau of
Standards Report 2303, Feb. 20, 1953.

PERIOD ENDING OCTOBER 31, 1958

Surface Tension

Preliminary determinations of the surface tension
of the mixture LiF-BeF 2-UF ( (62-37-1 mole %) were
made with the use of the prevuously described
maximum- bubble-pressure method The results,
presented in Fig. 1.3.1, can be represented by the
equation,

o (dyne/cm) = 235.5 = 0.09 T (°C) ,

to within £5% over the temperature range of 460 to

2y. D. Powers, MSR Quar, Prog. Rep. June 30, 1958.

ORNL-2551, p 38.

Table 1.'3.2. Enlliu\ple: and Heat Capacities of
LiCl-KCl Mixtures of Various Compositions

LiCI-KC! Composition (Mole %)

Temperature : :
Co) 7030 60-40 50-50  59-41*
Enthalpy (cal/g-atom)
Hp = Hagoc Hy - Hgoe
500 4890 4920 . 4950 5160
600 5740 5790 5800 6030
700 6580 6650 6670 6890
800 7390 7510 7570 7730
’ Heat Capacity (ccl/gwfome)
500 ©  8.58 8.65 833  8.76
600 842  B.64 8.60  8.63
700  8.26 8.63 . 8.87 8.53
8.62 9.M4

800 - - - 8.09 8.45

*Results of Douglas and Dever at NBS (ref. 1).

UNCLASSIFIED

200 ORNL-LR-DWG 34514
3 ~—at—— e o

2 oy maae S Y |

£ & [ Tot—
2 150

z TUBE NO.  TIP 1D{in.)

3 o9 00700

£ o s 2 00520

H 23 00400

: L1

5w

450 500 550 600 650 700 750 800
TEMPERATURE (°C}

Fig. 1.3.1. Surface Tension of LiF-BeF ,-UF , Mix-
ture (62-37-1 mole %).
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750°C. Three tubes that differed in inside diam-
eter were used. It is felt that a major source of
the observed scatter of the data is the uncertainty
in the tube-tip inside diameter as a result of pro-
gressive plugging during a test series. Future
studies will include measurement of other salts of
known surface tension and noncorresive nature in
order to isolate the plugging effect and to estab-
lish accuracy limits for this technique.

Apparatus Fabrication and Calibration

The apparatus? for direct measurements of the
coefficients of thermal expansion of beryllium salt
mixtures has been fabricated and is being as-
sembled. The equipment? for determining the
thermal conductivity of the beryllium salts is being
fabricated. The thermal gradient, and hence the
heat flux, at the ends of the cylinders is to be de-
termined from temperature measurements made at a
large number of positions within the cylinders.
Since it was not found to be feasible to locate the
thermocouples coaxially, interpretation of the ther-
mal profile under conditions of heat exchenge at
the cylinder walls becomes difficult. It is planned
to aonalyze statistically the experimental tempera-
ture data from the initial measurements so as to
ascertain the thermocouple locations that yield
maximum heat flux precision,

Efflux-cup viscometers are being calibrated that
have larger volumes than the viscometers used
previously.? It is believed that effects such as
**surface-humping’’ will be sufficiently reduced to
allow more precise measurement of the viscosity
of the beryllium salts. Apparatus for the determina-
tion of the electrical conductivity of the beryllium
salts is being assembled.
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MOLTEN-SALT HEAT-TRANSFER STUDIES
F. E.-Lynch -

Heat balance difficulties have been experienced
in the evaluation of experimental data on the heat-
transfer coefficient of LiF-BeF,-UF , (53-46-1
mole %) flowing through an electrical-resistance-
heated small-diameter Inconel tube. Specifically,
the measured electrical heat input has been ob-
served to be only one-half the convective heat
gained by the salt, as calculated from temperature
and flow rate measurements. A check made with
recalibrated instruments and with additional instru-
ments indicated that the power measurements were
not the cause of the discrepancy. New, precali-
brated thermocouples have been installed, and the
weigh-beam flow-measuring device has been re-
checked. A second series of runs will be initiated

'shortly under conditions that closely approxlmafe

those of the earlier experiments.

The molten-salt pumping system is being as-
sembled. Since it is the purpose of this study to
determine whether effects such as surface film
formation occur after long exposure of the metal to
the beryllium salt, it is sufficient to obtain rela-
tive values of the heat-transfer coefficient. Itis
now planned, however, to include an experimental
turbine-type flowmeter in the loop and alsc to de-
termine the flow from the pump calibration, so that
if the flow values obtained by these two methods
consistently agree, an estimate of the heat-transfer
coefficient can be made. The system will contain .
an INOR-8 test section, if available, in addition to
the Inconel test section. The two test sections
will be located in adjacent legs of the loop, and @
three-electrode heating scheme will be used. It
will also be necessary to include a heat exchonger
to control the system temperature. '



RESISTANCE-TYPE CONTINUOUS FUEL

A series of tests of the Inconel resistance-type
fuel-level-indicating elements described previ- -
ously! was completed, and typical data are sum--
marized in Table 1.4.1. The results of these tests:
were somewhat disappointing. Although:fuel 130

PERIOD ENDING OCTOBER 31, 1958

1.4, INSTRUMENTATION AND CONTROLS

H. J. Metz

Instrumentation and Controls Division

LEVEL INDICATOR
R. F,.Hyland

Table 1.4.1. vSurnmnry‘ of Data from Tests of Resistance-Type Fuel Level Probes

!

has si:fficieht resistance to provide a useful milli-
volt output from the probe, the data for a given set

of conditions could not be reprecduced. One pos-

sible source of these inconsistencies is polariza-

Probe iupplvj voltage (regulated): 3.4 vac

Probe ;upply current (constant): 1.0 emp
Frequency: 60 cps .

Readout device: Hewlett-Packard

Mode! 400H VTVM
-Fuel 130: .LiF-BeF,-UF , (62-37-1 mole %) '

‘R. F. Hyzland, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 48.

tion, a phenomenon commonly encountered in con-
ductivity measurements. - This and possible surface
tension effects will be investigated in future tests.

Test ‘Levol chg§ Probe Output Zero to Maximum
Run Dote Temperature {in. of fue! at Zero Level - Level Probe Output Probe Output
No. 1958 (OF) . ‘130) (mv) Range (mv) SPCI'I (I‘I'IV)
1 7/29 . . - 1000 : Q=6 15.7 15.4-12.0 3.4
2 9/2 1000 0-6 15.7 14.9-8.0 6.9
1 8/5 1100 0-6 15.7 15.2-11.5 3.7
2 8/22 100 0-6 15.7 14.2-6.0 8.2
1 &/ 1200 0-6 15.7 -15.5-12.2 3.3
2. 8/22 1200 0~-6 15.7° 14.6-7.0 7.6
1 8/20 1300 0-6 15.7 14.8-7.4 7.4
2 9/9 1300 0--6 15.7 7.6

‘14.7-7.1
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1.5. ADYANCED REACTOR DESIGN STUDIES

H. G. MacPherson
;- 'Reactor Projects Division

LOW-ENRICHMENT GRAPHITE-MODERATED
’ MOLTEN-SALT REACTORS

H. G. MacPherson

A rough survey of the nuclear characteristics of
graphite-moderated reactors utilizing an initial com-
plement of low-enrichment vranium fuel has been- -

‘made.! The pertinent characteristics of a number -
of such reactors are presented in Table 1.5.1. It
may be seen that reactors could be constructed
that would operate with fuel enriched initially with
as little as 1.25% U235; initial conversion ratios
as high as 0.8 could be obtained with a fuel en-
richment of less than 2%. Highly enriched uranium

would be added as make-up fuel, and such reactors

could probably be operated te burnups as high as
60,000 Mwd/ton. The total fuel cycle cost would
be approximately 1.3 mills/kwhr, of which 1.0 mill
would be the cost of the enriched U235 that would
be burned-up.

H. 6. MacPherson, Survey of Lou~Enrichment Molten-
Salt Reactors, ORNL CF-58-10-60 (Oct. 17, 1958).

A NATURAL-CONVECTION MOLTEN-SALT
' REACTOR '

A study was made of a large natural-convection
power reactor to determine the approximate size of
the components and the fuel volume for comparison
with other molten-salt reactors in which the fuel is
circulated by a pump.? A reactor with a power -
rating of 576 Mw (thermal) was chosen for study so
that the heat generated in the core would be com-
parable to that generated in the core of the interim
molten-salt reactor,

The rather simple configuration of reactor, heat
exchanger, and piping shown in Fig. 1.5.1 was

“"uysed in the study. All calculations were done on

the basis of one heat exchanger, one riser, and
one downcomer. Since the frictional losses in the
piping are determined primarily by the expansion
and contraction losses and are insensitive to wall

2J. Zasler, 576 Mwt Natural Convection Molten Salt

' Reactor Study, ORNL CF-58-8-85 (Aug. 25, 1958).

Table 1.5.1. Characteristics of Low-Enrichment Graphite-Moderated Molten-Salt Reactors

Volume of

Uranium Uranium  Critical Mass Initial

Case VYolume Fraction  Multiplication g ichment  Fuel in Core - in Core of U235 Conversion
of Fuel in Core Constant (%) (ﬁ3) (kg)  (kg) Ratio
1 0.05 1.05 1.30 395 22,100 o298 0.546
2 1.10 1.45 143 8,000 116 0.492
3 0.075 1.05 1.25 427 23,900 298 0.635
4 .10 1.39 167 9,350 . 130 0.600
S 0.10 - » 1.05 1.275 445 - - 24,900 - 318 0.707
6 1.10 1.46 179 10,000 146 0.668
7 0.15 1.05 1.525 474 26,600 405 0.796
8 1.10 1.80 197 11,000 198 0.780
9 0.20 1.05 2.24 520 29,100 652 0.865
10 1.10 2,88 206 11,540 332 0.865
n 0.25 1.05 4.36 575 32,200 1400 0.900
12 1.10 7.05 240 13,430 952 0.865
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friction, the single riser can be replaced by @ num-
ber of risers having the same height and total cross
sections. Likewise, the heat exchanger can be
replaced by a number of heat exchangers having
the same length of tubes and tota} number of tubes.

The principal results of these calculations-are -
given in-Fig. 1.5.2. The diameter of the riser
- needed to provide natural convection, the length
and number of heat exchanger tubes, and the total
fuel volume are given as functions of riser height

PERIOD ENDING OCTOBER 31, 1958

and the temperature drop of the fuel in going through
the heat exchanger. Natural-convection power re-
actors of this size are characterized by high fuel
volumes and large numbers of heat exchanger tubes.
Therefore it is expected that the initial cost of a
natural-convection reactor would be higher than

that for a forced-circulation system, and the larger
number of heat exchanger tubes cast some doubt

as to whether the natural-convection system would
actually be more relicble than the forced-circula-

tion system,

'UNCLASSIFIED
. ORNL-LR-DWG 32561 _

({ ———"

HEAT
EXCHANGER
. 8-t DIA
REACTOR

f Flg. '.|<.>5;'|‘.:'Sc>h‘e.m;lﬁc bfdgru;n ofa (Nu'fuvral;c;ﬁv‘e"cti'o‘h‘f

Molten-Salt Reactor.
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Fig. 1.5.2. Design Characteristics of a 576 Mw (thermal) Natural-Convection Molten-Salt Reactor.
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2.1 METALLURGY
w; Da Manly

D. A. Douglas

-A. Taboada

Metallurgy Division .

DYNAMIC CORROSION STUDIES.

S J. H. DeVen
Jo Ro DiSfefdno Rc Co SChU'ze

The three-phase corrosion testing program, previ-
ously described,! for which Inconel and INOR-8
thermal-convection and forced-circulation loops are
uvtilized, was continued. During the quarter, cor-
rosion studies were completed of two Inconel and
four INOR-8 thermal-convection loops. Examina-
tions were also completed of three Inconel forced-
circulation loops, which were the first loops oper-
ated in the third phase of the corrosion testing
program., Samples removed from an INOR-8 forced-
circulation loop that was temporarily shut down for
repair of a leak were also examined. A number of

new forced-circulation loop tests were started; the

present status of all such loop tests now in oper-
ation is given in Chap. 1.2 of this report.

13, H. DeVan, J. R. DiStefano, end R, S. Crouse, MSR
Quar. Prog. Rep. Oct. 31, 1957, ORNL-2431, p 23,

Fig. 2.1.1. Hot-Leg Sample from Inconel Loop 1222
Which Circulated Salt 130 for 1000 hr at 1350°F,

Inconel ThermalsConvection Locp Tests

~ One of the two Inconel thermal-convection loops
examined was operated as a supplement to the first

- phase of corrosion testing of Inconel in contact

with fused-fluoride-salt mixtures. Loop 1222 circu-
lated salt mixture 130 (LiF-BeF o"UF,, 62-37-1

mole %) for 1000 hr at ¢ maximum hot-leg tempera-
ture of 1350°F, and it was attacked to a depth of

3 mils in the form of intergranular voids (Fig. 2.1.1).
Previously,? loop 1178 had circulated the same salt
mixture for 1000 hr at 1250°F ‘and was attacked to a
depth of 1 mil, Comparison of the results from the
two loop tests emphasizes the effect of operating
temperature on depth of corrosion in Inconel sys-
tems. ‘The 100°F increase in the maximum operating
temperature caused an increase in the depth of at-

- tack from 1 to 3 mils in the 1000-hr pericd.

The second Inconel thermal-convection loop (1207)
that was examined was the first that had operated
for an extended period of time, It circulated salt

‘mixture 12 (NaF-LiF-KF, 11.5-46.5-42 mole %) for
14360 hr at a maximum temperature of 1050°F. The
attack in loop 1207 was in the form of voids to a

depth of 2 mils.

INOR.8 ThermalsConvection Loop Tests

The four INOR-8 thermal-convection loop tests
which were completed concluded the first phase of

. the corrosion testing program for INOR-8. The op-

erating conditions and chemical anclyses of the

salts circulated in the loops are presented in Table
C 2L
- even though one loop (1213) operated for 3114 hr. A

None of the loops showed measurable attack,

hot-leg section of loop 1203 after exposure to salt
mixture 125 for 1000 hr ot 1250°F is shown in Fig.

'2.1.2. Comparable samples from the other INOR-8

- loops were similar in appearance.

Inconel ForcedsCirculation Loop Tests

" The -operating conditions and results of three
Inconel forced-circulation looptests are presented
in Table 2.1.2. These three loops were the first

2y H, DeVan, J. R. DiStefano, MSR Quar. Prog. Rep.
June 30, 1958, ORNL-2551, p 57.
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Taoble 2,11, Test Operating Conditlons and Chemical Analyses of Salts Circulated in INOR-8
Thermal-Convection Loops

Maximum loop temperature: - 1250°F

Operati Major Constituents Minor Constituents
Loop Salt “PSraNing Salt Cemposition (Wt %) o (ppm)
Ne. Ne. Time (mole %) Sample Taken .

(hr) v Be Th Ni Cr Fe

1203 125 1000 - - 53 NaF=46 Ber—O.S ~ Before test 1.737 8.59 2.82 150 72 222

UF (0.5 ThF,  Aftertest . 1.82 105  2.90 68 235 195

1204 131 1000 60 LiF-36 BeFy—d UF, Boforstest 204  6.97 128 30 275
' Aftertest 206 715 <10 79 195
213 128 3114 TILIF-29ThF, . Before test* 62 2 25 s
1221 128 - 1000 71LiF-29 ThF, Before test 623 35 37 103
' ' f After test . 6.3 28 70 245

*Results of after-test analyses not yet available.

UNCLASSIFIED operated in phase three of the corrosion testing
T-15354 : program. The loop designated CPR was the first

forced-circulation loop operated under molten-salt
reactor program conditions. lts design provided for
the operation of separate sedium and salt circuits
through a U-bend heat exchanger. The loop com-
pleted 9148 hr of operation with salt mixture 122
(NoF-ZfF4°UF4, 57-42-1 mole %) at a maximum
temperature of 1260°F and with the sodium at a
maximum temperature of 1120°F. Operation was
terminated because of a pump failure.? Metal-
lographic examination revealed moderate surface
roughening and slight intergranular attack in the
heated leg of the molten-salt circuit. The
maximum intergranular penetration was less than
1.5 mils, as shown in Fig. 2.1.3. In the sodium
circuit, attack was limited to light su.face rough-
ening. No evidences of cold-leg deposits were
found in either the salt or sodium circuits.

The second and third loops described in Table
2.1.2 also operated for extended time periods.,

Fig. 2.1.2, Hot-Leg Sample from INOR-8 Loop 1203 35 L. Crowley, MSR Quar. Prog. Rep. ]u;,e 30, 1958,
Which Circulated Salt 125 for 1000 hr at 1250°F. ’ ORNL.-2551, p 33. :
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After circulating salt mixture 126 (LiF-BeF,- . revealed moderate intergranular void formation 1o
UF,, 53-46-1 mole %) for 3073 hr at a maximum hot- o 'maximum depth of 8 mils and an average depth
leg temperature of 1300°F, loop 9377-1 showed of 4 mils, as shown in Fig. 2.1.5. The loop op-
moderate_to heavy surface roughening and heavy erated 3064 hr and circulated the salt mixture
intergranular void formation to a depth of 5 mils, 130 (LiF-Ber.UF 4+ 62-37-1 mole %).

as shown in Fig. 2.1.4. The third locp, 9377-2,

I UNCLASSIFIED UNCLASSIIED,
T-15185 m
02/
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il o
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Fig. 2.1.3. Hot-Leg Sample from Salt Circuit of Fig. 2.1.4, Hot-Leg Sample from Inconel Forced-
Inconel Forced-Circulatien Loop CPR Which Circulated Circulation Loop 9377-1 Which Circulated Salt 126 for
Salt 122 for 9148 hr ot 1300°F, 3073 hr at 1300°F. '

Table 2.1.2, Operating Conditions and Results of Inconel Forced-Circulation Loop Tests

Maximum salt-to-metal interface temperature: 1300°F
Minimum bulk salt temperature: 1100°F i
Temperature difference across loop: 200°F*

Salt flow rate: 2 gpm . ;

Leop Fluid Composition Operating Time  Reynolds Resul
Ne., S i (mole®) “othe) 0 Number ; \ esv t“
CPR (primary ciréuit) ‘57 NaF-42 ZrF4;l UF4 ) ',9A148 : 5;000 . Intergronular pene;ratién toa
: : . 7 T e e depth of <1.5 mils
‘CPR {secondary circuit) Sodium Co 9148 ; 97,700 Light surface roughening; no
) o E cold-leg deposits
‘9377-1 C . 53 LiF-46 Ber-l UF‘ 3073 1,600 Voids to a depth of § mils
9377-2 62 LiF=37 Be Fz-l UF‘ 3064 3,000 Intergranular voids to @ maxi-

mum depthof Bmils; average
depth, 4 mils

*The respective temperature differences across the fused-salt and sodium circuits of the loop were 100°F,
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Results of Examination of Samples Removed -
from INOR.8 Forced«Circulation B
. Loop 9354-1

On July 29, 1958, after successful completion of
3370 hr of operation, loop 9354-1 was temporarily
shut down to permit the repair of a small leak in @
lug adapter near the hottest section in the loop.
The cause of the leak was traced to g probable de-
fect in the material used in fabricating the loop
(see subsequent section of this chapter on ‘‘Welding
.and Brazing Studies’’).  The loop was constructed
-of ‘/-m.-OD 0.045-in.-wall INOR-8 tubing and it
cu-culated salt mixture 126, The maximum loop
wall temperature was 1300°F and the minimum fluid
temperature was 1180°F. The salt flow rate was
2.5 gpm and the Reynolds number was 2000,

The damaged section, which was about 1t long
and which is shown in Fig.2.1.6, was removed from
the loop, and 2-in. samples were cut from the tubing
on both sides of the lug adapter. Metallographic
examination of these samples did not show evidence

Fig. 2.1.5. Hot-Leg Sample from Inconel Forced- of surface attack. However, the electrolytic etch
Circulation Loop 9377-2 Which Cireulated Sait 130 for used to prepare the samples for metallographic ex-

3064 hr at 1300°F,

amination produced a greater darkening of the grain

UNCLASSIFIED
T-15512

~Fig. 2,1.6.

Damaged Section of INOR-8 Forced-Circulation Loop 9354.1 Showing Location of Leak.

™



boundaries near the exposed surface than in the -
interior, as shown in Fig. 2.1.7. This effect indi-
cates a faster etching rate of the boundaries near
the surface and is presumably due to a slight dif-
ference in the chemical composition of the region
near the surface.” As may be seen in Fig. 2.1.8,
this surface effect is not apparent in as-received
samples of the tubing used for the loop. The loop
was repaired by replacing the damaged section,
and it has again been placed in operation.

Material Inspection .
Gc M- To'son J- Ho Devan

Routine inspection of the INOR-8 material now.
being received has revealed that the quality is as
good as that of Inconel and of stainless steels
made to ASTM standards., The high rejection rate
previously found for INOR-8 welded and drawn tub-
ing is felt to have been due to poor welding quality
of the heat of INOR-8 from which the tubing was
made. The rejection of seamless INOR-8 tubing, with
defects greater than 5% of the wall thickness used
as criteria for rejection, is running well below 10%.

UNCLASSIFIED
‘T-15580

Fig. 2.1.7. Sample Taken from Damaged Section of
INOR-8 Forced-Circulation Loop 9354-1 Showing the
Effect of Electrolytic Etch on the Grain Boundaries
Near the Exposed Surface. ~

PERIOD ENDING OCTOBER 31, 1958

Fig. 2.1.8. Sample of As-Received Tubing Used for
Loop 9354-1 Showing Absence of Effect of the Electro-
lytic Etch on the Grain Boundaries.

Fully inspected welds made on INOR-8 material
show a rejection rate of about 10%, which compares
favorably with the rejection rate of welds made on
Inconel and stainless steels. Evaluation tests were
made of thermocouple spot welds to INOR-8 tubing.
Although nondestructive testing did not reveal any
rejectable spot welds, metallographic examinations
showed microcracks in some spot welds.

_GENERAL CORROSION STUDIES

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

Carburization of Inconel and INOR<8
" by SodiumeGraphite Systems

Do' Hl Jansen

“The sodium-graphite system, which is an effec-
tive carburizing medium for nickel-base alloys,*
was used to carburize Inconel and INOR-8 samples
for additional tests to determine whether the me-
chanical properties of these materials are detri-
mentally affected by various degrees of carburi-
zation, - The carburizing system and the test pro-

“4E. E. Hoffman, W. H. Cock, and D, H. Jonsen, MSR
Quar. Prog. Rep. Jan. 31, 1958, ORNL-2474, p 54.
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‘cedures used were described previously.® Results
_of the tests completed thus far are presented in’
Table 2.1.3. As may be seen, the data indicate -
that the carburization treatment increases both

the yield and tensile strengths of Inconel and de-
“creases the ductility at room temperature, Similar
room-temperature mechanical property dota for the
_carburized INOR-8 specimens showed that the yield
strength was increased, the tensile strength was
slightly decreased, and the ductility was greatly

SE. E. Hoffman, W. H, Cook, and D. H, Jansen, MSR
Quar. Prog. Rep. June 30, 1958, ORNL.2551, p 59.

reduced. The change in each mechanical property,
especially the ductility, was dependent on the
amount of carburization that had occurred. There
was close agreement of all duplicate and triplicate
mechanical test values, that is, +2 x 102 psi vari-
ation for strength values and +1,5% for elongation
valves. Incone! and INOR-8 specimens.that were .
exposed in the sodium-graphite system for 40 hr ot
1600°F are shown in Fig. 2.1.9. Heavy carburi~
zation to adepth of 2mils was found onthe Inconel,
and even heavier carburization was found on the
INOR-8,

Creep tests have also been conducted in argon ot
1200°F on the Inconel and INOR-8 specimens that

Toble 2.1.3. Results of Mechanical Tests in Room-Temperature Air of Inconel and INOR-
Specimens Carburized in Sodwm-Grcphile Systems :

Exposure Exposure

Mechanical Properties

Temperature Period Specimen Yield Tensile Elgngcﬁon in 2+in,
° Treatment Strength Strength Gage -
(°F) (hr) ‘ .
(psi) . (psi) (%)
‘Inconel .
. x 10° x 103
1200 40 " Control® 24,1 80.8 401
‘ - Carburized S 27.2 84.2 : 38.0
1400 40° Control 23.9 813 . - 388
: Carburized 27.0 . 83.9 - 36.8
400® Control 24.3 81.7 379
Carburized 30.9 92.9 27.0
1600 40°€ Control 209 75.9 . 47.3
Carburized 28.5 91.5 25,7
INOR-8
1200 S 40 .Control® 53.3 120.3 43.6
Carburized 53.1 119.6 43.8
1400 40° Control 53,7 122.0 42,6
.  Ceorburized ~'53.9 120.5 36.9
400® ~ Control 53.2 120.7 43.0
Carburized 57.4 103.2 8.8
1600 40°¢ Control 50.5 116.3 50.0
‘Carburized 52.8 98.5 7.8

“Control specimens exposed to argon at the conditions given,

bTest values given for these specimens are averages of two tests,

“Test values given for these specimens ore averages of three tests.,
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JUNCLASSIFIED)
j  ¥-26201

Fig. 2.1.9. Inconel and INOﬁ-S Specimens After Exposure to Sodium-Graphite System for 40 hr ot 1600°F.

Etchent: copper regia. 500X. :

were carburized for 40 hr at 1600°F in the sodium-
graphite system, and the results are presented in
Table 2.1.4. The results of tensile tests of similar
specimens and control specimens in air at 1250°F
are presented in Table 2.1.5. In general, the carbu-
rized specimens show lower ductility than that of
the control specimens. Exceptions to this trend
were found, as indicated in Table 2.1.5, for some
of the carburized INOR-8 material and for a heavily
carburized Inconel specimen that had been exposed
for 40 hr at 1600°F in the sodium-graphite system;
the carburized pieces were more ductile than the
control specimens. These results were verified by
duplicate tests, and therefore the results of the
duplicate tests are also included in Table 2.1.5.

Carburization of INOR«8 by Fue|-130-G|j§phﬁe:" -
S “Systems
A comprehensive test in which INOR-8 (nominal
composition: 70% Ni~16% Mo-7% Cr-5% Fe-2%
other alloying additions) specimens were exposed
to (1) fuel 130 (LiF-BeF,-UF,, 62-37-1 mole %) -
containing a graphite rodz,._(2) fuel 130 without
added graphite, and (3) argon, all in the same test
container, at a temperature of 1300°F for 2000 hr,

has been completed. The 40-mil-thick tensile-test
specimens used were then subjected to tensile
tests in order to determine whether the various
treatments had affected the mechanical properties.

Table 2.1.4. Results of treep Tests of INOR-8 and
Incone! Control Specimens and Specimens Carburized
- in @ Sodium-Graphite System for 40 hr ot 1600°F

1250°F
Test environment: argon
Test stress: 18,500 psi

Test temperature:

Elongation in 2-in.
Time to Rupture -

~ Specimen " Gage
: (br) @
INQR-B .
Control . 1734 23.8
Ccrburized . 4031* 9.0*
Inconel e
Control 38 21.2
. Carburized 4 160 . 47.5

*Still in test, '
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chlc 2.1.5.  Results of Mechanical Tests in 1250°F Air of Incone! and INOR-8
“Specimens Carburized ln Sodium-Graphite Systems

; Mechcnicci Properties

Exposure Exposure s ‘ . .
Temperature " Period pecimen Yield Tensile Elongation in 2-in,
°F) (k) Treatment . Strength Strength Gage
: ~{psi) (psi) L (%)
Inconel
o , x 10° x 108

1200 . 40 Control* ‘ 50.3 38.5

Carburized 48,6 33.5

1400 - 40 " Control* 46.7 - 36.5

v Carburized 49.9 230

400 . Control* 16.4 ’ 45.2 26.5

Carburized 22,0 50.7 21.0

1600 v 40 Control* 1.3 42.4 16.5

41.4 18.5

Corburized 20.5 53.9 : 24.8

511 28.5

INOR-8

1200 .40 Control* 70.2 17.0
Carburized 74.4 . 19.0

00 40 Control* 74.6 18.5

Corburized 76.8 19.5

400 Centrol* 36.8 70.3 . 16.5

74.5 20.5

Carburized 42.4 82.9 18.0

85.2 22.0

1600 | 40 Control* 33.8 68.9 ‘ 18.5

o 706 6.5

Carburized 40.5 82.8 - 13.0

*Control specimens exposed to argon at the conditions indicated.

The specimens were also examined metallographi-
cally, and, as shown in Fig. 2.1.10, no carburiza-
tion was found on the surface of the INOR-8 speci-
men that was exposed to the fuel-graphite system,
Chemical analyses and mechanical tests, how-

ever, indicated that carburization did occur. Carbon
analyses of 3-mil surface cuts showed that the
INOR-8 specimen exposed to fuel 130 without added
graphite contained 640 ppm carbon, while a similar
cut of an INOR-8 piece exposed to the fuel-graphite

60

system contained 980 ppm carbon. These data and
data obtained from carbon analyses of the fuel are -
given in Table 2.1.6.

‘Room-temperature mechanical tests showed the
INOR-8 specimen exposed to the fuel-graphite sys-
tem to have higher yield and tensile strengths and
lower elongation than the INOR-8 specimen that
was exposed only to argon and given the seme heat
treatment. The same trends were apparent in me-
chanical tests at 1250°F. Data obtained in the
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Table 2,1.6. Carbon Anclyses of INOR-8 Specimens and Fuel 130 Mixtures Used in Tests
of the Ccrbl._:rlxcﬂon of INOR-8 in @ Fuel-Graphite System at 1300°F for 2000 hr

Speéiméﬁ Anclyzed y

Carbon Content (ppm)

- Fuel 130 exposed to graphite and INOR-S
Fuel 130 exposed only to INOR-8
INOR+8 exposed to graphite cnd.fuel 130
- INOR-8 exposed only to fuel

" Before Test After Test
220 190
180 150
. 160=170* 980
160-170*

640

‘*Carbon analysis of as-received INOR-8 frﬁm heat SP-16.

room-temperature and high-temperature mechanical
tests are presented in Table 2.1.7. As in the me-
chanical tests of specimens carburized in @ sodnum-
graphite system, the decrease in elongai‘lon isan’
indication that carburization occurred, The fact *
that the tensile strength of the INOR-8 specimen
exposed to fuel 130 was greater than that of the
specimen heat treated in argon can be exp!cmed 4
by the decrease in carbon concentration of the fuel
exposed to the INOR-8. The INOR-8 in this case -
probably acted as a sump and picked up ‘carbon
from the fuel.” This would account for the decrease

in the carbon content of the fuel and the increase
in mechanical strength of the INOR-8 specimen ex-
ppsed to it.

UO Precipifatnon ln Fused Fluoride Salts
‘ _in Confucf with Graphite

W. H. Cook

A test of the compahblluy of fuel 130 and graph-
ite at 1300°F in a vacuum (<0, g) was terminated
at the end of a 500-hr period because of UO, pre-
cipitation from the fuel. In preparation for the test,
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Table 2.1.7. Resuhs of Mechanical Tests of INOR-8 Specimens Exposed to Fuel 130 chh and Without
Grophite and to Argon at 1300°F for 2000 hr

Specimen Treatment (psi)

Yield Strength

Tensile Strength Elongdﬁoe in 2-in, Gage
(psi) (%)

RoomsTemperature Tests*

x 10°
Exposed to fuel 130 and graphite 51.5
51.5

40.0
39.9

Exposed only to fuel 130

Exposed to argon . 39.0
31.3

Tests at 1250°F

‘ Exposed to fuel 130 and graphite **
Exposed only to fuel 130 *e
Exposed to crgon o ’ - ke

x 10°

116.8 47.0
6.4 - 46.5
107.3 ' . 560
106.5 56,0
104.2 , 55.0
103.4 56.0
73.0 19.5
66.5 30.0

Cees 33

*Values obtained in each of duplicate tests are listed.

**Yjeld strengths were not obtained because the results might have been cbscured by o notch effect of the

extensometer,

o machined CCN gruphlte crucible, nommdlly, 2 in,
oD, 0.43 in, ID, 3/ in. deep, and 4/ m. long, with
an average bulk densny of 1.90 g/Cm was de-

gassed at 2370°F for S hr in a vacuumof 1 to 3 g,

cooled to room temperature, and blanketed in argon.
The crucible was exposed to room atmosphere for
approximately 3 min in order to weigh it. During
all other preparations for the test, the crucible

was either sealed under an argon atmosphere or
was under a vacuum of <0.1 p. Sufficient fuel 130,
13.70 g, to fill the crucible to a depth of 3 in. at
1300°F was cast into the graphite. The loaded
crucible was tested in an inert-arc welded Inconel
container, ‘ '

Radiographs were used to monitor the location of
the fuel in the graphite so that the test could be
terminated if the fuel threatened to penetrate the
crucible walls. Such a radiograph revealed at the
end of 500 hr @ 0.1-in.-high disk in the bottom of
the graphite crucible that was relatively opaque to
the x-rays {see Fig. 2.1 J1), The remainder of the
fuel was less opaque to the x-rays than it had been
at the beginning of the test. Subsequent examina-

“tion of the disk revealed that it contained U0,; the
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disk contained ~40 wt % U as compared with 7.03

wt % U in the as-received fuel. The uranium con-
tent in the disk amounted to 28% of the total amount
of uranium originally in the fuel 130 charge; stated
in another way, the uranium concentration of the
fuel above the disk had decreased to 59% of its
original value.

Petrogrephic examinations of the fuel used for
this test did not reveal oxide contamination. The
fuel remaining in the batch from which the test .
quantity. was taken is being anclyzed for oxygen.
This same source of fuel was used in @ 2000-hr
static test at 1300°F, described in the preceding
section, in which the fuel was exposed only to .
INOR-8. A radiographic examination of the fuel at
the end of that test did not reveal any precipitation
of uranium,

Different grades of graphite and different fuels
are being used in further tests of the compatibility
of fuels and graphite. Radiocgraphic examinations
of systems now being tested, in which TSF graphite
(average bulk density, 1.67 g/cm3) is used to con-
tain the fuel 130, have also revealed uranium pre-
cipitation, but the quantities precipitated are less
in TSF graphite than in CCN graphite. Radiographic
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examinations of a CCN graphite crucible which con-
tains NaF-ZrF -UF , (50-46-4 mole %, fuel 30) and
which is also being tested under the conditions de-
scribed above, have shown no uranium precipitation

in more than 1500 hr. Thus it appears that fuel 130

is more sensitive to contamination than fuel 30 is.
It is thought that the brief exposure of the graph-
ite crucibles toroom atmosphere during the weighing .
operation may have contaminated them with water
vopor end oxygen and that the subsequent reaction
of these contaminants with the fuel caused the UO,

P THERMOCOUPLE WELL

| A PROTECTIVE CONTAINER*
(INCONEL)

| 13 _ccN GRAPHITE CRUCIBLE

—FUEL 130 [7.03 wt % U] -

. UO,—FUEL 130 DISK
[~40wt F,U]

be—1in—»] | |
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PHOTO 45742

Co )
Radiographs of lCCN Graphite Crucible Containing Fuel 130 (a) Before Test and (b) Ahef 500 hr at
1300°F. . . .. o o - v , _

-precipitation. On the basis of the degassing and
" handling techniques used, however, such rapid con-

tamination appears to be in contradiction to the ob-

‘servations of others.® The greater quantity of
- vranium precipitation in the CCN graphite crucible

than in the TSF graphite crucible may have been

SFirst Nuclear Engineering and Science Congress,
Cleveland, Ohio, 1955; selected papers edited by D. J.
Hughes, S. McLain, and C. Williams, Problems in Nuclear
IE;?;'neering, Vol. 1, p 142, Pergamon Press, New York,
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‘the result of impurities in the graphite, The CCN
grade is less pure than the TSF grude, which is a
gas-purified product.

Metallographic ‘examinations of the gruphite
crucibles used in these tests have shown no attack
and no penetration of salt into the pore spaces in
the graphite. Experiments are now in progress to
determine (1) the extent to which salts can be
forced, by pressure, into the pore spaces of various
grades of graphites and (2) the physical effects on
the graphite of repeated cycles of freezing and
melting of sclts trapped in the pore spaces.

Precious-MetclsBase Brazing Alloys in Fuel 130
Do Ho JOnsen

Five silver-base brazing materials ranging in com-
position from pure silver to alloys with 42 wt % Ag
were tested in static fuel 130 for 500 hr. It was ex-
pected on the basis of thermodynamic considerations
that silver would show good corrosion resistance to
beryllium and lithium fluorides, but, as shown in
Table 2.1.8, deep subsurface voids (as deep as 50
mils in the case of pure silver) were observed in all
the silver-containing alloys.

A gold-base alloy (75% Au-20% Cu-5% Ag) was
also tested in fuel 130 under the same conditions as
those used in the tests of the silver alloys. - No cor-
rosion was found on this alloy after the test. Three
other gold-base alloys are being prepared for testing
in fuel 130,

MECHANICAL PROPERTIES OF INOR-8

R. V. Swindeman D. A. Douglas

Short time (less than 10,000 hr) creep data for
INOR-8 obtained through tests in air conducted by
the Haynes-Stellite Company and tests in fuel 107

(NaF-LiF-KF-UF , 11.2-45.3-41-2.5 mole %) con-
ducted at ORNL are presented in Fig. 2.1.12. Speci-
mens tested by Haynes-Stellite were annealed 8 min
at 2150°F; ORNL specimens were annealed for 1 hr
at 2000°F. Cross plots of log t vs 1/T, where tis
the time to 1% strain and 1/7T is the reciprocal of
the absolute temperature, yielded the straight lines
shown in Fig. 2.1.13. These parallel straight lines
indicate that the equation proposed by Dorn’? would
best represent the time-temperature-stress relation-
ship of this material. The slopes of these lines
yield an activation energy for creep of 76,700
cal/mole°K for INOR-8 sheet in the fused-salt
environment. A plot of various stress functions
against In [(1/1) €76+700/RT] revealed that the

stress dependence is of the form eB% " °, where o
is the stress and B is o constant. A plot of the
daota based on the equation

1/3

(1/8) = M eB T g=76,700/RT

to represent the time-temperature-stress relation-
ship, where M is a constant, is shown in Fig.2.1.14.

74, E. Dorn, J. Mech. and Pbys. Solids 3, 85 (1954).
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Fig. 2.1.12. Time to 1% Strain vs Stress for INOR-B
Tested at Various Temperatures.

Table 2.1.8. Results of Corrosion Tests of Silver- and Gold-Base Brazing Alloys Exposed
to Static Fuel 130 for 500 hr ot 1300°F

-Braze Material

Metallographic Resulfs

_ Pure silver

90% Ag-10% Cu
50% Ag=33.3% Au=~16.7% Cu

42% Au=40% Ag-18% Cu—0.6% Zn
75% Au~20% Cu=5% Ag

Spoﬂy, heavy attack; sﬂ'ingeu toa depth of 50 mils

in some places

Rather uniform, heﬁvy attack to @ deptﬁ of 16 mils
Spotty attack to o maximum depth of 5§ mils

Uniform attack to a depth of 15 mils

No attack
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A horizontal line, representing the value of

In [(1/2) eAH/RT] when T is 1200°F ond ¢ is
10,000 hr is included on Fig. 2.1.14. The stress
corresponding to 1% strain as given by this curve

is approximately 9600 psi. - Extrapolation of the log
curve for 1200°F in Fig. 2.1.12 to 10,000 hr yields
about 11,000 psi.’ Thus it would appear that astress
value of 9600 psi can be used as a conservative
estimate of the metals creep strength for the 10,000-
hr life. The results of longer tests may permit this
value to be revised towards the 11,000-psi figure.

~ An investigation is also being made of the vari-

ation in creep properties of specimens subjected to

‘identical conditions of stress and temperature.

Creep curves obtained in this investigation are
presented in Fig. 2.1.15. The data was obtained

in air at 1250°F in duplicate tests for two different
stresses, 20,000 and 25,000 psi. The greatest dif-
ferences appear to be in the rupture life and elonga-
tion rather than the creep rate. Data for all tests
completed thus far on INOR-8 in air are compiled

in Fig. 2.1.16. The variation of the

In [(1/2) €76+700/RT]

term at each stress level is an indication of the
reproducibility of the results. The Haynes-Stellite
data were obtained in short-time tests (times of

less than 100 hr), but the ORNL data include values
obtained at times up to 5500 hr.

The variations in the properties of samples taken
from different heats of the alloy are also of interest.
Creep curves obtained at 1300°F and 20,000 psi for
three different heats of INOR-8 (SP-16, SP-19, and
M-1) are shown in Fig. 2.1.17. The specimen from
heat M-1 was appreciably stronger than those from
the other two heats, probably because of the higher
carbon content (0.14%) of heat M-1. The strengths
of heats SP-16 and SP-19, with 0.02 and 0.06%

carbon, respectively, were similar.

INFLUENCE OF COMPOSITION ON PROPERTIES
OF INOR-8

T+ K. Roche

The precipitation of intermetallic compounds in

nickel-molybdenum base alloys, such as Hastelloy
B, has been shown to be deleterious to the tensile

E

“ductility of these materials.® “Inasmuch as the upper

8R. E. Clausing, P. Patriarca, and W. D, Manly, Aging
lC;bsa;;wteristics of Hastelloy B, ORNL-2314 (July 30,
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limit of molybdenum in INOR-8 has presently been
set ot 18%, which approaches the solubility limif of
molybdenum in nickel, it was considered tc be im-
portant that the structural stability of the alloy be
determined with respect to the moximum amount of
each major alloying element called for by the speci-

fication: 18% Mo~8% Cr—-5% Fe-balance Ni and
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small quantities of other elements. It was also de-
sired to determine the approximate locations of
phase boundaries that might exist near the speci-
fied composition of INOR-8 so that the suscepti-
bility of the material to intermetallic compound for-
mation could be established.

An investigation of the stability of alloys with
compositions near the specified composition has
been initiated. Eleven alloys with the compositions
given in Table 2.1.9 were prepared by vacuum in-
duction melting. The alloys were then rolled to



0.020-in.-thick strip and treated ot 2200°F in'a hy--

drogen atmosphere to eliminate as much residual
carbon as possible in order to reduce the potential
for carbide precipitation. The alloys were subse-
quently remelted and rolled, and specimens are

presently undergoing 100- and 1000-hr aging treat-

ments over a temperature range of 900 to 1800°F.
Metallographic examinations of the specimens will

Table 2.1.9. Nomina! Compositions of Nickel-Molybdenum
Alloys Prepared for §1ructurcl Stability Studies

Nominal Composition (wt %)

PERIOD ENDING OCTOBER 31,1958

be carried out to determine the presence or absence
of precipitates in the microstructures.

HIGH-TEMPERATU&E SfABILI;rY OF INOR-8
H. Inouye

Emsriﬁlement studies of two commercial heats of
INOR-8 are being conducted. Previously, aging

~ heat treatments for times up to 2000 hr in the tem-

perature range 1000 to 1400°F were shown to cause
no significant changes in the tensile properties of
the material.’ The two heats being studied contain
different amounts of carbon, however, and they have
significantly different properties, as shown in

A“Oy Tab'es 2-] .]0 Gnd 2-]-] lo ‘
Designation Mo Cr Fe Ni The effect of @ 5000-hr heat treatment was deter-
mined during the quarter, and the results for speci-
VT-143 18 5 bal mens from the two heats are compared with similar
VT-144 18 0 bal " data for annealed specimens from the two heats in
VT-145 18 4 7.5 bal Tables 2.1.10 and 2.1.11. As may be seen, aging
VT-146 18 5 10 bal for 5000 hr did not significantly change the tensile
VT-147 18 3 2 bal properties. It is therefore concluded on the basis
VT-148 18 6 5 bal of these tensile tests that INOR-8 does not exhibit
VT-149 18 8 5 bel instabilities that would be detrimental in service
VT-150 18 8 8 bal for extended times in the temperature range 1000
VT-151 18 10 " bal to 1400°F.
VT-152 18 1 4 bal
vVT-153 .. 18 10 10 bal H, Inouye MSR 7. Pro Rep. june 30, 1958
' : ORNL-2551, p 67. Quar. Prog. ’
Table 2,1,10. Tensile Properties of INOR-8 Speciméns of Hevai M-1
Composition: 16.2% Mo=7.47% Cr~6.1% Fe-0.14% C—bal Ni
lod ° - Specimen Annealed aond Aged
Test L Specimen Annealed 1 hrat 2100 F .. . 5000 hr ‘ot Test Temperature
Temperature Ultimate Tcnsi’e 'Yield Strength at - ElongaﬁorbnA ““Ultimate Tensile —
o Strcngfh 0.2% Offset g Sl : - Elongation
(°F) v ] % Strength ]
o (Psi) (Ps') » ‘ : “(psi) (%) -
Room 117,100 51,900 - ‘39 R
1000 710,000 34,200 40 one0 33
1100 102,600 . 37,600 a7 . 88,000 19
1200 - 83,100 38,400 w1860 3
1300 . 70,500 38,400 8 . 7480 . W
1400 63,900 38,500 WM 63,300 5
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Table 2.1.11. Tensile Properties of INOR-8 Specimens of Heat SP-19
Composition: 16.6% Mo=7.43% Cr—4.83% Fe—0,06% C~bal Ni '

Specimen Annec‘lend 1 hr ot 2100°F

Specimen Annecled and Aged
5000 hr at Test Temperature

Test
- Temperature. L)Ihmcte Tepsule th Strength at ' Elongation : Ulyimqte Tensile
° . Strength 0.2% Offset : Elongation
(°F) . i ) %) Strength )
~(psi) (psi (psi)
Room .- 114,400 44,700 S0
1000 793,000 28,300 46 93,200 51
1100 93,000 26,900 50 85,000 23
1200 82,400 27,500 - 37 81,600 33
1300 : 69,900 78,000 24 73,800 25
S w0 61,800 26,200 21 64,300 20
WELDING AND BRAZING STUDIES
P. Patriarca NCLASSIAD
" INOR+8 Weldability 100 e
. ] T T 1
3
G. M. Slaughter : g 0 MTUTY P
: z
Mechanical Properties of Weld Deposits, —Studies z & ! [ INCONEL | _A
of the mechanical properties of INOR-8 weld de- 3 40?‘-5 HASTEL::YS:IELWB 1
posits were continved. A vacuum-melted experi- & o= :é — >+ /|
mental heat of this material (ORNL heat 30-38) Y, INOR -8 =1
was found to have room- and elevated-temperature 140,000
properties comparable to those of commercial heats
fabricated by Haynes-Stellite and Westinghouse, 19 ol :
and the ductility at 1300°F and above was still 120,000 STRENGTH
marginal. Thus conventional vacuum-melting did
not overcome the ductility problem. In order to de- 100,000
termine the influence of carbon on the mechanical :ﬁ - R~ -
properties of INOR-8 weld metal, weld test plates E "o TN "ASTE"WT o
were constructed with the use of a high-carbon z 8o N
) HASTELLOY B
(0.16% C) filler metal. The tensile strengths of 5 S \\L _
these welds were significantly higher than those of 2 60,000 S A I~ -
conventional INOR-8 welds, but the rcom-tempera- & j\ \\\'\
ture ductilities decreased considerably. The weld 0.000 INCONEL | NoR-8
metal properties of both Hastelloy B and Hastelloy ! )
W were also determined in order to obtain compara-
tive data for other nickel-molybdenum clloys. 20,000
Plots of the as-welded tensile strengths and duc-
tilities of INOR-8, Hastelloy B, Hastelloy W, and o :
Inconel weld metal are shown in Fig. 2.1,18. It ROOM 400 1200 300 ~ 4400 1500 4600

may be seen that the tensile strength of INOR-8

106, M. Slaughter, MSR Quar. Prog. Rep. June 30,
1958, 0RNL-255'|, p 69.
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TEST TEMPERATURE (°F)

Fig. 2.1.18. Mechanical Properties of Weld Metal in

As-Welded Condition.

TN



weld metal is appreciably lower than that of either
Hastelloy B or Hastelloy W weld metal ot all tem- -
peratures studied. The comparative data for Inconel
reveal that INOR-8 is supericr in strength, parﬁcu-
larly at 1500°F.

Aging studies on INOR-8 weld deposits were also
conducted to determine the influence of time at the
service temperature on the mechanical properties.
The age-hardencble alloys, Hastelloy B and -
Hastelloy W, were tested to provide additional com-
parative information. Samples were aged at 1200
and 1500°F for periods of 200 and 500 hr and the
room-temperature mechanical properties after aging
are shown in Fig. 2.1.19. Hastelloy B, as would
be expected, is subject to severe impairment in -
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ductility upon aging, particularly at 1200°F (duc-
tility reduced from 24 to 3% cfter aging for 500 hr).
Hastelloy W weld metal also exhibits a marked re-
duction in room-temperature ductility after aging.
INOR-8, on the other hand, maintains its good duc-
tility.,

Mechanical property studies of aged specimens
were also conducted at the aging temperature in an
effort to more completely determine the behavior of
these materials at elevated temperatures. The data
obtained at 1200°F are shown in Fig. 2.1.20, and
the data obtained at 1500°F are shown in Fig.
2.1.21, Aging at 1200°F definitely reduces the

ductility of Hastelloy B and Hastelloy W ot 1200°F,

whereas the ductility of INOR-8 is slightly im-
proved, At 1500°F, o significant ductility increase
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is evident for INOR-8, probably as a result of partial
spheroidization of the eutectic carbides,

The influence of carbide sphercidization is being
studied further, and high-temperature stabilization
treatments of weld metal are under investigation.
Mechanical property studies of INOR-8 welded
joints, both in the as-welded and aged conditions,
are also being conducted.

Filler Metal Modification Studies, ~ Since the
ductility exhibited by INOR-8 weld metal at tem-
peratures of 1300°F and higher is marginal, a pro-
gram has been initiated to determine the factors
that influence ductilityand to develop procedures
for improving it. Three heats of INOR-8weld metal
have all shown appreximately the same ductility,
that is, 10% or less in a 1-in. gage length in the
1300 to 1500°F temperature range. Hastelloy W,
however, has a minimum elongation of 20% in this
range. ’

Personnel of the International Nickel Company
have indicated that they think the trouble probably
results from trace elements in the 0.009 to 0.0001
wt % range. The use of proper addition agents
during the melting of the ingot and the proper timing
of the additions are extremely important in removing
or neutralizing these trace elements. Accordingly,
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melts containing recommended quantities of manga-
ese, silicon, aluminum, titanium, magnesium, and
boron have been made. ' The ingots are being fabri-
cated into filler wire for the preparation of all-weld-
metal specimens for room- and elevated-temperature
testing. - Heats of filler metal have also been made
that contain additions of a commercially available -
aluminum<titanium-nicke! master alloy."

One experiment was conducted which verifies the
premise that minor modifications in filler metal
composition can result in major changes in elevated-
temperature mechanical properties. A special ingot
of INOR-8 filler metal was prepared in which most
of the nickel and all the chromium were added as
Inconel inert-arc welding wire. This Inconel wire,
designated Inco No. 62 (elongation at 1500°F of
70%), also contains 2% columbium to prevent hot
cracking in the weld deposit. The mechanical
properties of this modified INOR-8 weld metal in
the 1200 to 1500°F temperature range were superior
to those exhibited by conventional INOR-8, as is
shown in Table 2.1.12. o

As was previously mentioned, the improvement in
ductility of INOR-8 weld metal upon aging appeared
to be associated with the spheroidization of eutectic
carbides. Therefore special heats of INOR-8 having
no carbon and 0.03% carbon have been prepared and
will be fabricated into filler wire as @ means of de-
termining the welding characteristics and mechani-
cal properties of lower-carbon-content weld deposits.

Results of Examination of INORe§ ForcedsCircue
lation Loop Weld Failure. ~ An INOR-8 heater lug
section of forced-circulation loop 9354-1 failed
during service. The component and the location of
the failure are shown in Fig. 2.1.22, Metallographic
examinations of the failed area and adjacent areas
revealed profuse cracks in the INOR-8 adapter near
the lug-to-adapter weld, with the cracks resembling
those frequently observed in the heat-gffected zones
of the crack-sensitive heat SP-16 material.!}

Chemical analyses of the adapter material re-
vealed it to be a high-boron, low-carbon heat of
INOR-8 and confirmed the suspicion that heat
SP-16 material had been inadvertently substituted
for the recommended heats of INOR-8. It is thought
that the cracks initiated during welding and propa-
gated to failure during service,

Welding of INOR«8 to Other Metals, — An evalu-

ation of Inco-Weld “*A'’ wire was made to determine

Vp, Patriarca and G. M. Slaughter, MSR Quar. Prog.
Rep. Oct. 31, 1957, ORNL-2431, p 18.
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‘ Tqblg 2.1.12, 'Compar!scn of Meghcnicu! Properties of INOR-8 and Modified INOR-8 in As-Welded Conditien

. Test Temperature - : .'

- Tensile Str‘engfvh . Elonqratiﬂonr in l-in.

(psi) . : (%)
Room ~ INOR-8 116,000 : . 38
Modified INOR-8 113,000 ‘ . 44
1200 " INOR-§ 73,000 18
Modified INOR-8 77,000 30
1300 INOR-8 64,000 : 10
Modified INOR-8 72,000 o 22
1500 INOR-8 53,000 . 6
" Modified INOR-8 59,000 ~ 15

UNCLASSIFIED

o Y-26847

7

_Fig. 2,1.22, INOR-8 Heater Lvg Section of Forced-Circulation Loop 9354-1 Thaf Failed During Servnce. Arrow

indicates point of failure.

its suitability as a filler material for weldments
with INOR-8. The study!2 indicated that the as-
welded ductility of the metal in short-time tests is
satisfactory up to 1300°F but becomes marginal at
1500°F.. Significant impairment of the room- and
elevated-temperature ductility was found cfter aging

at 1200°F for 500 hr.

uG. M. Sloughter, Mecbamcal Property Studzes on
INCO-Weld **A** Wire Filler Metal, ORNL CF-58-10-30
(Nov. 5, 1958).

Brczing of Thick Tube Sheets for Heat Exchangers
/ G. M. Staughter

The construction of hedt exchangers for molten-
salt power reactor applications poses a variety of
problems., For example, it is probable that the tem-
perature and pressure conditions in some of the heat
exchangers will necessitate the use of relatively
thick tube sheets (thicknesses of 4 to 6 in. or
greater), Present practice and fabrication proce-
dures for constructing high-integrity tube-to-tube
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“sheet joints in sections of this magnitude may not
be adequate for o molten-salt environment, The un-
avoidable notch obtained in the conventional welded

" tubesto-header joint is undesirable in several ways.
First, it may act as a starting point for crack propa-
gation in the welds during cyclic service. Also, the

notch may act as a crevice and thereby increase the
possibility of stress-corrosion cracking. It is evi-

dent that the technique of back-brezing of the tube-
to-header joints would remedy these conditions by
eliminating the notch. Brazing would also improve
heat transfer and decrease the possibility of a leak
through a defective tube-to-header weld, since the
leak-path would be significantly increased.

Although considerable experience exists inbrazing
small diameter tubes into relatively thin tube sheets, . -

little is known of the problems associated with
adapting these techniques to heavy sections. Ac-
cordingly, a preliminary experiment has been con-.
ducted to determine the feasibility of back-brazing
joints in thick tube sheets. A brazing procedure
was utilized which had proved useful in fabricating
simulated components containing l'é-in.-thick tube
sheets.

As may be seen in Fig. 2,1.23, the brazing alloy
is preploced in annular trepans in the tube sheet
and is fed to the joint through three small feeder
holes. Melting of the brazing alloy therefore does
not take place until the joint has ottained the tem-
perature where wetting can occur, ’

In an effort to extend this technique, a speci-
men was prepared that consisted of a %-in.-OD,
0.065-in.-wall Inconel tube brazed into @ S-in.-thick

UNCLASSIFIED
ORNL-LR~- DWG 2T066R
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Fig. 2.1.23. Alloy Preplacement Procedure for
Brazing Thick Tube Sheets. -
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" Inconel tube sheet with Coast Metals No. 52 alloy.

Brazing was performed at 1920°F with a 1 hr hold
at temperature. A 600°F per hr rate of temperature
rise was used in this experiment, and the sample
was furnace-cooled to room temperature. The weld
side of the tube sheet was also trepanned to mini-
mize stresses during welding. As may be seen in
Fig. 2.1.24, o photograph of the brazed specimen,
excellent filleting was obtained.

UNCLASSIFIED
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ONE INCH |

Fig. 2.1.24. Brazed Tube-to-Header Specimen Showing
Excellent Filleting. :



Flow of the alloy aleng the joint was evaluated
from metallographic examination of numerocus sec-

tions of the sample, A photomicrograph of the fillet

on the braze side of the tube sheet is shown in
Fig. 2,1.25, while the joint on the weld side of the
tube sheet is shown in Fig. 2.1.26. On the basis
of these observations it can be concluded that flow
was probably continucus along the entire § in. of
the ‘joint and around the entire 360 deg of the cir-
cumference. Also no cracking of the brazing alloy
was noted, ' ' ‘

In view of the promising results of this experi-
ment, @ more comprehensive evaluation program is .
planned. Two &-in.~dia, 5-in.-thick tube sheets
containing five tubes are presently being machined
to determine the influence of section size on braze-
metal preplacement procedure, It is probable that
these experiments may suggest modifications in
joint design and brazing procedure. In addition,
other factors must also be studied if these experi-
ments show promise. For example, the minimum

rate-of-rise to brazing temperature to achieve satis-

factory flow during brazing of heavy tube sheets
will be affected by the choice of materials and the -
brazing atmosphere. This rate should be determined
for the base material and brazing alloy compositions

"PERIOD ENDING OCTOBER 31, 1958

of interest. Further, the influence of time and tem-
peraturé on the diffusion of microconstituents from

the brazing alloy into the tube walls ond to a lesser

extent into the tube sheet must be determined. Since
it is reasonable to expect that the base metal me-
chanical properties will be affected, the nature of
this effect must be known if back-brazing is to be
vtilized.

Fabrication of Pump Components
- G4 M. Slaughter

The problems associated with joining @ mo-
lybdenum extension to an Inconel shaft for o pump
applicotion are being investigated. The widely
different coefficients of thermal expansion (that is,
molybdenum, 2.7 x 10~ in./in./°F; Inconel,

6.4 x 10~ in./in./°F) present a condition of very
high stresses during service. One methed of at-
tachment proposed by the Pump Development Group
was to utilize molybdenum fingers brazed to the
Inconel shaft around the shaft periphery, The
amount of stress built up in each brazed lap joint
would thus be influenced markedly by the size of
the molybdenum fingers, L A

In order to test this proposed method, severel mo-
lybdenum-to-Inconel brazed joints were fabricated

UNCLASSIFIED
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Fig. 2.1.25. Brazed Side of Tube Sheet Showing Fillet. Etchant: glyceria regia. 20X.
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B UNCLASSIFIED
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Fig. 2.1.26. Weld Side of Tube Sheet Showing Complete Flow to the Root of the Weld. Etchant: ‘glyceria regia. 20X.

and are being examined metallographically for
cracking after brazing and cfter thermal cycling.

The samples are 'é X l/“x 1in, ¥ x ‘4 x 1 in., and
l/8 x 1 x 1 in. pieces of molybdenum brazed to Y-
in.-thick Inconel plate with copper, Au-Ni, and
Coast Metals No, 52 brazing materials. The three
specimen sizes are illustrated in Fig. 2.1.27. These
three brazing alloys represent, respectively, a '
weak, ductile alloy; a moderately strong, moderately
ductile alloy; and a very strong, brittle alloy.

UNCLASSIFIED
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Although the evaluation is not yet complete, it
appears that the Coast Metals No. 52 alloy is the
most suitable of the three for brazing the ‘é x 1 x l-in.
fingers. Severe cracks were sometimes noted in
joints brazed with the other alloys. The cracking
tendencies are decreased as the size of the mo-
lybdenum fingers is decreased. ‘

Thermal expansion difficulties are also encountered

in attaching @ molybdenum sleeve-bearing around an -
INOR-8 or Inconel pump journal. A metal-sprayed Fig. 2.1.27. Molybdenum-to-Inconel Brazed Specimens.
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molybdenum surface has ‘spalled during thermal
cycling, and consequently high-temperature brazing
has been suggested for several alternate designs.
One proposed design (exploded view shown in Fig.
2.1.28) incorporates molybdenum pins which are
brazed to an INOR-8 or Inconel shaft, as shown in

UNCLASSIFIED
¥-26597

Fig. 2.1.28. Exploded View of Simulated Pump
Joumal Bearing Subassembly, The molybdenum pins
are to be joined to the INOR-8 or Inconel shaft Ipy
bm‘iir:g'; L ) !
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Figi2.1.29. A molybdenum sleeve would be brazed
to the molybdenum pins. This design minimizes
thermal expansion stresses, since the molybdenum-
to-Inconel'joints are located very near the center of
the shaft, Studies are under way to determine the
optimum brazing alloy and joint design for this
application. o

UNCLASSIFIED
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Ml ONE INCH
Fig. 2.1.29. Pump Joumal Bearing Subassembly After
Brazing. e

75



MOL TEN-SALT REACTOR PROGRESS REFORT

2.2, RADIATION DAMAGE
G: W. Keilholtz

INOR-8 TIfiERMAL-CONVECTION LOOP
FOR OPERATION IN THE LITR.

W. E. Browning, Ire: -
W. H. Montgomery R. P. Shields

The electrically heated mockup of the INOR-8 in-
pile thermal-convection loop, previously described,!
was operated under conditions simulating those ex-
pected in the LITR. Operation of the mockup dem-
onstrated that the ports for the injection of cooling
air would have to be more widely distributed around
the loop to prevent cold spots that would be at tem-
peratures below the melting point of the fuel. The
fuel-filled mockup was operated for 771 hr at tem-
peratures ranging from 450 to 750°C, with axial
temperature differences as high as 250°C. The
following situations that will be encountered during
in-pile operation were simulated: melting the fuel,
reactor shutdown, reactor startup, reactor operation
up to one-half power, emergency shutdown required
by stoppage of fuel flow, adjusting the differential
temperature to desired value by altering distribution
of cooling air. Operation of the mockup served as
a performance test for the various components of
the loop. The experiment was terminated by o leak
in the fuel tube near an electrical contact which
conducted electrical current to the loop to simulate
fission heat. This contact, which is not a part of
the in-pile loop, had produced higher than normal
temperatures. The mockup loop is being examined
for evidence of corrosion and for further information
as to the cause of the leak.

The in-pile model of the loop is being assembled,
and the required modifications in the cooling air
supply have been made. The loop was fabricated
of INOR-8 and is to be filled with the fuel mixture
LiF-BeF,-UF, (62-37-1 mole %). Operation of this
loop will test the compatibility of this combination
of fuel and container material under radiation con-
ditions.

GRAPHITE CAPSULES IRRADIATED
IN THE MTR
W, E. Browning, Jr. H. L. Hemphill

The two fuel-filled graphite capsules that were ir-
radiated in the MTR at 1250°F for 1610 and 1492

Tw. E. Browning et al., MSR Quar. Prog. Rep. Oct. 31,
1957, ORNL-2431, p 30.

76

hr, respectively, at integrated power densities of
1520 and 1375 kwhr/cm? are being examined. These
graphite capsules, described previously,? were en-
closed in Inconel containers and were filled with
the fuel mixture Li F-BeF,-UF, (62-37-1 mole %).
The preliminary examinations have indicated that
the graphite was unaffected by irradiation while ex-
posed to the fuel mixture, The graphite was wetted
by fuel in the irradiated capsules, but was not wetted
in similar unirradiated control capsules, A section
through one of the irradiated capsules is shown in
Fig. 2.2.1, and Fig. 2.2.2 shows a similar view of
an unirradiated control capsule that had been held
for 3389 hr ot 1250°F. The irradiated fuel dissolved
more rapidly in water used in cleaning than did the
unirradiated fuel.

These preliminary examinations have indicated
that a fuel-cooled graphite moderator would not be
limited by damage to the graphite by fluoride fuel.
Further detailed examinations of the capsules and
fuel mixtures are under way.

2y, E. Browning and H. L. Hemphill, MSR Quar, Prog.
Rep. June 30, 1958, ORNL-2551, p 81.
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Fig. 2.2.1. Fluoride-Fuel-Filled Graphite Capsule
Sectioned After Irradiation in the MTR for 1610 hr at
1250°F. A low-permeability graphite was used and the
fuel mixture was LiF-Be F2-UF4 (62-37-1 mole %). 7X.
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Fig. 2.2.2. ‘Fuel-Filled Graphite Control Capsule
Tested Out-of-Pile ot 1250°F for 3389 hr. 7X.
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2.3. CHEMISTRY ,f

"W. R. Grimes
Chemistry Division

PHASE EQU'L'BRlUMVSTVUDlESV
Systems Containing UF, and/or ThF“

R. E. Thoma H. A. Friedman
H. Insley C. F. Weaver

The System NaF-BeF -ThF ;. = Phase studies of

sodium-based beryllium-containing fluoride salt mix-

tures were initicted in order to obtain data for com-
parisons of the properties of the system NaF-BeF,-
ThF4-UF with those of the system LiF-BeF,-
ThF -UF ;. Such comparisons will be of value in
cppronsmg the usefulness of the lithium-base qua-
ternary system. The completed phase equilibrium
diagram of the system NaF-ThF ,, shown in Fig.
2.3.1, was described in a recent rep<>ri'.I Prelimi-
nary investigations of the system NaF-BeF - ThF,
with the use of thermal-analysis and fhermal-
gradient quenching techniques have shown that the
system is remarkably similar in several respects to
the system LiF-BeF,-UF 4.2 Recent results of
phase studies have also shown that the two com-
pounds 2NaF+ThF, and 2NaF+BeF, form the simple
binary system illustrated in Fig. 2.3.2. Since the

compound 4NaF«ThF, does not form a solid solution

'R, E. Thoma et al., Pbase Equilibria in the Systems
LiF-TbF and NaF-TbF Paper No. 39, ACS Meeting,

Chicago, I||mo|s, Sépt. 8, 1958.

2¢, ). Barton et al., MSR Quar. Prog. Rep, Oct, 31,
1957, ORNL.2431, p 32,
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Fig. 2.3.1. The System NaF-ThF‘.
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containing BeF, and, in the binary system, has a
lower limit of stability (565°C) that is higher thon
the lowest thermal break in the composition triangle
2NaF«BeF ,-2NaF+ThF +NaF (512°C), this triangle

: necessarlly becomes fhe single compatibility tri-

angle at higher NaF compositions than those which
occur on the alkemade line 2NaF+ThF ,-2NaF:BeF,.
The single eutectic in this compaflblllty triangle

_has the approximate composition 70 mole % NaF -~

25 mole % BeF,-5 mole % ThF, and melts at
51°C. _

Thermal-analysis data lead to the inference that
the maximum solubility of ThF, in NoF-BeF, mix-
tures is approximately 7 mole % at temperatures
below 550°C, except in quite small composition
regions adjacent to boundary curves separating
NaF-ThF , primary phase fields. Thermal-gradient
quenching experiments have been completed which
outline roughly the liquidus at 7 mole % ThF ;. The
results of both thermal-analysis and thermal-gradlenf
quenching experiments are shown in Fig. 2.3.3.

Uranium Phase Separation in LiF-BeF »UF  Mix-
tures. —~ Fifty-pound portions of LlF-BeF -UF (62-
37-1 mole %) transferred from a 250-1b batch have
been found to contain on average of 3.5 wt % ura-
nium (nominal concentration of uranium in this com-
position is 6.5 wt %), although previous samples
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considered to be representative of the composition
of the 250-1b batch contained approximately the
nominal uranium concentration. At the time of .
transfer of the 50-1b batches, it was known that -
some solid remained unmelted in the reservoir con-.
tainer. Studies have shown that the abnormally low
uranium concentration of the transferred batch is
related, as shown below, to the quantity of solid
remaining in the reservoir container. .

The lowest melting eutectic in the system LiF-
BeF,-UF , has the composition 47.5 mole % LiF-52
mole % BeF,~0.5 mole % UF ,, according to a phase
diagram derived at Mound Laboratory. ' The first -
liquid to form when LiF-BeF,-UF  (62-37-1 mole %)
is melted must have the euiectuc composmon, and
thus it contains 3.1 wt % uranium. The liquid com-
position of any partially molten mixture of LiF-
BeF,-UF , must be intermediate in composition be-
tween that of the lowest melting eutectic and the .

;nommal composition of the mixture, although it need
.not be located linearly between these two compo-
sition points. Thus, complete melting of the mixture
is necessary in order to maintain composmon homo-
.geneity. -

The Sysiem LIF-Ber-ThF .- As was nofed pre-
viously,3 LlF-ThF solid phases take a BeF,-con-
taining phase into sohd solution to a limited extent.
Recent, extensive, gradient-quenching experiments
have delimited the range of solid solutions for the -
varioys LiF-ThF , .compounds. It has been found .

3R E. Thoma et al MSR Quar. Prog. Rep ]une 30 a
1958, ORNL-2551, p 8
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that LiFe4ThF, and 7LiF«6ThF exist as practi-
cally pure compounds in the ternary system. The
compound LiF+2ThF ,, however, can take as much
as 5 mole % BeF, into solid solution and 3LiFsThF
can toke as much as 11 mole % BeF,. Moreover, the
introduction of BeF ,uinto the structure of LiFsThF
apparently causes encugh distortion of the lattice
for some 7LiF+6ThF , also to be taken into solid se-
lution. Thus a roughly triangular area of homo-
geneous solid solution exists with one apex located
on the LiF-ThF, boundary at the composition
3LiF.ThF ¢ and fhe other two apices at about the
compositions 67 mole % LiF=11 mole % BeF ,-22
mole % ThF ; and 60 mole % LiF-13 mole % Ber—
27 mole % ThF,. Detailed quenching tests have
established that there is practically no solid so-
lution of 7LiF+«6ThF  in 3LiFsThF  in the binary
system LiF-ThF . The nature of the solid solutions
in the ternary. system is not known, but obviously
such solid solutions are not of the substitutional
type. With the increases of 7L|F-6ThF in v
3LiF«ThF, in the ternary system, the refrachve
indices of 3L|F~ThF ¢ ore raised somewhat ond the
birefringence is lowered. The lines of the x-ray
powder-diffraction pattern also shift with i increasing
solid solution. The compound 2LiFs:BeF, appar-
ently exists only as the pure compound in the ‘
ternary system, and there is no evidence that it
enters into solid solutlon with any of the LiF-ThF,
compounds..

Further gl{udient-quenching studies have required
the following modifications in the preliminary dic-
gram of the LiF-BeF 2~ ThF  system. (1) The
primary phase 7L|F-6ThF ‘< does not have a common
boundary curve with the 2LiF.BeF, phase. (2
There is a peritectic at the composition point 64

‘mole % LiF-28 mole % BeF -8 mole % ThF which

is at a temperature of 450°C The solid phases
3L|F-ThF (solid solution), 7LiF«6ThF 4 ond
LaFoZThF (solid solytion) are in equlhbrlum with
liquid at the peritectic point. (3) There is a peri-
tectic dt the composition point 64 mole % LiF-31
mole % BeF,—5 mole % ThF , which is at a temper-
gC The solid plfmses 3LiF.ThF  (solid
solution), 2L|FoBeF2, and LiF:2ThF, (solld so-
lution) are in equilibrium with liquid ct this peri-
tectic point. (4) The peritectic point at which LiF,
3L|F0ThF (solid solution), and 2LiF+BeF, are in
eqmllbrlum with liquid has the composition 66
mole % LiF~30 mole % BeF ;=4 mole % ThF, and”
the temperature is 450°C. (5) The euvtectic of
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2L|FcBeF ‘BeF,, and LiFs2ThF  (solid solution)
has been esfnbllshed ata composmon of approxi- -
mately 48 mole % LiF-51 mole % BeF,—~1 mole %
ThF,, and it has o temperature of 355°C. :
Models of the Systems LiF-ThF -UF, ond LiF- -
BeF ,-ThF ;. — A three-dimensional model of the
sysfem LlF-ThF -UF , has been constructed on the
basis of the fermlnol phase diagram presented pre-
viously* and is shown in Fig. 2.3.4. The three-
dimensional model® of the system LiF-BeF o~ ThF,
presented in Fig. 2.3.5 was based on phase equn-
librium studies of the system LiF-BeF,-ThF,,
which are complete, as described above, wnth re-
spect to measurements of the liquidus surface and
determinations of temperatures and compositions of
invariant pomts : -

Soluhilny of PuF in LiF-BeF Mixtures
C. J Barton R. A, Strehlow

Data were obtained on the effect of CeF . and
BaF, on the solubility of PuF, in LiF-BeF, (63-37
mole %), and the solubility of pure PuF3 in the
solvent was determined at two temperatures. The
effect of CeF, on the solubility of PuF, is of
interest as an example of the possible effect of tri-
valent elements resulting from the fissioning of plu-
tonium in a plutonium-fueled fused-salt reactor. The
possibility of precipitating PuF; in the form of o
CeF ;-PuF solid solution, along with trivalent
flsswn-product fluorides of limited solubility, is
also of interest as one step in a reprocessing
scheme.

The effect of Ban on PuF solubility is of in-
terest as an example of the possible effect of di-
valent fission-product ions. The data are shown
graphically in Fig. 2.3.6, along with previously re-
ported data for ThF ;-containing mixtures.® The
theoretical curves shown in Fig. 2.3.6 for mixtures
containing CeF, ond PuF; were calculated with the
use of the equahon
m N =59

PuF3(d) PuréNPqu(.;) y

adapted from the solubility relation developed by w.

4lbid,r esp. Fig: 2.3.3.
5The constructior of these models was a part of the
assignment to C. S. Johnsqn, MIT summer participant,

6C. J. Barton and R. A. Strehlow, MSR Quar. Prog.
Rep. June 30, 1958, ORNL-2551, p 84.
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T. Ward et al.,” in which $° is the mole fraction

(solubility) of PuF, in the solvent ot a specified
temperature, as shown by the top line in Fig. 2.3.6
(labeled * PuF only’’), and Neor S(s0) is the mole

fraction of PuF3 in the solute mlxture Two of the
four data points obtained with a 1:1 molar ratio of
CeF to PuF added to the LIF-BeF (63-37 mole %)
mlxture agree qunte well with the theoreﬂcal curve,
while four of the five points obtained with a 5:1
molar ratio of CeF, to PuF, lie reasonably close to
the theoretical curve. The reason for the divergence
of the results in the other three experiments is not
clear.

Similar plots of CeF solubility values based on
preliminary analytical data show even poorer agree-
ment with theoretical curves obtained with the use
of data reported by W. T. Ward® for the solubility of
CeF, in LiF-BeF, (62.4-37.6 mole %). Analytical
mefhods for determmmg cerium in the presence of
plutonium in mixtures of this type are being studied
ond it is hoped that a better correlation between
theoretical and experimental velues will be obtained
with later analytical results. It seems reasonably -
safe to assume thet Eq. 1 holds well enough for

-mixtures of this type.’

Data in Fig. 2.3.6 show that the soluhlllfy of
PuF in LiF-BeF, (63-37 mole %) can be reduced
from 0.]5 to 0.026 mole % at 500°C by dissolving
0.75 mole % CeF, in the mixture at a higher temper-
ature before cooling to 500°C. The calculated con-
centration of CeF, remaining in solution at 500°C
is 0.14 mole %. By going to @ lower temperature
(the liquidus temperature for the solvent is about
458°C) or a higher: cerium-to-plutonium ratio, the -
recovery of plutonium from used fuel could undoubt-
edly be improved, but it would be difficult to recover
more than 90% of the plutonium by a'single operation
of this type. By reheating the filtrate and adding
more CeF, to the mixture, followed by a second
cooling and filtration operation, further improvement
in the efficiency of plutoruum recovery could be
obtained. ‘

The data in Fig. 2.3.6 seem therefore to provude
the basis for a suitable reprocessing scheme for -
fused-salt mixtures containing plutonium. Concen-
tration of the plutonium by precipitation would

TW. T. Ward et al., Solubility Relations Among Some
Fission Product Fluondes in NaF-ZrF Ve -UF P (50-464
mole %), ORNL-2421 (Jan. 15, 1958).

8W. T. Ward, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 90.
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7LiF-6ThF,
+ LIQUID

Fig. 2.3.5. Model of the System Li F-Ber-ThFl.
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Fig. 2.3.6. Effect ef Other Fluorides on Solublllry of
PuF3 in I.IF-BeF (63-37 mole %).

simplify subsequent operations required to purify
the plutonium, possibly by fluorination. The effect
of trivalent fission products on the solubility of
PuF, is large enough so that they could not be
allowed to build up to high concentrations, and
some of them probably should be removed anywoy to
reduce nuclear poisoning.

Comparison of the PuF, solubility data for mix-
tures containing ThF and BaF, with the values ob-
toined in the absence of additives, as shown in
Fig. 2.3.6, seems to indicate that ThF, may reduce
the solubility of PuF, slightly at the Iower end of
the temperature range mvesﬂgated while the solu-
bility in BaF y-containing mixtures is about the
same as that in the ThF -containing solvent.at
about 500°C and significantly less at 650°C. In
neither case is there sufficient data to be con-
clusive and additional experiments are planned, but
the very odd behavior of the solubility curve for
BaF ,-containing mixtures may indicate that iso-
fherms in the psuedo-ternary system BaF g-PuF -

-PERIOD ENDING OCTOBER 31, 1958

solvent are not linear, although they apparently are
linear for the system CeF ;-PuF;-solvent and for a
number of similar systems investigated by Ward

et al.” Phase behavior in the system BaF o~PuFg
has apparently not been investigated, but lt is very
likely similar to that in the system Ban-UF
According to these investigators, UF, dissolves in
solid BaF, to the extent of about 50 mole %, while
BaF, d:ssolves in UF, to the extent of cbout 20
mole %. The residue frorn one of the filtration ex-
periments with BaF ,-PuF, mixtures was found by
microscopic examination to contain PuF, that had
optical properties that were altered sufficiently to
indicate that it may have contained as much as 10
mole % BaF,. It should be noted that, although the
concentration of BaF, remained relatively constant
in the filtrates and indicated that the amount added
was soluble in the temperature range investigated,
the molar ratio of PuF, to BaF ., present in the un-
filtered mixtures varied considerably (from about 1.0
to 1.9). Since the concentration of barium in these
mixtures is far in excess of the concentration of di-
valent ions that would be produced in o power re-
actor, it seems clear that this type of fission
product would not significantly affect the solubility
of PuF, in the fuel mixture.

FISSION-PRODUCT BEHAVIOR
G. M. Watson F. F. Blankenship

Solubility of Noble Gases in Molten Fluoride
Mixtures

N. V. Smith

The solubility of argon in LiF-BeF, (64-36
mole %) was studied during the quarter at 500, 600,
700, and 800°C over a pressure range from 0 to 2
atm. The results are symmarized in Table 2.3.1 ond
presented graphically in Fig. 2.3.7; a comparison
with the solubility in NaF-KF-LiF (11.5-42-46-5
mole %) is presented in Fig. 2.3.8. Corresponding
values for the solubilities of other noble gases in a
variety of molfen fluoride mixtures were reported
previously.19=13 A correlation of noble gas solu-
bility with atomic radius of the gas and the surface

9R. W, M. D’Eye and F. §. Martin, J. Chem. Soc,
(London), 1847 ( 1957).

10y, R, Grimes, N, V, Smith, and G. M. Watson, J.
Pbys. Chem, 62, 862 (1958).

V13, H, Shaffer et al., MSR Quar., Prog. Rep. Oct. 31,
1957, ORNL-2431, p 41,

12\, v, Smith, MSR Quar. Prog. Rep. Jan. 31, 1958,
ORNL-2474. p 91,

13N, v. Smith, MSR Quar. Prog. Rep. June 30 1958
ORNL-2551, p 88. 8- Ret- J L
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“Table 2.3.1. Solubility of Argon in Li F-Ber (64-36 mole %)

" Temperature Saturating Solubility .
-(°C) Pressure {atm) (moles of urgon/cm3 of melt) k
; , x10"8 x 10~8
© 500 0.996 0.562 0.56
1.014 - 0.523 0.52
1.024 0.519 0.51
1.489 0.755 0.51
1.500 0.855 0.57
1.960 1.041 0.53
1.964 1.088 0.55
Av 0,54 0.02
600 0.984 . 1.001 0.98
0.996 0.949 0.95
0.997 ' 1,001 1.00
1.013 1.046 1.03
1.513 1.466 0.97
1.513 1.417 0.94
197 1.927. - 0.98
1.987 1.919 0.97
Av 0.98 £ 0.02
700 0.989 1.596 1.61
0.996 1.736 1.74
‘ ©1.008 1.566 1.55
‘ 1.025 1.582 1.54
1.249 1.960 1.57
; 1.479 2.688 1.82
1.513 2.485 1.64
1.514 2.697 1.78
1.934 3.444 1.78
1.954 3.618 1.85
1.967 3.337 1.70 B
o Av 1.69 £0.10 _
800 0.993 2.628 2.65
0.999 2.612 2.62
1.020 2.696 2.64
1.239 3.227 2,60
| 1.476 3.908 2.65
1.499 3.888 2.59
| 1.532 . '4.077 2.66
1.532 4.242 2.77
1.922 5.260 2.74
1.967 5.145 2,62
2.008 5.007 2.50

Av 2,66 10.06

*K = c/p in moles of gas per cubic centimeter of me lt per atmosphere.
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Fig. 2.3.7. Solubility of Argon in Molten LiF-BeF,
(64-36 mole ‘%) at Various Temperatures.

tension of the solvent is presented in a following
section of this chapter that is titled ‘A Simple
Method for the Estimation of Noble Gas Solubilities
in Molten Fluoride Mixtures.'’

Comparisons of the solubilities of helium'3 and of
argon in LiF-BeF2 (64-36 mole %) with their solu-
bilities in other solvents previously studied have
indicated o number of similarities and one differ-
ence. . The similarities include (1) conformity to .
Henry's law, (2) increase of solubility with in- -
creasing temperature, (3) decrease of solublhty with
increasing atomic weight of gas, and (4) increase in
the enthalpy of solution with increasing atomic
weight of gas. The difference is the value of the

entropy of solution in the LiF-BeF, mixture. While
all the entropies of solution for helium, neon, argon,

and xenon in NaF-ZrF , (53-47 mole %) were quite

small, about -1 eu, fhe entropy values for helium . ::

and argon are —3.73 and —3.95, respectively, in the.
LlF-BeF (64-36 inole %) mixture. The sugmflcance
of this dlfference is not immediately apparent, but -
the difference seems to be related to the nature of
the sclvent. ‘ -
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Fig. 2.3.8. Solubility of Argon in LiF-BeF, (64-36
mole %) and in NaF-KF-LiF (11.5-42-45.5 mole %).

Solubility of HF in LiF-BeF, Mixtures
J. H. Shaffer .
The solubility of HF in LiF-BeF, mixtures was

- determined as a function of temperature, pressure,

. and solvent composition. The composition was
“varied from approximately 10 to 50 mole % BeF,, at

_pressures from 0 to 3 atm, and at temperatures from
500 to 950°C, dependmg on the liquidus temper-

: atures of the mixtures.’

4 Within the precision of
the measurements, the solubility of HF was found to
follow Henry’s law over the pressure range studied.
Accordingly, ot a given temperature and solvent
composition, the solubility of HF can be measured

+1 at several saturating pressures and the results can

“Composite dlagrom compiled by R. E. Thoma, ORNL,
from D. M. Roy, R. Roy, and E. F, Osborn, J. Am, Ceram.
Soc. 37, 300 (‘954), A. V. Noveselove, Y. Simanov,

7 ond E, 1. Ycrembash Zbur. Fiz. Khbim. 26, 1244 (1952).
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be averaged as a Henry's law constant character-

" istic of that temperature and composition. The
average constants obtained experimentally are pre-
sented in Fig. 2.3.9. For each point, at least three
constants were obtained that agreed with each other
to within £5%. The averages of the 800 and 900°C
data ot 31 mole % BeFi are believed to be low,
possibly because of consistently reproducible errors
in the temperature measurement as a result of a de-
fective thermocouple. The values obtained ot this
composition will be rechecked before proceeding
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Fig. 2.3.9. Composition Dependence of Henry's Law
Constants for the Solubility of HF in LIF-Ber Mixtures.

with a corresponding investigation of another sol-
vent system. )

For purposes of comparison, Henry’s law con-
stants expressed at rounded values of composition
are more useful, and therefore values taken from a
large-scale plot of the data are summarized in Table
2.3.2. The enthalpies and entropies of solution of
HF as functions of composition of the solvent are
listed in Table 2.3.3.

It may be seen that in LiF-BeF, solvents, the
solubility of HF does not show a very strong com-
position dependence, such as it did in NaF-ZrF
mixtures, as indicated previously.'s The weaker

V5. H. Shaffer, MSR Quar. Prog. Rep. Jan. 31, 1958,
ORNL-2474, p 93.

- Table 2,3.3. Enthalpies and Entrop}es of Solution
’ of HF in LiF-Be F2 Mixtures

Solvent Enthalpy Entropy
Composition of Solution of Solution*
{mole % LiF) {cal/mole) (ev)

100 ~4700 -4.4 .
90 ~4900 4.8 :
80 -5100 -5.2
70 5400 -5.8
60 -5400 _ ‘-6.2
50 | -5400 =64

*Entropy of solution calculated at equal concentra-
tions in the gas and liquid phases at 800°C,

Table 2.3.2. Henry's Law Constants for the Solubility of HF in LlF-BeF'2 Mixtures

Solve'nt K (moles of HF per emS of melt per atmosphere)
. (i L At 600°C At 700°C At 800°C At 900°C
v x 10~6 x 1076 x 10™8 x 10™6
100 18.2* 13.7+ 10t 9.0+
%0 173+ 13,00 T03r 8.4
80 16.00 1.8 9.1 7.6
70 13.9 00 7.7 " 6.3
60 n.a2 8.2 6.4 5.2
50 8.6 66 5.2 4.2

- 86

*Graphical exﬁapolatfon to 0 mole % Ber (Fig. 2.3.9).
**Extrapolated from measurements at higher temperatures.



composition ‘dependence may be a result of much
less stable acid fluorides in the LiF system'® than
in the NaF system. However, this effect should be
more precisely demonstrated when measyrements
usmg NaF-BeF2 mixtures are carried out.

Solubllihes ‘of Fission-Product Fluorides
in Molten Alkali Fluoride-Beryllium
Fluoride Solvents

V. T. Ward

Solubility of CeF3 in NaF-LiF-BeF,.
bility of CeF, in NaF-LiF-BeF, solvents of various
compositions was determined over the temperature
range 400 to 750°C. The mixtures investigated con-
sisted of the NaF-LiF eutectic (40-60 mole %) to
which BeF, was added in amounts that varied from
0 to 56 mole %. The results of the experiments are
shown in Fig. 2.3.10, in which the solubility of

I‘H. J. Emeleus in Fluorine Cbemistry, Vol. 1, p 25,
J. H. Simens (ed.), Academic Press Inc,, N, Y, (1950).
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=~ The solu--
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CeF, (mole %) is plotted against solvent compo-
sition at several temperatures. A comparison of the
solubility of CeF in this solvent with the solu-
bilities of CeF3 ln the LiF-BeF, and NaF-BeF,
binary systems is presented in Flg 2.3.11 for the
single temperature of 600°C.
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Fig. 2.3.11. Comparison of CeF, Solubilities in
Three Solvent Systems at 600°C.

Solubility of CeF, LaF,, and SmF, in LiF.BeF 5
UF‘. — The solubllmes of CeF,, LaoF,, ond SmF
in LiF-BeF,-UF, (62.8-36.4-0. 8 mole %) were de-
termined over the temperature range 500 to 750°C.
The doto are given in Table 2.3.4, ond, for com-
parison, are plotted against the reciprocal of the
temperature in Fig. 2.3.12, As may be seen, the
solubility of CeF in this solvent is a little higher
than in Li F-BeF, (63-37 mole %) over the full tem-
perature range investigated,

Simultaneous Solubilities of CeF, , and LaF, in
LiF-BeF -UF .. — The solubilities of CeF, und
chF3 in the presence of each other in LIF-BeF -
UF (62.8-36.4-0.8 mole %) were determined wnth
the use of two radlouchve tracers in the manner de-
scribed’ prevuous|y. - The values obtained are "

listed in Table 2.3.5 and plotted in Fig. 2.3.13, in

which the sums of the solubilities may be seen to
be intermediate between the individual solubilities.
The lines represent the ,sovlubilities of CeF, and

Vg, T. Ward et al. Solubzlxty Relatzons Among Some
Fissiog Product FIuorzdes in NaF-ZrF 4-UF 4 {50-46-4
mole %), ORNL-2421 (Jan, 15, 1958).
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Table 2.3.4. Solubilities of Cer, Lch, and .‘SmF3 in LiF-Be Fz-UF 4 (62,8—36.4-0.8 mole‘ %)

Temperature CeF in Filtrate ... Temperature LaF, in Filtrate  Temperature = SmFj in Filtrate

- () W% Molem - (%C) Wt %  Mole % ©c) W% Mole %
764 >9.01¢  >Ler 741 8.65 1.7 757 >10.22¢  >1.93+
661 5.1 0.97 o 676 - >1027¢ . >1.5
652 4.5 0.85 655 4.19 0.79 |
578 2.35 0.44 560 1.73 0.32 587 5.35 0.97
499 1.04 0.19 480 079 0.15 495 2200 0.39

*Solution not saturated,
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Fig. 2.3.12. Solubilities of CeF,, Lch, and Ssz
in LiF-Ber-UF (62.8-36.4-0.8 mole %). :

LaF, individually {same curves as those shown in
Fig. 2.3.12), while the points represent the sums of
the solubilities obtained when both are present in
‘the proportions indicated.

It may be observed from the data given in Table
2.3.5 that the solubility of a rare earth fluoride is
decreased by the addition of another rare earth fluo-
ride. This is believed to be the result of the for-
mation of a solid solution by the rare earth fluorides

-88
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Fig. 2.3.13. Comparison of Solubilities of CeF4 and
LuF3 Individuclly and When Both are Present in LiF-
BeF,-UF , (62.8-36.4-0.8 mole %).

involved. It was shown previously that the equi-
librium quotient of the reaction

LaF,; (d) + CeF, (ss) \-—'5 LaoF, (ss) + CeF5 (d)
is given by the expression

Ry
C0F3




where S° is the mole fraction (solubility) of a rare
earth fluoride in the solvent at the specified tem-
perature and in the absence of a second rare earth
fluoride. ‘A comparison of the calculated and the
experimentally determined equilibrium quotients is
given in Table 2.3.6. It may be seen that, regard-
less of rather large composition changes, the equi-
librium quotients, or partition coefficients, remain
fairly constant and in fair agreement with the calcu-

PERIOD ENDING OCTOBER 31, 1958

lated constants. These results are also illustrated
in Fig. 2.3.14.

Simultaneous Solubilities of CeF; and SmF, in
LiF-BeF -UF .. ~ One experiment was run in which
both CeF, and SmF, were added to LiF-BeF,-UF,
(62.8-36.4-0.8 mole %). There was evidence that
this particular batch of SmF, was slower in dis-
solving than usual, and the individual solubilities

Table 2.3.5. Solubilities of Cer and Lch Separately and in the Presence

of Each Other in LIF-Ber-UF‘ (62.8-36.4-0.8 Mole %)

1 Consﬂ'uenfs of System

Rare Euﬂh Fluoride in Filtrate

(mole %) T'"T:(':';’*u'e {mole %)

Cer ) Lqu Sclvent Cer chs Total
180 0 98.20 700 1.36 0 1.36
600 . - 0.55 0 0.55

500 . 0.193 (1] 0.193

1.82 0.78 97.40 700 0.890 0.387 1.28
S 600 - 0.375 7 0.141 ~ 0.52

- 500 0.148 0.043 0.191

1.85 2.27 95.88 700 0.588 0.525 - .1

’ 600 0.271 0.195 0.47

500 0.120 0.067 0.187

1.83 - 3.30 . 94.87 700 0.486 0.775. 0.126

' 600 0.220 - 0,296 0.52

500 0.093 0.102 0.195

0 220 97.80 700 0 1.19 1.19
600 0 0.475 0.48
500 0 0.177 0.177

Table 2.3.6. 'Solid-Solvent Extraction Coefficients for LaF 4-CeF In LiF-BeF,-UF, (62.8-35.4-0.8 Mole %)

‘Experimental KN* ff

' Teméératqre Ccic_ulated K N .
o Cse. o /80
o (oc) o CeFgm LaFg . 0.78 Mole % LoF,

“-For 1.82 Mole % Cer 4+ For 1.85 Mole % Cer + For 1.83 Mole % Cer +
. 227 Mole % LuFa

:3.30 Mole % LaF3'

i

1.55

700 B k7 A','o.97.‘;:jff 1.18

600 s RALE 182 1:38

s0 e s 2.28 1.68
N

L;:Fs(ss)‘N.CeF#(rd)

*K~=,N — -
NeeF y(se) YLaF 4(@)
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Fig. 2.3.14. Portion of Psuedo-Ternary System CeF3-

LuFa-Solvem Where the Solvent is Li F«Ber-UF4
(62.8-36.4-0.8 mole %), :

obtained were considered to be unrelicble. How-
ever, the sums of the solubilities were intermediate
between the solubility curves obtained when only
CeF, and only SmF, were present, as shown in Fig.

2.3.15.

A Simple Method for the Estimation of Noble Gas
Solubilities in Molten Fluoride Mixtures

M. Blander G. M, Watson

The solubilities of noble gases in liquids may be
interpreted with the use of a model similar to that
described by Uhlig.18:1? Although the model is
elementary, it yields an interesting correlation with
experimental data. If the gas does not interact with
the liquid in which it is dissolved, the free-energy
change upon solution is related to the *‘surface’’
energy of the hole created by the gas molecule or
atom. The solubility of such a gas in a continuous
fluid medium can be shown to be given by the re-
lation '

« =2= e-18.08r2'ymlc/k7'

[~

Ce

8p, . Emmett, private communication,

Y51, H. Uhlig, J. Pbys. Chem. 41, 1215 (1937).
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Fig. 2.3.15. Solubilities of CeF3 and SmF, tndi-
vidually and When Both are Present in LiF-BeF,-UF,
(62,8-36.4-0,8 mole %).

where K _ is the equilibrium ratio of the concen-
trations in the liquid (C,) and in the gas phase

(C ), r is the radius of the gas atom (in Angstroms),
Yoic I8 the microscopic surface tension of the sol-
vent (in ergs/c_rnz), R is the gas constant (in
cal/moles°K), and the number 18.08 is the resultant
of the factors (6.02 x 10%%) (47 x 10~ 1) (2.39 x
10-8), which are used in the calculation of the sur-
face free energy (in cal/mole of a mole of spherical

“holes of radius r (Z) in @ continuous liquid of sur-

face free energy v, (ergs/cm?). Although a real
liquid cannot be considered a continuous fluid, it is
interesting to speculate that it behaves as if it were
one and that y_ . _is related to the macroscopic sur-
face tension y__ . » o
The area of the holes is at least as large as the
surface area of the spherical gas molecules, and
because of thermal motions the hole would be ex-
pected to be larger than the gas atom. The radii of



-the noble gas atoms in the solid will-be a lower
limit of the radius of the hole, and the solubility
calculated on this basis would be expected to be
high. Values of K _ are listed in Table 2.3.7 that
were calculoted for the noble gases by assuming
thaty,_ | =7,.. ond by using the radii of the noble
gas atoms in the solid. ‘The numerical values used
for the surface tensions of the solvents are given in
Table 2.3.8, and the radii of the noble gases, as
given by Goldschmidt, 20 are listed below: -

20

V. M, Goldschmidt, Geochemistry, Oxford University
Press (1954). 7 - _—
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Helium )
Neon
Argon

Xenon

Atomi ¢ Radius
(A)
1.22
1.52
1.93
2,18

The comparison in Table 2.3.7 of the calculated
and measured values of K_ for solutions of noble
gases in NaF-KF-LiF and in NaF-ZrF  shows good
agreement in view of the elementary nature of the
model. The magnitude and the variation of the sol-
ubility with size of the gas molecule are correctly

Table 2.3.7. Comparison of Calculated and Observed Values of Henry's Law Constants,
K.= C/Cg, for Noble Gas Solubilities in Molten Fluoride Mixtures

Sol Ga Temperature K. Ratio of Experimental to
olvent ) * o ,(oc) '  Experimental Calculated Calculated K_ Valves
‘ . x 10™3 x10~3
NaF-ZrF Heliom - 600 15.5 137 0.1
: : « 700 23.3 188 0.12
800 37.0 243 0.15
Neon 600 8.09 _ 45.9 0.18
S 700 14.7 74.9 0.20
800 217 12 0.20
Argon 600 3.62 7.33 0.49
- 700 6.44 16.0 0.40
_ 800 10.6 30.2 0.35
Xenon 600 1.39 : 1.77 0.79
-+ 700 2.84 484 - 0.59
800 5.56 107 0.52
NaF-KF-LiF ~ Helium - . 600 809 @8I (0.29)
: e 700 .. 140 (46.8) {0.30)
. L. 800 203 .q@o.n ©(0.29)
-=: Neon Do .o600 3.12 (3.94) (0.79)
e 700 6.00 (8.63) (0.70)
, 800 - 9.84 (16.4) (0.60)
Argon 600 0.645 (0.145) (4.4)
S 700 1.43 (0.509) . (2.8)
800 2.99 (4 (2.1)
Xenon - :.600 (0.011)
700 | - {0.057) .
800 (0.212)

*Values enclosed in parentheses are based on estimated su?facé tensions.

N
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Table 2.3.8. Surface Teniions of Molten Fluoride
Mixtures

Surface Tension (dynes/em)

Temperature =
(°C) NoF-KF-LiF* NaF-ZrF *®
(11.5-42-46.5 mole %) (5347 mole %)
600 230 128
700 220 120
800 - 210 12

*Surface tension values estimated from extrapolated
values of surface tensions of pure components {F. M. _
Jager, J. fiir anorg. chemie 101 (1917)] assuming addi-
tive surface tension. Surface tension mecsurements of
this mixture have not as yet been made.

**F, W, Miles and G. M. Wafson, Ock Ridge Nattonal
Laboratory, unpublished work.

predicted. This order of solubility has not often
been experimentally observed, since most liquids
have surface tensions so low that other solution: -
effects predominate. The difference between the
calculated and experimental values is in the di-
rection expected if the estimated size of the hole is
too small (except for argon in NaF-KF-LiF).

The last column of Table 2.3.7 shows a trend in
the ratio of the experimental to the calculated
values of the Henry's law constants. An approxi-
mate calculation indicates that this trend can be
explained if the polarization of the noble gas atom
by the highly ionic salt medium is taken into ac-
count. ’ _

It may be concluded from these calculations that
estimates can probably be made of the solubilities
of the noble gases in media of high surface tension
to within an order of magnitude. This accuracy is
satisfactory for reactor applications.

Chemical Reactions of Oxides with Fluorides
in LiF-BeF,

J. H. Shaffer

An effective means for separating uranium from
undesirable fission products is required in order to
develop a suitable reprocessing scheme for fused-
solt nuclear reactor fuels. Experiments described
previouslyzl demonstrated that uranium can be sepa-
rated from rare earth fluorides, such as Cer, in the

21, H, Shaffer, MSR Quar. Prog. Rep. Jan. 31, 1958,
ORNL-2474, p 99.
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simple binary solvent KF-LiF. In these experiments
uranium was preferentially precipitated as Uo, by
the addition of calcium oxide to the fused salt mix-
ture. ' In the presence of BeF,, uranium probably k
can be separated from cerium and cerium oxides,
but apparently oxides of cerium and beryllium will
coprecipitate after the precipitation of uranium is
essentially complete. ~
In practical applications the oddmon of calcium
oxide to precipitate uranium is objectionable. Con-
tamination of the fuel with calcium fluoride might
induce serious complications, such as increasing
the melt liquidus temperature. However, two alter-
nate methods of uranium separation are being in-
vestigated. First, beryllium oxide may be substi-
tuted for calcium oxide to precipitate uranium and
the rare earths. The primary advantage of this sub-
stitution is that no foreign constituent is introduced
into fuels containing beryllium. The results of pre-
liminary expenrnents with the use of beryllium oxide
have been reported. 22 A second method would em-

‘ ploy a precipitant which would form a volatile

product. Reagents of this class might be wcfer,
boron oxide, and silicon dioxide.

Precipitations with BeO. — A chromatographic
type of separation of uranium and fission product
rare earths might be effected by using beryllium
oxide as the column packing material. Separations
of this type would yield a purified solvent as the
column effluent and would provide a means of con-
centrating the uranium in the column for subsequent
recovery. Pertinent information for this process in-
cludes knowledge of reaction rates, optimum particle
size of BeO, column recovery techniques, etc.

The rate of reaction of UF , with a onefold excess
of BeO as a function of the particle size is illus-
trated in Fig. 2.3.16. Experimental results indicate
that the reaction of UF ; with solid BeO is surface
controlled. Further experiments are in progress to
determine additional characteristics of the ex-
traction process. |t is planned, for the next series
of experiments, to use actual columns packed with
BeO and to force the liquid LiF-BeF ,-UF , mixture
to flow through the columns to determine the amount
of uranium extracted per pass.

Formation of Volatile Products. — Results of ex-
perimental precipitations of uranium from UF
LiF—BeF2 (63-37 mole %) at 600°C by the addition

of water to the influent gas stream are presented in

224, W, Shaffer, MSR Quar. Prog. Rep. June 30, 1958, .
ORNL-2551, p 90.
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Fig. 2.3.16. Rate of Reaction of BeO (100% Excen)
With I.IF‘ in: LIF-BeF (63-37 mole %) at 600°C.

Fug. 2.3.17. As may be seen, the stmchtomefry in-
dicates the formation of UO,. This assumption has
been confirmed by petrographic examination.:

Further experiments are in progress to investigate -

the precipitation with water of cerium, as well as
the selective precipitation of uranium in the pres-
ence of cerium, in various fused salt solvents.

CHEMISTRY OF THE CORROSION‘PROCESS S

Activities in Metal Alloys
S. Langer

Studies of the activity of nickel in mckel-molyb-
denum alloys by measurement of the electromohve
force of cells of the type

NiCl2 (5 wt %) in

NaCl-KCI eutectic Ni-Mo Alloy

Ni (metal)

~ PERIOD ENDING OCTOBER 31, 1958
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Fig. 2.3.17. Precipltation of UO from UF‘ in LIF-
BeF (63-37 mole %) With H 0.

have been continued. " The diSaQreemenf’between

the potentials of identical pure nickel electrodes

which was experienced in the past?? has been
greatly reduced by changing to an uncompartmented
cell. The potentials of the nickel electrodes now
agree to within 1.0 mv and frequently to better
than £0.5 mv.

A condensation of the results obtained fo date is
given in Table 2.3.9. - Cell potentiols measured in

.- the temperature range 680 to 820°C were plotted as

a function of temperature, and a straight line was

. drawn that best fitted the data points. The data are

not yet sufficiently precise to warrant more refined

~methods. - The potential of a given alloy at 750°C

was read from the graph, and the activities and ac-
tivity coefficients listed in Table 2.3.9 were cal-
culated from the potential data.

The alloys used as electrodes were prepared by

~ annealing for 16 hr at 1200°C and quenching to

room temperature; thus the electrodes may not rep-

resent equilibrium samples even after remaining at .

3s. Longer, MSR Quar. Prog. Rep. an, 31, 1958,
ORNL-zm,p' n. & ] ro
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Table 2.3.9. Tentative Values of Activities and
Activity Coefficients of Nickel Metal in
Nickel-Molybdenum Alloys

Nickel

Potential Activis Activity
Atom Fractien, at 750°C, cannfy, Coefficient,
XNi E (mv) Ni Wi
0.937 “1.95 0.96 1.02
0.904 2.95 0.94 1.04
0.800 3.45 0.92 1.16

femperatufe in a cell for a week. In future experi-
ments, alloys which have been annealed at 750 to

850°C for at least 6 weeks will be used.

Surface Tensions of BeF, Mixtures
B. J Sturm

Expenences in pumping LlF-BeF UF melts led
to interest in the surface tensions of BeF mix-
tures, and preliminary measurements have been
made. For these measurements a Cenco-DuNouy
interfacial tensiometer?4 was used to measure the
force required to pull a platinum ring out of the
melt. . Since the measurements were made with the
liquid surface exposed to air, the results are ap-
proximate.

24p,oduct of the Cenco Scientific Company.

A trial measurement of LiF-BeF ,-UF  (53-45-1
mole %), with poor temperature control, gave a sur-
face tension of 195 dynes/cm at 425 to 450°C.
Measurements of a melt consisting of LiF and BeF
(63-37 mole %) gave 196 dynes/cm at about 480°C.

The surface tension of the liquid can affect the
drainage behavior, and the level of a liquid in @
capillary is directly proportional to the surface
tension and inversely proportional to the density.
Therefore a comparison of the rise in @ 2-mm-ID
capillary is indicative of the validity of the results.
Such a comparison is presented in Table 2.3.10 for
two melts and for water.

Disproportionation of Chromous'Fldoridé _
B. J. Sturm A

Chromous fluoride in solution with fused alkali
fluorides disproportionates into trivalent chromium
and chromium metal (see the following section). In
an attempt to demonstrate this reaction in concen-
trated solutiens, and also to prepare compounds of
NaF and CrF3, nickel capsules containing mixtures
of sodium fluoride and chromous fluoride (NaF-CrF,,
50-50 and 67-33 mole %) were heated to 1000°C.

For capsules maintained at the elevated temperature
for 2 hr and cooled slowly, x-ray diffraction showed
sodium hexafluochromate (lII) to be the principal
phase. Capsules heated for only 2 min end -~
quenched on a copper plafe contained only a trace
of sodium hexafluochromate (1), the principal
phase being one regarded as sodium trifluochromate
(I1). The rapid cooling and quenching did not allow
time for disproportionation; the product was NaF°CrF
instead of 3NaF-CrF,.

“Table 2.3.10. Comparison of Surface Tensions and Appreximate Rise in a 2-mm-1D Capillary of
Two Fused Salts and Water

Temperature Surface Tension Density Capillary Rfs‘e
(°c) (dynes/cm) (g/cm®) -{em)
NaF-ZrF -UF , 630 132° 3.34% 0.8
(50-46+4 mole %)
_ LiF-BeF, 480 196 1926 2.1
(6337 mole %)
Water 25 72 1 1.5

%5, 1. Cohen, W. D. Powers, and N. D, Greene, private communication.

W. D. Powers, private communication, September 1958,

€N. A. Lange (ed.), Handbook of Chemistry, 5th ed. (1944), p 1577,
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Effect of Fuel Compesition on the Equilibria
: 3CeF, ——"ZCrF + Ce° and
3FeF2g-— 2FeF + Fe®

- J. D. Redman

A study of the chemical equilibria mvolved in the

corrosion of structural metals by fluoride fuels ha

continued, with attention being given to the effect

of solvent composition on the equilibria
CF,&==2CF; +C°
and .
3FeF, F—-—\2FeF2 +Fe® .

Chemical anclyses were made of equilibrated
samples contained in nickel filtration upparatué.
The samples were obtained by filtration after an

equilibration period of 5 hr ot temperatures chosen

between 525 and 800°C.
Chromlum Fluorldes. ~ The extent to which the
reactlon '

3CrF, &==2CrF4 + C°

proceeds to the right was found to decrease with
increasing ZrF, concentration in the solvent LiF-

NaF-ZrF , as shown in Fig. 2. 3.18. The solvent
LIF-NaF-ZrF 4 wos useful because it permitted o

continuous variation from a basic to an acidic melt

without interference from precipitation. The data
Fig. 2.3.18 are based on duplicate experiments in

of

. ‘PERIOD ENDING OCTOBER 31, 1958

which excess chromium metal was equilibrated with
2 wt % Cr*** in the solvents described in Table

2.3.11. For this series of solvent compositions, in
which the mole ratio of NaF to LiF was held con-

stant at 40:60, the effect of Zr**

g

in competing with
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Fig. 2.3,18. Effect of Solvent Composition on the

Reaction 3Cr++= 2crttt

+ Cr°

When 2 wt % Cr

+++

is Equilibrated with Excess Cr® in the Solvent LiF-NaF
(60-40 mole %) + ZrF , ot 800°C,

Table 2.3.11, The 3CrF ,==2CrF, + Cr° Equilibrium in LIF-NaF-ZrF , at 800°C
(2wt % ottt Equilibrated with Excess Chromium Metal)

2ZrF ; added (mole %) to LiF-NaF 0
" {60-40 mole %)

Cr found by analysis (wt: %) in
duplicate experiments

ettt o L 2.859
L : 2.62
ctt 1.38
1.25

Calculated Concentratlons (wt %)

Average Cr*? V S a2
» Average ottt T 129 v
K, = (CrFy) /(ch2)3 | oex0mt

.15

2.76

2.70
2.10

2.21

206
- 0.66

ax10°2 2x1072

25

2.80
2.78

230
227

228
... 0.50

35

2.79

20‘77 L
2.30 "
2.34

2,32 .
0.46

S 1x10™2

47

2.76 <
T 275

252
255

‘2 54
. 0.22 g

3x10°3

2,83
2,86

2,82
2.50

- 2.66°

0.18

2x10™3
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© Crt*? for fluoride i ions is g pcrenf from the decreas-
P

mg stability of Ce***,

- Similar experiments at lower temperatutes and
lower dilutions of chromium ion consistently showed
the some trend. Because of minor quantitative dis-
crepancies, which appeared presumably as a result
of analytical difficulties, the numerical results are
- mainly of qualitative interest and have been omitted
from this report. The same is true of numerous
trials involving the oddmon of CrF,, with no chro-
mium metal or Cr*** initially present, to check the
reaction 3CrF, —> 2CrF, + Cr° Increasing dispro-
portionation (more CrF,) with decreasing ZrF
content was quite evident. Since the chromium -
metal was deposited on the nickel walls at an ac-
tivity of less than unity, the ratios of CrF, to CrF,
were higher when only CrF, was added than for the
equilibrium volues in the presence of excess chro-
mium metal.

‘Tests were also made in solvents containing
BeF,, which is considered to be more basic, or less
acidic, than ZrF, since it is a better fluoride donor
for furnishing fluorides for complexing. An appre-
ciable amount of disproportionation, CrF4/CrF, =
0.15 for 2 wt % Cr ot 800°C, wos found in LiF-BeF,
(48-52 mole %). This is roughly comparable to the
amount of disproportionation in the 35 mole % ZrF,
solvent. In another BeF, mixture (LiF-BeF,-ThF,,
67-23-10) the effect of ThF (acidic) was more than
counterbalanced by the mcreosed LiF (basic) con-
tent to give a net increase in the complexing of -
CrF,. Here the equilibrium CrF,/CrF, ratio was
about 0.4 at 800°C with 2 wt % Cr; thus the solvent
containing ThF , has about the some complexing
tendency as the 15 mole % ZrF, solvent. These
results confirm the supposition that BeF, mixtures
are more basic than corresponding ZrF , mixtures
ond that the extent of disproportionation is greater
in the more basic solvents. Numerous auxiliary
trials were made to ensure that solubility limits
were not exceeded and to explore the effect of lower

dilutions and temperatures; the results were in good -

qualitative agreement with the foregoing conclu-
sions. Quantitative discrepancies, such as a lack
of material balance, were found that appeared to be
due to experimental difficulties, particularly with
respect to analyses.

Ferrous Fluorides. — Experiments similar to those

with chromium fluorides were also carried out with

FeF, and FeF, in the same solvents. No dispro- ,

portionation of FeF, was detected in any of the sol-
vent compositions at either 600 or 800°C. In the

96

course of these experiments it was noted that the
solubility of FeF, in LiF-NaF-ZrF, (27-18-55

mole %) is 4.4 wt % Fe at 800°C and 0.3 wt % at
600°C; in LiF-NaF-ZrF ; (32-21-47 mole %) the
solubility is 0.4 wt % at 600°C. For comparison the
solubility of FeF, in NaF-ZrF , (53-47 mole %) at
600°C is 0.4 wt %, as determmed by electrometric
measurements, 2> and 0.26 wt %, as deterrmned by
an ecrlier filtration expenment.2

Activity Coefficients of CrF, in NaF.Z¢F,
C. M. Blood

The activity coefficients of CrF, dissolved in the
molten mixture NaF-ZrF , (53-47 mole %) ct 850°C
were determined and reporfed previously.?” The re-
sults of experimental measurements at 750°C are
summarized in Table 2.3.12. The tabulation gives
the experimentally determined partial pressures of
HF and mole fractions of CrF,, together with the
resulting equilibrium quotients. In each case the
partial pressure of hydrogen was determined by sub-
tracting the partial pressure of HF from the meas-
ured total pressure, which was kept essentially
constant and very close to 1 atm. The equilibrium
quotients are also shown graphically as functions of
the mole fraction of CrF, in Fig. 2.3.19. ‘

Examination of the results indicates that, within
the experimental precision, the results are inde-
pendent of the mole fraction of CrF, over the range
from 1 to 10 mole %. |f the extrapolation of the
values of K_ is valid to infinite dilution, as shown
in Fig. 2.3. 19, the activity coefficient of CrF, is
unity, over the concentration range studied, with
respect to the standard state of reference having

" unit activity coefficient ot infinite dilution. Com-
‘'parison of the extrapolated equilibrium quotient with

the equilibrium constants calculated from tabulated
values of thermodynamic properties2® for the re-
actions: ’

CrF, (s) + H, (g ==Cr (s); |

+2HF (g), K, (s) =4.2x 10~4 ,

25L. E. Topol, private communication, _

%, p, Redman, private communication,

27¢. M. Blood, MSR Quar. Prog. Rep. Jan. 31, 1958,

0RNL-2474. P 105.

L Brewer et al., Natl. Nuclecr Energy Ser, Div. IV,
198 {1950).
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\ Tnble 2.3.12, Equilibrivm Quotients at 750°C of the Reaction Cer (d) + H, (g) =— =cC (s)+ 2HF (g)
in NuF-ZrF4 (53-47 mole %)

Pue 0 X, K Pyr Xerr, K+
(atm) {mole fraction) % {atm) " (mole fraction) *
x10™3  x10"? 3 x10°4 || x110"%  x107? x 10—4
4.23% - 9.14 N K7 B 2.63%%* 3.42 2,03
4.97** 9,18 . an X L 3.38 1.87
4384 9.23 . 2.09 2.76%%* 3.44 2,22
5,124+ 9.23 2,85 | 2,58+ 3.40 1.96
4,78%*+ 9.25 2.48 2,55%++ 3.44 1,90
4.57%e¢ o922 - 228 || 287+ - 344 2.40
4.31%+ . 9.25 2.02 2.66%++ 3.46 2.05
5.33% %+ 942 3.03 2.71%%* 3.44 214
421** 944 L4 2.70%+* 3.50 2.09
4.61%* 9.44 T 2260 2.60** 352 193
4.96*** 9.50 ' 260 3,02+*+ 3.59 2,55
484%* 956 o 2,46 2.93%%% . . 353 2.44
4.41%* T 948 2,06 2.69** 3.55 2,04
4.39%+ 9.56 o208 1152 R 0.953 1.80
5.56%%% - . 9.863 - 3.23 1264 0.943 R K
4.72% ’ 9.71 2.31 1,62+ S 07 2.47
4.86%% . S 960 L 247 1.59++ ‘ 1.09 o am
5.56%%% 988 .. 318 153w 05 2.24
2.18*+ 3,07 © 130 1.54+* s 2.27
2.05%* S 307 1.37 L57** .07 232
2.03%** 3.09 S usd L60%* 0988 2,60
208 o 1,52 1,704+ e 282
1,914 S 0333 0 ar 1,55+ 1.05 2.30
2150 SN T I T T4t B K 7/ 2.09
2.08** © . 3.09 I V(. R L1+ B 2.39
1.98++ 313 - - 125 184%** 100 3.07
209** - 313 ‘ 1.40 L79%*% S ne9 2.96
1.99** 3.09 St L69* LM 28
2.28%*+ <N I . 1 1.B6%** w7 3.2
206** T 313 136 LTI L0 . 2,65
2004 7 Tam T 12 - T R I - .3.08
B K R B & REEEREEEE 13 U RS 2.06*** L2 : 3.49
LI L - R T R A T 2124 126 388
205**. . .. 31 3 192%% o 1260 293
231 303 1.7 200 % 280 0 349
2.84%FE o 332 2,43 207*%* - - 1,32 oo 3.26
2.51%* 3.42 1.85 206 139 3.35
2,28+ 3.38 1.54 SE LTI EI O g —
Av 2.2110.52

*K = P2 F/xCrF PH ' where X is mole frccﬂon and P is pressure in utmosphetes.

**Determlned under reducing conditions,
***Determined under oxidizing conditions.
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Fig. 2.3;19. Equilibrium Quotients at 750°C of the Reaction CrF, (d) + H, (g):Cr {s) + 2HF (g) in NoF-ZrF

(53-47 mole %).

and o .
CrF2 (N +H, (g ;'\Cr (s) +

+ 2HF (9), K_ () =8.6x 1074 ,

yields values of activity coefficients of CrF, of
0.53 and 0.26 with respect to the solid and liquid
standard states respectively at 750°C. The corre-
sponding values at 850°C (ref 27) are 0.28 and 0.18.

The results of this investigation and of the corre-
sponding investigations of NiF, and FeF and of
the activities of chromium in ulloys con now be
applied to the study of corrosion of Inconel and
INOR alloys, where it is believed that the rate of
corrosion is diffusion controlled. Experiments
might be carried out where corrosion would be in-
duced by the passage of HF-H, mixtures through
salts in contact with the alloys. By controlling
composition of the gas mixture it may be possible
to attack the chromium without significant effects
on iron or nickel corrosion. '

Equilibrium Amounts of CrF in Molten Salts
Containing UF , Which Are in Contuci with Inconel

R. J. Sheil R. B. Evans

The results of two previous investigations
have been combined to calculate the equilibrium
amounts of CrF, in two molten salts containing UF,
in contact with an infinitely thick Inconel container
for an infinite period of time. The calculated values

29,30

29\, B. Ponish, R. F. Newton, W. R. Grimes, and F. F.
Blankenship, J. Pbys. Chem, 62, 980 (1958).

_3°L. G. Overholser and J. D. Redman, private

communication.
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are presented in Table 2.3.13 and in Fig. 2.3.20 as
functions of temperature.

The following assumptions were made for the cal-
culations:

1. All the CrF, present ot equilibrium resulted
from the reacﬂon

C°+ 2UF4—r_‘— 2UF, + CrF,

2. The activity coefficient for chromium in In-
conel is independent of temperature and salt com-
ponents. The value utilized was 0.563.2° K

3. The average atom fraction of chromium in In-
conel is 0.1688,

4. The salt contained no UF3 or Cer, initially.

5. The mean temperature which defined the equi-
librium values corresponds to the balance-point3!

temperature for polythermal flow systems.

3
R. B. Evans, MSR Quar, Prog. Rep.
ORNL-2474, o167 1SR Quar. Prog. Rep. Jan. 31, 1958,

Table 2.3.13. Egquilibrium Amounts of Chromium in
UF4-ContainIng Salts in Inconel

Equilibrium Cr (ppm)

Temperature
°F) NaF.ZrF -UF LiF~BeF2-UF‘
(50-46-4 mole %) (47.8-51.7-1.5 mole %)
1000 717 242
1100 785 345
1200 852 467
1300 920 600
1400 - 985 ,}7 734
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Fig. 2.3.20. Calculated Equilibrium Amount of
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The chromium concentrations shown also repre-
sent the amounts of chromium metal which should be
added to pre-equilibrate a salt prior to loop tests.
Under this condition, the corrosion rates will de- .
pend only on the hot-to-cold-zone transfer mecha- .
nism. Such results will be highly indicative of the
long-term corrosion rates to be expected in molten-
salt reactors. - :

Chromium Diffusion in Alloys

R. B. Evans R. J. Shell
W. M. Johnson

Studles of chromium diffusion in chromium-con-
taining nickel-base alloys’ were continued along the
lines described prevnously. New equipment is
being developed for the depletion-method experi- "
ments that are based on the rate of loss of Cr3! (as
Cr***) from @ noncorrosive salt contained in the -
alloy being studied. The pots used in previous -
tests were costly, and the experimental procedures
for their use were complicated. They were designed
to assure a constant ratio of the salt-exposed area
of the container ‘to’the’ sclt vo'lume‘(A/ V). Capsules

32p, 8. Evans and R, J. Sheil, MSE Quar Prog. Rep.
June 30, 1958, ORNL-2551, p 95.
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are being designed to replace the pots, and equip-
ment for testing several capsules simultaneously is
being developed. ‘

The constant-potential method was utilized further
to prepare specimens for the study of the distri-
bution of Cr3! within the alloy. In these investi-
gations, measurements are made of the gain of Cr5!
by o metal specimen exposed to molten salt con-
taining o dissolved amount of chromium 51 (as
Cr***) that remains constant with time. It has been
found that the results obtained by this method are
extremely sensitive to the manner in which the
specimens are prepared prior fo the experiment.

The diffusion coefficients resulting from initial
experiments, which were conducted with specimens
which had been polished but not hydrogen fired,
were one to two orders of magnitude higher than
those obtained with specimens that had been pol-
ished and then hydrogen fired at 1100 o 1200°C for
3 hr. This information is of importance with respect
to the use of tracers in corrosive media, since a
large portion of the dynamic corrosion studies at
ORNL are conducted in nonhydrogen-flred con-
tainers.

The over-all diffusion coefhcwnts obtained to
date, mcludlng data obtained b Y Gruzin and
Fedorov®? and by Price et al.,>4 are presented as
log D vs 1/T plots in Fig. 2.3.21. Little signifi-
conce is attached to the low values for the hydro-

: gen-flred specimens tested at 640 and 675°C, since

the radicactive count of the Cr3! was virtually at
background level for these measurements.

The coefficients indicated at 750, 700, and 640°C
are based on the results of two or more determi-
nations at each temperature. The data from which
they were obtained are plotted on Fig. 2.3.22. The
straight lines indicate that, ‘with the exception of @
small discrepancy around zero time, the square-root

‘time law utilized for the cclculcﬂons is valid.

Equipment for sectioning specimens by electro-

-polishing techniques is now being developed jointly

with members of the Dynamic Corrosion Group of the

+ORNL Metallurgy Division. : The technique thus de-
- veloped will be used for tracer studies of chromium

diffusion phenomena in thermal-convection loops. It
is felt that a comparison of diffusion coefficients :

33P. L. Gtuzin and G, B. Fedorov, Doklady Akad.
Nnuk. S.S.S.R. 105, 264 (1955 .

"34R. B. Price et al., A Tracer Study
of Chromium in Fluotide Fuel Systems,

the Transport
MI-1194 (June

18, 1957).
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Fig. 2.3.21. Current Results of Chromium Diffusion
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obtained from salt behavior with those obtained from_

distribution curves is essential to a complete under-
standing of the diffusional processes which take
place within the metal. It is hoped that the results
of these experiments will provide a means for pre-
dicting the void penetration distances to be ex-
pected for a given set of corrosion conditions.

CORROSION OF METALS BY ALUMINUM
‘CHLORIDE

R. E. Moore

Corrosion of Inconel I:y Aluminum Chloride chor
_ in a Fused Silica Container '

Purified aluminum chloride vapor in a container of
fused silica at 730°C was found to have a very de-
structive effect on Inconel. The results of the ex-
periment showed that the aluminum chloride had
reacted with the silica to produce silicon tetra-
chloride, which attacked the metal. In essence,
this experiment was a corrosion test of Inconel ex-
posed to silicon tetrachloride rather than to alu- -
minum chloride. Aluminum chloride should be much
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more stable toward Inconel on the basis of free
energies of formation. The three polished Inconel
strips that were tested lost about 1% in weight in
500 hr and were covered with a dull coating, which
was identified by x-ray diffraction examination as
mainly Ni,Si. Large omounts of chromous chloride
and ferrous chloride, identified by x-ray and spec-
trographic examinations, were found in the aluminum
chloride in the part of the apparatus that constituted
the reservoir. This aluminum chloride reservoir had
been held at about 180°C during the test in order to
maintain a pressure of aluminum chloride of about

1 atm. A smoll amount of nickel was also found by
analysis to be present in the aluminum chloride in
the reservoir. A white coating on the fused silica

~was identified by x-ray diffraction as on ulummum

silicate.

Corrosion of Inconel by Aluminum Chloride Vapor
in an All-Metal System

A further corrosion exper;ment was carried out

~ with an all-metal system in order to avoid the for-

mation of SiCl . Purified aluminum chloride gas
was mamtamej in contact with the walls of an In-
conel tube for 300 hr at 720°C. ‘A copper metal



reservoir containing aluminum chloride, which was
attached to the Inconel tube, was held ot about
150°C to maintain a pressure of aluminum chloride
of about 125 mm Hg during the test.

Metallographic examination3® of the metal showed
the complete gbsence of subsurface voids.. A photo-
micrograph of the test specimen (Fig. 2.3.23) shows
very large grains 15 a depth of about 10 mils in com-
parison with the untreated fine-grained Inconel
sample (Fig. 2.3.24). The grain growth, as well as
the irregular nature of the surface, is probably a re-
sult of the heat treatment or hydrogen firing rather
than the corrosive attack. Chemical analysis of the
contents of the reservoir showed 3.0 mg chromium,
0.2 mg iron, and 0.5 mg nickel. As expected, chro-

“mium was attacked to @ much greater extent than
iron or nickel. The chromium in the reservoir repre-
sents attack on the |ncone| of the equivalent of

0. 024 mil over the 44-cm? surface area exposed to
attack at 720°C. Considering the worst case and
‘assuming that the recction does not become dif-
fusion controlled after the initial attack on the sur-
face, the amount of attack would be proportional to

35Exominuﬁon performed by R. S. Crouso of the ORNL
tallwgy Dlvision.
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Fig. 2.3.23. Tube Wall of Inconel Test Specimen B
‘Which was Exposed to Alumlnum Chlorlde Vapor for
300 he at 720°C. 250X,
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| Fig. 2.3.24. Tube Wcll of Untreufed Fine-Gruined
Inconel Tesf Specimen. 250X.

.‘thle pressure of aluminum chloride and at 5 atm the

corrosion after 300 hr would be about 0.7 mil.

Significance of Experimgntal Results

The existence of a reservoir of aluminum chloride
at ¢ temperature of 150 to 200°C in a corrosion test
is unfavorable because the relatively cold reservoir
allows condensation of NiCl, and FeCl,. In future
tests the container will be maintained at 650°C on
one end and 450°C on the other end to duplicate
actual conditions in a reactor. Also, the aluminum
chloride pressure will be maintained at about 5 atm.

-Even though it is expected that CrCl2 will condense

at 450°C from alloys containing chromium, the

. slight attack on Inconel found in the all-metal test

described above is very encouraging. INOR-8, in
which the activity of chromium is much lower than
in Inconel, should prove quite resistant to aluminum
chloride vapor. The corrosion of ¢ number of
metals, including nickel, steel, stainless steel,

INOR-8, and Inconel, is under study.

"Thearetical Considercﬂons of Aluminum Chloride
Vapor Corrosion

Theoretical calculations of M. Blander and R. F.
Newton (see following section) suggest that alu-
minum chloride vapor would be an excellent coclant
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~ for a power reactor. lts primary advantage over -
other gas coolants is the large amount of heat which
could be transferred by the reaction

ALCl, ==2AICl,

in the vapor phase. An important consideration,
however, in the practical use of aluminum chloride
is a choice of a suitable container material so as to
"minimize corrosion.
The reactions of importance in corrosion of metals
by aluminum chloride vapor are

(M 2AICH + 3W ==23MCI , + 2A1°
) AICI + 2A1° &==3AICI
(3 AICI, + Mo ==AICI + MCl,,

‘In these equations M represents any component of a
structural metal. Equation 3 was obtained by adding
Egs. 1 and 2. :
For the case of a reactor operating ot 650°C with
the temperature of the heat exchanger at 450°C,
equilibriuvm constants may be calculated for the
equations given above for various components from
values of free energies of formation given by
Glassner.3¢ The principal uncertainty in such cal-
culations is the extent of absorption of aluminum
metal into the surface of the container as a solid
solution.
Equation 3 should be the important reaction for
" most components of structural metals because the
pressures of MCI, calculated from this equation are
higher then those calculated from Eq. 1. The equi-
librium pressure of AICI in AICI, at 5 atm and
650°C in contact with aluminum rnetal is about 0.28
‘mm Hg. The equilibrium pressure of AICI calcu-
lated from Eq. 3 for Fe, Cr, and Ni under the same
conditions is very much less than 0.28 mm Hg.
Hence, disproportionation of AIC| should occur only
by the process of absorption of aluminum metal into
the surface of the container. When this occurs there
‘should be a reduction in pressures of MCl, by re-
action with the aluminum in the container.
The equilibrium pressures of AICI and MCl, at
450°C are less than those at 650°C. Thus, trcnsfer

of metal from the recctor core to the heat exchanger

should take place.

36, Glassner, A Survey of the Free Energies of For-
mation of the Flugrides, Chlorides, and Oxides of the
Elements 10 2500°K, ANL-5107 (Aug, 1953).

102-

Another important factor is the vapor pressure of
MCI, ot 450°C. If the vapor pressure is lower than
the equnllbnum pressure from Eq. 3, MCl, should
deposit in the heat exchanger. Therefore, suitable
metals for containing AlCl, vapor should have the
following characteristics: (l) a low oxidation-re-
duction equilibrium pressure for the metal chleride
at 650°C and (2) o vapor pressure for the metal
chloride at 450°C that is higher fhan the equilibrium
pressure at 650°C

-Structural Metal Considerations

Considerations of various possible components of
structural metals has led to the following generoll-
zations:

Chromium. — A high chromium content may be un-
desirable because the equilibrium pressure of CrCl
at 650°C over-an alloy such as Inconel or INOR-8 is
much higher than the vapor pressure of CrCl, at
450°C. The deposition of CrCl, on the cooler walls
of the heat exchanger might interfere with heat
transfer.

Iron. — The equilibrium pressure of FeCl
somewhat less than that of CrCl 2 but the vapor
pressure3? of FeCl, at 450°C is higher than its_
equilibrium pressure at 650°C. lron would therefore
be expected to deposit in the heat exchanger as .
metal (Eq. 3) and not serlously interfere with heat
transfer.

Nickel. — The equullbrwm pressure of NICI at
650°C is less than that of FeCl,. The vapor pres-
sure of NiCl, at 450°C is probably high enough to
preclude deposition of NiCl, in the heat exchanger.

Manganese. — Manganese appears to be an unde-
sirable component because of a very hlgh equilib-
rium pressure of MnCl..

Molybdenum. — The equilibrium pressures of mo-
lybdenum chlorides are very low. Molybdenum
should be a satisfactory component of a container
metal.

These generalizations are based solely on equi-
librium considerations and have no relation to rates
of corrosion. After initial attack on the surface of
an alloy the rate will probably be diffusion con- -
trolled, and it could be very slow.

e, Beusman, Activities in tbe KCI-FeCl and LzCI-
FeCl Systems, ORNL-2323 (May 15, 1957)
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GASEOUS ALUMINUM CHLORIDE AS A HEAT
EXCHANGE MEDIUM =

M. Blander R. F. Newton

Aluminum chloride has favorable and unique prop-
erties which make it, as a gas, a heat transfer
medium of potential utility at high temperatures.
Gases ordinarily transfer heat because of the lower-
ing of their heat content upon cooling from a temper-
ature T, to a temperature T, in a heat exchanger
according to the equation

T2
Hy-H, = fr‘ C, dT ,

where H a—H,is the Heat content increment and C

is the heat capacity of the gas at constant pressure. -

Aluminum chloride exists as a dimer Al Cl; at low
temperatures and as a monomer AICI, at high tem-
peratures. Because of the large number of atoms
per molecule the heat capacity of the gas is high.
Values of the heat capacities, of Al 4Clg and of
AICI, were estimated theoretically by statistical
mechanical methods,®® from the infrared vibrationa!
frequencies measured or estimated by Klemperer.3’

38, E, Mayer end M G. Mayer, Statistical Mecbamcs,
Wiley (1940), p 440.

39, Klemperer, J. Chem. Phys. 24, 353 (1956).
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The values obtained were 42 cal/moles°C for

Al Cl ond 19 cal/mole°C for AICl,. For ease of
calculation the approximation was made that the
heat capacity of AlCl, was half that of Al Cl
which was equnvalent to assuming that fhe heat co-

pacity of AICl, is 21 cal/moles°C. Table 2.3.14

" presents comparisons of the heat transferred per

mole of Al Cle, C02, and He for various temper- .
ature mtervuls. On this basis alone, it may be seen

-from Table 2.3.14 that the heat transfer capacity of
Al,Cl, is high. A further mode of heat transfer is

possible, however, since at high enough temper-
atures the major gaseous species is AICl, and ot
lower temperatures the major species is Al ,Clge
Cooling the gas in a heat exchanger will remove, in
addition to the heat obtained from the temperature
change, the heat from the reaction

" —
2A1C1, == AlCl,

The heat content as a result of the dissociation re-
action was calculated by using a value of 29.6 keal
for the heat change for the reaction and 34.6 cal/°C
for the entropy change, and the data are presented
in Table 2.3.15. The heat changes per mole of

Al Cl, from the reaction are given in column 5 of

404, Shepp and §. H. Bauer, ] Am, Chem. Soc, 76,
265 (1954).

Table 2.3.14." Heat Transfer Data for Al,Cl,, CO,, and He for Séveful ,Temperumr? lniervcl.s

6 o 7

1 2 3 4 5
Temperatu;e Heat Change Heat from Sum of Heat Changes, ﬁ;diusted Heat Change,
Interval (kcal/mole) Association of ~ Columns 2+5 Column 6 Divided by
°c) AlCl, . CO, . He . AICI, (kcol/mole) (keal/mole)  (V+ #)* (keal/mole)
450-1000 128 3.6”':‘ 15 ' 88 R F RN | £
450-1300  19.8 57 23 7 284 BT D 11
750-1300 128 3.8 15 g 365 26.0
7501000 Css w7 Ter 7.4, 2 N2
j000-2000. 2.3 7.3 2.8 . 206 ey 266
-1500-2000 - 1.7 3.8 L4 . . 1.4 B L 66
1000-1500 ~ 1.3 36 14 v :“192’ e 19.0
,1266-isdo 70 22 08 &7 Coowr s

"’|n thls expfesswn, ('l + x) is the number of moles of gas molecules at the overcge femperature of the interval

stated. .

103




MOLTEN-SALT REACTOR PROGRESS REPORT

Tuble'2.3.15. Dissociation of A|2CI‘ and lts Contribution to Heat Content ;- .

Temperature - Temperature Fraction of Gas Dissociation . - Heat Content Due to Dissociation
CF) (X) at One Atmosphere (keal per formula weight of AlCl,)
450 505 0.001 0.03
750 672 0.05 lag
1000 gn 0.30 8.88 -
1200 922 0.725 21.46
1300 - 978 0.85 25.16
1500 1089 0.95 28.12
2000 1366 " 0.997 29.5

Table 2.3.14 for the stated temperature intervals. In
column 6 of Table 2.3.14 are listed the sums of the
heat changes resulting from cooling and the heat
contribution from the dimerization. Since the number
of moles of gas molecules in a forced-circulation
loop is greater than that calculated if it is assumed
that the gas is all Al,Cl,, the values of the heat
changes must be adjusted to obtain the heat change
of the gus per mole of gas molecules. A crude ad-
justment can be made by dividing the heat change of
column 6 by the number of moles of gas molecules
at the average temperature of the interval stated.
These values are listed in column 7 of Table 2.3.14.
The large values of the heat transferred by this
cycle of association and dissociation further en-
hance the possible utility of aluminum chloride as a
heat transfer medium.

No measurement of viscosity or thermal conduc-
tivity of AICl; or Al CI appears to have been
made. Values for these properties are needed in
design of thermal-convection loops for the equilib-
rium mixture of these gases. Accordingly values for
these properties have been estimated for the gases
at 500 and 1000°K and ot 1 atm pressure. These
approximations are not claimed to be accurate and
.are presented only to serve as rough working figures
for engineering calculations. ‘

The calculations were performed as suggested by
Hirschfelder, Curtiss, and Byrd,*' and it must be

4"J. O. Hurschfeldef, C. F. Curtiss, and R. B. Byrd,
Molecular Theory of Gases and Liquids, Wiley (1954).
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emphasized that the theory used may be applied
with real accuracy only to the very simplest of
gases. The crudest model of a gas is an assembly
of monatomic, noninteracting hard spheres. Hirsch-
felder et al. show the equations for viscosity, Ny,
and thermal conductivity, A, ¢, where the subscript
HS indicates the hard sphere approxtmaﬂon, to be:

VMT

() nys=2.6693 x 10-3 ,- ¢/cmesec,
g
T/M
(2) Ayg = 1.9891x 1074 L2 -
s 2
15R
vkl cal/em®Cisec,

v where

o = molecular diameter in K
T = temperature in °K,

M = gram molecular weight,
R = gas constant.

The moleculer diometer moy be estlmuted crudely
for Al Cl6 from electron diffraction datg;4? struc-
tural estimates have been published for AlCl,. The
crude approximations which result from these calcu-
lations are presented in Table 2.3.16. -

Application of the hard-sphere model to poly-
atomic molecules yields values for thermal conduc-
tivity which are too small. The transfer of energy

42 R, Maxwell, J. Optical Soc. 30, 374 (1940).
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Tuble 2. 3 16. Viscosify cnd Thermul Conductivity of Al Cl, and AICI Cclculcfed Aecordlng
> to Hard-Sphere Appreximaﬁon

=2 ! Viscosity Thermal Conductivity
Coeal ’ (g/cmesec) {cal/em:C-sec)
&% g
- At 500°K At 1000°K At 500°K - At 1000°K
- x10™¢ x 107¢ x 10~¢ x 10-¢
: A|2C|6 - 65 150 212 4.2 5.9
AIC‘I3 . 40 . 172 243 o 9.3 13.6
to or from vibrational and rotational degrees of free-  T*, defined by
dom (which are obviously missing in the hard-sphere - o kT
case) permits greater heat transfer per collision for  (6) - T =,
N ' €

polyatomic molecules. The anharmonic vibrations
of AICl, and Al,Cl; and the relatively high temper-
atures for the system of interest make it likely that
all the modes of .vibration, rotation, and translation
are near equilibrium at all times. If such equilib-
rium is attained, the Eucken correlation

B IR 3]5
Y A=y | — =],
@ A [15R+5

where C_ is heat capacity at constant.volume, R is
the gas constant, and A, is the corrected thermal
conductivity, is valid. gmce C,is about 40 for
Al CI6 and about 17 for AlICI 3 the )‘E/)t ¢ values
are about 6 and 2.9 for the dlmer and monomer, re-
spectlvely. For Al,Cl, the values for A are 24,3 x
104 and 34.3 x 104 cal/cm:®C sec ot 500 and
1000°K, respectively, and the correspondmg values
for AICI are 27.1 x 10=¢ and 38 1x 10-¢ , respec-..
tively.

The hard-sphere mode! must be furfher corrected
however, for effects of energetic interactions of the
gas molecules {van der Waals forces, etc) These
corrections toke the form -

Mus
(4) . ’ =—n—-

S
(5 Codm,

where Q, for the Lennard-Jones potential, can be
calculated from first principles for potential func-
tions of sufficient simplicity. Hirschfelder et al,
tabulate values of { as a function of the parameter .

where % is the gas constant per molecule and € is
the depth of the Lennard-Jones potential well:

R TS

Unfortunately there is no way to estimate € for

Al oCl or AlCI,. However, Hirschfelder et al. list
values of €/k for a variety of substances. The
values for hologen-contammg substances range from
324 for HI to 1550 for SnCl . If these limits for /k
are used, the values for T* and ) shown in Table
2.3.17 result. These values indicate that 7 and A
are smaller than ¢ and A by o factor less than
3. A value of 2 for  was, accordingly, chosen ar-
bitrarily, and the resulting reasonable estimates of
viscosity and thermal conductivity for dimer and

_.monomer of aluminum chloride are presented in

iy | Table 2.3.18. -

‘ chle 2.3.]7. Probable Limits for Lennard-Jones
Potential Function.

Temperature:

€/k B
Ko ™ e
500 324 1.5 1.3
' 1550 0.32 2.7
1000 324 3.09 1.0
' 1550 0.65 2.0
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Table 2,3.18, Estimated Values for Viscosity and
Thermal Conductivity of AI2C|6 ond Al(.'.l3 )

Viscosity FTBermaI Conduétivity
(g/cmesec) (cal/em:°Cesec)

At 500°K At 1000°K . At 500°K At 1000°K

%1076 x107%  x107¢ x107¢
Al 75 106 12.2 17.2
ACi, 86 122 13.6 19.1

Substances which dimerize have, at temperatures
at which there is an appreciable fraction of both
monomer and dimer, a higher effective thermal con-
ductivity than a gas whose composition is invariant
with temperature.43=45 This increased thermal
conductivity is a result of the change of the equi-
librium constant for the association with temper-
ature. Theoretical calculations® for this effect
yielded the equation

AH2 DABP WAWB

=X, + .

pr2 R'T 2

(8

where A_ is the effective thermal conductivity, A
is the ““irozen’’ thermal conductivity calculated in

43k, P, Coffin and C. O'Neal, Jr., NACA Technical
Note 4209 (1957). ‘

445, N. Butler and R. 5. Brokdw, J. Chem. Phys. 26,
1636 (1957). B

454, 0. Hirschielder, J. Chem. Phys. 26, 274 (1957).

?he vsual mc:n'ner_46 by assuming @ constant compo-
sition for a change of temperature, AH is the heat of
dimerization, D, is the interdiffusion coefficient
of the dimer A and monomer B, P is the gas pres-
sure, W, and W are the weight fractions of dimer
and monomer, R and R’ are the gas constants in the
different units required, and T is the temperature.
The interdiffusion coefficient D , ;P may be esti-
mated from the equation4’

0.0026280 v/ T3I(M,, + M)/2M ,Ms]
(9) DABP = - -

2 ’
O'ABQ

where M, ond M are the molecular weights of the -
dimer and monomer, o, _, is the sum of the collision
radii for dimer.and monomer, where Cup = '/2(0A +
aB), and {2’ is @ correction parameter similar to that
described in Egs. 4 and 5 above and which can be
calculated for simple potential functions. It does
not differ greatly from Q (ref 48). The values of the
parameters chosen for the calculations described
below were: AH = 29.6 kcal, My = 1334, 0, =

8.064, o, = 6.324, 0, = 7.19A, and Q* = 2. Some
of the calculated values of D, ;P and DABPAH"'/
RR’T3 for several temperatures are given in Table
2.3.19. _ 7

Values of the weight fractions of the two gaseous
species can be calculated from the equilibrium con-
stant for the dimerization. These were calculated,

46i*|irs¢:l"nfe|der, Curtiss, and Byrd, Op. cit., p 534.

‘7lbid., p 539.
4810id., p 534.

Table 2.3.19. Calculated Effective Thermal Conductivities of Aluminum Chloride ()te) and Some
Parameters Needed in the Calculations

Temperature D, gP D, P AH? WB for v, for — Tl;ermolAC:mbc:vmos '(ccl/m:-d:g-sec) —
0| =d.4 = 10 ot = A, tor - A, for verage or or
CKY  Uem?/secham] ~ ppqa Prddem PelOam ool dom P m10atm A, P=4dam P=10cm -
- x10-? x 10-3 x 10-¢ x10=¢  x10-¢ x 10~6 x10=¢
500 21.4 0.92 5x1074 32x10-¢  <0. <0.1 12 12 12
600 28.1 0.70 6x10-3 39x107? 2 1 13 15 "
700 35.4 0.56 35x10"2 23x10"2 10 6 u 24 20
800 40.3 0.42 0.13 0.087 24 15 16 40 3
900 51.6 0.38 0.35 0.24 43 35 7 60 - 52
1000 60.5 0.3 0.65 0.49 38 4 18 86 -
1100 9.3 0.28 0.86 0.74 1} 27 20 37 4

. *-"-AI is a weighed average of the calculated values for AICI, and AlCl,. .
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as before, by using a value of 29.6 keal for the heat
of dimerization and 34.6 ca|/° C for the entropy of
dlmerizuﬂon in the equaﬂon

(10) AF° = AH ~ TAS®= =RT In K

The calculated weight fractions of monomer are
listed in columns 4 and 5 of Table 2.3.19 for total
pressures of 4.4 and 10 atm, respectively. Columns
6 and 7 list the contribution to the thermal con-
ductivity from the dimerization process at each of
the two pressures, 4.4 and 10 otm. These valves '
are to be added to the ‘*frozen’’ thermal conduc-.
tivity given in column 8. The calculated values
of A_ are given in-the last two columns of the
table. It is to be noted that the largest values of
the thermal conductivity are for compositions
which exhibit the largest change of composition
with temperature, end hence at temperatures at
which there is the fastest release of the *‘chemi-
cal”’ heat of association. Such results are a con-
sequence of the theory and lead to the result that
within the range that the ‘‘chemical’ heat is
available, the average effective heat conductivity
is about 80% of the maximum value. Thus the

most effective temperature range for the utilization
of AICI, as a heat transfer medium is limited to
temperatures for which the composition of the
vapor still has an appreciable fraction of both
monomer and dimer (that is, at least 5% of either).
The effective thermal conductivities and effective
heat capacities are not very different from the
“frozen’’ values outside this range. ,

These calculations ‘contain many approxima-
tions. Although an attempt was made to be con-
servative in these estimates, they should be used
only as tentative working figures until experi-
mental measurements can be made. -

~~PERMEABILITY OF GRAPHITE EY MOLTEN -
_FLUORIDE SALTS

. G. J. Nessle J. E. Eorgan :

Tests of the penetratlon of -graphite by molten
salts were continued. Graphite rod specimens
}4, 3'2, and 1 in. in dncmeter, prepared as de-
scribed previously,4? were outgassed and then
immersed in NaF-KF-LiF (11.5-46.5-42 mole %)
at 1700°F for a specific length of time. The
weight gcuns of the graphite in ihls medivm are

‘9G J. Nessle and J. E. Eorgan, MSR Quar, Prog.
Rep. June 30, 1958, ORNL-2551, p 99.
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compared in Table 2.3.20 with similar data for
graphite tested in LiF-MgF, (67.5-32.5 mole %).
The NaF-LiF-KF mixture has a lower density and
a lower viscosity than the LiF-MgF, mixture,

It may be seen from the data in Ta zl:le 23.20
that NaF-LiF-KF penetrated the graphite to a
greater extent than did the LiF-MgF2 mixture,
Chemical analyses of machined cuttings from the
}’- and 1-in. rods exposed to NaF-LiF-KF indi-
ccted vniform penetration of the salt to the center
of the rods, as was found to be the case with the
LiF-MgF mixture.

Table 2.3.20. Weighr Gains of Graphite Exposed to
Y Fused Sclts

Average Net Weight Gain of

Rod . Graphite Rod (%)
Diemeter
(in.) in NoF-LiF-KF In Li F-MgF2
(11.5-46.5-42 mole %) (67.5-32.5 mole %)
Y 91 . 68
2 98 . 7.5
L He . 84

PREPARATION OF PURIFIED MATERIALS -

J. P. Blakely G. J. Nessle
: ~ F.'F. Blankenship

Preparation of Pure Fluoride Compounds
B. J. Sturm

. Further attention was given to the problem of
preparing anhydrous chromous fluoride for use in
research related to corrosion problems with fused
fluorides. Chromous fluoride resulting from the
hydrogen reduction of chromic fluoride is con-
taminated with chromium metal, while that made
from ammenium hexafluochromate (I11) usually
contains chromium nitride. A difficult recrystalli-
zation is necessary to purify these products. The
product of the reaction of stannous fluoride with
anhydrous chromlc chlonde is contummuted with
chloride. 59 '

A different method of preparmg chromous fluo-
ride was therefore explored. Stannous fluoride was

50g, 4, Sturm, MSR Quar. Prog. Rep. une 30, 1958,
ORNL-2551, p 101, !
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heated with granulated chromium metal to over
1100°C and the molten material was allowed to
stand at this temperature for a few hours. The
preducts were chromous flucride and tin metal in
well-defined layers that were easily separated.
The reaction is '
SnF, + Cr —> GrF, + Sn
The chromium-containing portion had the crystals
lographic properties of pure chromous i‘luoy"ide.5 1
The chemical analysis of the material was in good
agreement with the theoretical analysis. Micro-
scopic observation showed the product to be free
of opaque material, and thus the absence of free
metal is indicated. : N
In cooperation with the ORNL Isotopes Divisien,
vanadium trifluoride was prepared by thermal de-
composition at about 500°C of ammonium hexa-
fluovanadate (I11) made by fusing ammonium bi-
fluoride with vanadium trioxide.®? This method
is more convenient than the usucl hydrofluorina.
tion procedures. Ce e :
Fusion of ammonium biflucride with hydrated
ferric fluoride formed ammonium hexafluoferrate
(li1) of the same crystallographic properties as
those reported for the aqueous preparation.53 The
crystals were isotropic with a refractive index of
1.444. Thermal decomposition ot about 500°C in
a helium atmosphere yielded ferrous fluoride
according to the equation

6(NH ) FeF ,—> 6FeF, + 16NH # + 24HF + + Nt

Production-Scale Operations
J. E. Eorgan

The production facility was activated for approx-
imately 5 weeks of the quarter to process 9 batches
of various beryllium compositions to be used in
component tests. Since the purification process
used for ZrF , mixtures is not adequate for oxide
removal from these compositions, the procedure
was modified and extended to allow longer hydro-
fluorination time. In brief, the procedure consists
of melting the blended salts, without the UF

SIH. Insley et al., Optical Prop‘em'es and X-Ray Dif
fraction Data for Some Inorganic Fluoride and Chloride
Compounds, ORNL-2192 (Oct. 23, 1956). :

523. J. Sturm and C. W, Sheridan, Preparation of Va-
nadium Trifluoride by the Thermal Decomposition of
Ammonium Hexafluovanadate (111}, ORNL CF-58-5-95.

53pata on Chemicals for Ceramic Use, Bulletin of the
National Research Council, No. 118, p 6, June 1949.
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and/or ThF , component, under an HF atmosphere,
and freating the barren melt, at 1500°F, first with
H, for 2 hr and then with HF for 12 hr. The melt
is then cooled to below freezing (about 400°F),
and the UF , and/or ThF , is added. The melt is '
then reheated to 1500°F and treated with HF for
an additional 4 hr. The melt is then stripped with
H, gas until chemical ana lyses of periodic ‘‘thief’’
samples indicate the batch to be acceptable.

The 9 batches processed included the six dif-
ferent compositions listed in Table 2.3.21.- The
analyses of the final batches are given in Table
2.3.22,

- Batch 1149, for which the analysis showed 1140
ppm of Fe, is being rechecked and if necessary -
will be reprocessed or replaced before use.

Copper-lined stainless steel reaction vessels
and copper thermocouple wells and dip legs were
used during this operation of the production

" facility, because the relatively high sulfur content

of the beryllium flucride had previously caused
frequent failures of nickel thermocouple wells and
dip legs. The copper dip leg was replaced with a
nickel dip leg when a batch was completed and
was to be transferred to a storage vessel. No
failures of thermocouple wells or dip legs occurred
during this operation,

Experimenial-Scale’Operations' - ‘
C. R. Croft J. Truitt - -

Eleven small batches totaling approximately
88 kg were processed for use in small-scale cor-
rosion tests and physical property studies. Some
of the small-scale units are being modified to
permit their use in a thorough investigation of the
graphite permeability problem.

Toble 2.3.21. Beryllium-Containing Mixtures -
Prepared for Experimentation

Constituents (mole %)

Composition

No.’ UF, ThF, BeF, LiF NoF
123 1 46 53
124 7 35 58
130 1 37 62
133 13 16 N

134 05 1 365 62 ‘
135 0.5 1 455 .53
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Table 2.3,22. Anclyses of Production Facility Batches of Beryllium-Contalning Mixtures

Batch Composition Maior C&nsﬂtuents (wt %) Minor Impurities (ppm)

Ne. Ne. U Th Be - 'F “Li Na Ni Cr Fe S
142 130 5.02 o922 734 124 40 220 70 2
s 1 34 527 93 73 N2 65 250 335 2
M4 14 324 586 sE2 705 N2 00 150 95 6
n4s B . 465 176 439 . 1.76 , 5 6 190 2
s 134 350 588 o 70 20 150 2
W 24 268 480 470 26 s 15 6 2
1148 135 247 336 . S84 : 273 20 60 205 35

149 - 123 3.61 o 8,83 61.2 27.0 100 . 65 1140 é
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2.4. FUEL PROCESSING -

‘M. R. Bennett -

D. 0. Campbell

" G. 1 Cathers -
Chemical Technology Division -

" Chemical processing of the fuel and blanket salts
of @ molten-salt reactor will be required in order to

remove the neutron poisons and transuranic elements

and to prepare the fissionable materials ond the
solvents for recycling. The fluoride volatilization
process, which was developed for heterogeneous re-
actor fuel processing and was used successfully
“for recovery of the uranium from the fuel mixture
(NoF-ZsF ‘-UF ‘) circulated in the Aircraft Reactor
Experiment (ARE), appears to be applicable to
processing fuels of the type now being considered
for the molten-salt reactor.! Sufficient laboratory
work has been done to confirm that fluorination of
the fuel salts LiF-BeF ,-UF , or LiF-BeF,-UF ,-ThF,
results in good recovery of the uranium.

Developmental work has else been initiated on
the processing of the solverit salt to prepare it for
recycling. The salt-recovery process is based on
the solubility of LiF-BeF in highly concentrated
aqueous HF (70-100%) cmo:i2 the insofubility of rare-
earth and other polyvalent-element flucrides,? which
results in the recovered salt being decontaminated
from the important rare-earth neufron poisons,

FLOWSHEET FOR FLUORIDE VOLATILITY
AND HF DISSOLUTION PROCESSING OF
MOLTEN.SALT REACTOR FLUIDS

A tentative flowsheet for application of the flucride
volatility and HF dissolution processes to molten-
salt reactor fluids has been prepared (Fig. 2.4.1).

In this system the uranium is separated from the salt
as UF before HF dissolution of the salt, althcugh
the reverse system also seems to be feasible. The
LiF-BeF, salt is then dissolved in concentrated HF
(>90% H!g) for separation from the rare-earth neutron
poisons. The salt is reformed in a flash evaporation
step, from which it proceeds to a final makeup and
purification step. This last step would perhaps in-
volve the H, and HF treatment now believed to be
necessary for all salt recycled to a reactor.

1G. 1. Cathers, W. H. Carr, R, B. Lindaver, R, P, .
Milford, and M. E. Whatley, Recovery of Uranium from
Highly Irradiated Reactor Fuel by a Fused Salt-Fluoride
Volatility Process, UN-535.

25, W, Jache and G. W. Cady, J. Pbys. Chem, 56,
1106-1109 (1952).
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Some of the specific features of the process are to
be investigated, For example, a high solubility of
UF , in aqueous HF would eliminate the need for
the volatilization step, except for final recovery.
This possibility appears to be unlikely, however, in
view of the low solubility of many tri- and quadri- -
valent elements. The solubilities of corrosion-
product fluorides are to be determined; a method for
recovering thorium from the waste salt is needed;
and a study is to be made of the behavior of plu-
tonium, neptunium, and protactinium in the process
steps. Experience in the laboratery and in ARE
volatility pilot plant operations has shown that the
recycled UF is highly decontaminated from plu-
tenium, ‘

EXPERIMENTAL STUDIES OF
VOLATILITY STEP

A series of small-scale fluerinations was carried
out with a 48 mole % LiF-52 mole % BeF , eutectic
mixture containing 0.8 mole % UF4. {MSR fuel will
contain from 0.25 to 1.0 mole % UF ,, depending on
the operating time.) The eutectic sclt was used in-
stead of the fuel salt in order to permit operation at
lower temperatures. Fluorinations at 450, 500, and
550°C indicated that the rate of uranium removal in-
creased with the temperature (Table 2.4.1). It is not
known whether the increased flucrination time ap-
pdrently required for quantitative uranium recovery at
the lower temperature was compensated for by a
decreased corrosion rate,

The thorium-containing blanket salt cannot be pro-
cessed at so low a temperature as that used to
process the fuel salt. The uranium concentration in
the blanket, however, is very low; it has been esti-
mated that with continuous processing at the rate of
one blanket volume per year, the blanket salt
(LiF-BeF ,-ThF, 71-16-13 mole %) will contain
approximately 0.004 mole % UF , after one year and
0.014 mole % UF , after 20 years.4 Fluorinations of

3Communicatien from W. H. Carr at ORNL Volatility
Pilot Plant.

“Molten-Salt Reactor Program Status Report, ORNL
CF 58.5.3, p 40.
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Fig. 2.4.1. Tentative Flowsheet for Flucride Volatility and HF Dissolution Processing of Molten-Salt Reactor Fusl.

two such mixtures at 600°C for 90 min gave uranium
concentrations in the salt of 0.0001 to 0.0002 wt %,
which were the lowest uranium concentrations ever
observed in laboratory fluorinations. Over 90% of
the uranium was removed in 15 min, It is concluded
therefore that fluorination of vranium from fhe
blanket salt offers no problem. o '

 The behuvnér of 'protcchmum’ii:n the blanket §d|f“
during fluonnuﬂon is of interest, although the pro-

tactinium is not |ost, in any case, since the salt is
returned to the reactor. A LiF-BeF -ThF ‘ 71-16-

w0

13 mole %) mixture c'orifa ining sufficient irradiated
thorium to give a Pa233 concentration of 5.5 x 'IO'9
g per gram of salt was fluorinated for 150 min at
600°C; no measurable decrease in protactinium
‘uéﬁVify in the salt was observed. Protactinium

_ volatilization in the process seems to be unlikely,
but the protactinium concentration in the blanket of
‘the reference design reactor is ~ 10=4 g per gram of

salt, which is 2 x 104 times larger than the quantity
used in the experiments. Further fests will there-
fore be required for a definite concluswn regordmg
volatility. ' :

m
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Table 2.4,1. Effect of Fluorination Temperature on the
Fluorination of Urenium from LIF-Ber (48-52 Mole %)*

Fluerination Uranium in Salt (wt %)

Time After Treatment

(br) At 450°C - At 500°C At 550°C
0 3,39** 5.10 4.9
0.5 196 0.20 0.55
1.0 0.39 - 0.17 0.20
1.5 0.21 012 0.06
2.5 0.32 0.11 0.05

*No induction period before uranium evelution.

**5 wt % added; some of the uranium probably pre-
cipitated as oxide.

SOLUBILITIES OF LiF-BeF, SALTS
"IN AQUEOUS HF

Initial measurements of the sclubilities of LiF
ond BeF,, separately, in aqueous HF solutions indi-
cated that both materials are scluble to an appre-
ciable extent in solutions containing 70 to 90 wt %
HF (Tables 2.4.2 and 2.4.3). In general, LiF is
more soluble than BeF, at higher temperatures, but
the effect of temperature on BeF, solubility was not
definitely established. In fact, it is thought that
some of these preliminary values for beryllivm
solubility are too low. The LiF solubility decreases
rapidly as water is added to anhydrous HF, and the
BeF, solubility increases from near zero; the solu-
bilities are roughly the same in 80 wt % HF, being
about 25 to 30 g/liter. The BeF, was quite glassy
in appearance and was slow in dissolving. The
solubility values reported for LiF in Table 2.4.2,
except those at 12°C, were obtained after refluxing
HF over the salt for 3 hr. No further measurements
were made with LiF or BeF alone, since the solu-
bilities of the two components together were of
primary importance.

The BeF ., solubility was measured in nominal 70,
80, and 90 wt % HF containing @ known amount of
LiF that was below the solubility limit. The results

.of these measurements (Table 2.4.4) show a marked

increase in BeF , solubility with LiF present, as

compared with the results given in Table 2.4.3.
Values obtained for the solubilities of LiF and

BeF, in solutions saturated with both salts are

2

Table 2.4.2. Solubility of LIF in Aqueous HF Solutions

LiF in Solution (mg/g of sclution)

Temperature K
©C) HF Concentration in Solvent (wt %)
73.6 82.3 90.8  96.2 100
12 0.7 317 58.4 748 88.2
62* 20.6
47* 41.0
37+ 62.8  80.4
32.5* 91.4

*Reflux tempercture.

Toble 2.4,3. Solubility of Ber in ﬂAqueous HF Solution

BeF, in Solution (mg/g of solution)

Teml(a:g;ture HF Concentration in Solvent (wt %)
72.8 78.3 90.8 95.2 100
12 45.8 26.3 9.2 2.8  0.0012
-50 : 3.8

Toble 2.4.4. Solubility of Ber in Aqueous HF
Containing LiF

BeF2 in Solution
(mg/g of solution)

Temperature LiF Added -

©0) (mg/g of solvent) HF Concentration
in Sclvent (wt %)
68.6 79.5 90.0

12 7.0 - 68.8
12 - 15.0 42.8 15.6

-60 o 7.0 65.8

ety 50 . 382 165

presented in Toble 2.4.5. Companson with the
previous results indicates again that LiF strongly
increases the solubility of BeF,; a plot of the BeF,
solubilities (Fig. 2.4.2) clearly demonstrates thls.
The presence of BeF, appears to increase the LiF
solublllty, but to a smaller extent, thls effect may



Table 2.4,5. Solubllity of LIF and BeF, in Aquecus HF
Saturated with Both Sclft

Salt in Solution (mg/g of solution)

Temperature HF Concentratien in Solvent (wt %)
©C) 68.6 795 - 90.0
LiF BeF, LiF. BeF, LIF BeF,

12 12,9 - 824. 299 538 642 482

=60 . 8.5 .76.8 22,6 54.2 46,0 58,2

be more apparent in more dilute HF where the LiF
solubility is lower and the BeF, solubility is higher.
Because of the increase in BveF2 solubility in the
higher HF concentrations when LiF is present, the
90 to 100 wt % HF range was studied further. It was
expected that the more nearly anhydrous system:
‘would present fewer complications resulting from -
hydrolysis. The solubilities obtained in 90 to 100
wt % HF saturated with both LiF and BeF, are pre-
sented in Table 2.4.6. Measurements were rnade at
the reflux temperatures indicated, at 12°C, and at
~60°C; in some cases, the measurements ot ~60°C
were probably taken without the system being at
equilibrium. ' The BeF, solublhty is appreciable
even in anhydrous HF m the presence of a large
concentration of LiF, in marked contrast to the
solubility in the absence of LiF. Thus solubilities

SALT SOLUBILITY (mg /g of solvent)

PERIOD ENDING OCTOBER 31.I 1958

UNCLASSIFIED
ORNL-LR—DWG 34548
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:Fig. 2.4.2. Effect of LIF on BeF2 Solubility in HF- -
H20 Solutions at 12°C,

Table 2.4,6. Solubility of LIF and BeF, in Solvents Contalning 89.5 10 100 wt % HF

" Salt in Solution (mg/g of solution)

Temperature e HF Concentration in Solvent (wt %)
o 89.5 : 95 98 _ 100
| LiF -~ BeF; LiF  BeF, _LIF © BeF, LiF BeF,
12 - 60 45 78 27 %2 - -2 107 28
P S 24 60 w2 m % 0
a3 69 68
40* . : ‘87 + 66
36* 98 46
33+ 105 49

*Reflux temperature.
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" high enough for a workable processing system are

available even in anhydrous HF, provided the LiF
concentration can be maintained at the saturation
valve.

The effect of temperature on the solubilities is
complicated by the interaction between the two con-
stituents. LiF is less soluble at lower temperatures.
However, the change in solubility of BeF, with
temperature is less obvious, with an oppurenf in-
crease in solubility at =60°C compared with 12°C,
especially at the higher HF concentrations.

The fuel salt will contain 48 wt % LiF and 52 wt %
, so the highest fuel solubilities should be ob-
tama le with the HF concentration for which. the
LiF and BeF2 solubilities are about the same, that
is, acbout 90 wt % HF. In order to check this ob-
servation, solubility measurements were made in .
80, 90, 95, and 98 wt % HF solutions for an LiF-
BeF, (48-52 wt %, 63-37 mole %) salt containing
about 0.1 mole % ZrF,, 0.2 mole % mixed rare-earth
fluorides (Lindsay Code 370), and trace fission
products. The salt was crushed; it was not ground
to a powder. Average particles were flakes about
10 mils thick and 50 tc 100 mils across. The so-
lutions were sampled 15 and 60 min after salt
addition to permit an estimate of the rate of disso-
lution. The results (Table 2.4.7) indicate that an
appreciable concentration is reached rapidly, but
that the solutions are not saturated, especially with

-respect to BeF,, in less than several days. These

results also demonstrate that the fused salt bes
haves similarly to the two componenfs adcled in-

-dividually.

The aqueous HF soluhons of the salt were fil-
tered through sintered nickel and radiochemical
analyses were made in order to determine the
fission-product solubilities. The results, pre-
sented in Table 2.4.8, show that rare earths, as
represented by cerium, were relatively insoluble in
the HF solution and were therefore effectively
separated from the salt. The solubility decreased
as the HF concentration was increased. The total
rare earth (TRE) and trivalent rare earth (except
cerium) analyses do not show this separation be-
cause of the presence of the yttrium daughter of
strontium. No rare earth activity other than cerium
was detected in the HF solutions. The slight
apparent decontamination from strontium is not
understood; strontivm is expected to be fairly
soluble in these solutiens. Cesium is known to be
soluble, but the solubilities of other neutron poisons
have not yet been investigated.

Thus, the rare earths, as represented by cerium,
are removed from LiF-BeF, salts by dissolution of
the salt in an aqueous HF solution; and strontium
and cesium are not. The rare-earth solubility in
HF saturated with LiF and BeF, increases from
about 10~4 mole % in 98 wt % HF to 0.003 mole %
in 80 wt % HF, based on the amount of LiF + BeF,
dissolved; the reactor fuel will contain rare earths
at a concentration of about 0.05 mole %.

Table 2.4 7. Solubility in Aquecus HF Solution of LiF and BeF, from Salt Mixmre
Confulnlng 63 Mole % LiF and 37 Mole % Ber

Salt in Selution {mg/g of solution)

HF Concentration in Sclvent (wt %)

Time Temperature
(°c) 79.5 -89.5 95 - - 98
LiF BeF, LiF  BeF, LiF  BeF, LiF BeF,
15 min 12 28 33 50 44 40 7 s 4
1he ' 29 '35 51 50 43 7 22 3
20 he 31 58 68 74
4 days 32 68* 79 82+ 63 28 70* 22
5hr -60 21 65 74 102 70 36 71 22
92 g8+ 53 60* 2

20 hr 12 34 100 76

- ~*Essentially all the componént indicated had dissolved and therefore the solubility may be higher than the volue -

given. Insufficient salt was added to some of the solutions to ensure an excess of both components. .
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Table 2.4.8. Fission-Product Solubilities in Aqueous HF Solutions

Activity in Original Salt and in Selution (counts/min/g of salt)

P'::!:'::: Original HF Concentration in Solvent (wt %)
Salt** 79.5 89.5 95 98
x 10* x 10* x 10% x 104 x 104
Gross 8 745 230 200 225 250
Gross 228 293 213 244 . 282
Csy : 174 251 196 223 258
St B 104 73 67 72 75
TRE B8 650 97 92 94 101
Ce B 510 7.9 3.6 1.3 0.28
Trivalent g*** 105 73 66 74 g1.5

*Zr and Nb precipitated from molten salt before this experiment and were not present in significant
concentration,
‘**LiF-BcaF2 (63-37 mole %) + ~ 0.2 mole % rare-earth fluoride + trace fission products between 1 and 2
years cld.
**+*This activity later identified as Y’o, daughter of Sr’o; activity of rare-earth elements 59-71 not
detectable in HF solutions.
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