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; This report is one of a series of periodic reports in which we describe briefly the progress of
the program. Other reports issued in this series are listed below. ORNL-3708 is an especially
useful report, because it gives a thorough review of the design and construction and supporting
development work for the MSRE. It also describes much of the general technology for molten-salt

! reactor systems.
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Summary

PART 1. MOLTEN-SALT REACTOR EXPERIMENT

1. MSRE Operations

The mai\nte'nance and other shutdown operations started during the last period were completed,
and power operétion of the MSRE was resumed in October with only one of the main radiator
blowers in service. After 17 days’ operation (run 8) at the maximum power attainable with one
blower, the second blower was installed, and a 12-day run (run 9) was made with both blowers in
service. The next run (run 10) began in December and was continued at full power for 30 days
without interruption. A fourth power run (run 11) was in progress at the end of the report period
with 31 days accumulated.

Further refinements were made in the reactivity balance, and on-line calculations were used
as a guide during operatron Application of these refinements showed that the unaccounted-for
reactivity change was only about +0.05% &k/k through the end of run 10 (16,450 Mwhr). Addi-
tional dynamics tests were performed at the start of run 11, which showed that the dynamic char-
acteristics of the system were unchanged.

The performance of equipment in the primary and auxiliary systems was generally satisfactory.
Detailed study has revealed no change with time in the heat-transfer coefficients of the main heat
exchanger or the radrator Salt plugs in the reactor off-gas line, from an accidental overfill of the
fuel pump, caused ‘some drffrculty, but the line was finally cleared before run 10, and this problem
has not recurred. Partral pluggmg of the partrcle trap and charcoal beds in the off-gas system
was also encountered but thrs did not restrrct power operation. A new particle trap, of different
desrgn was 1nsta11ed and no further pluggrng was noted at that location. Only routine mainte-

nance problems were encountered with other equipment.
2. Componenr Development
. The sanrpler-enricher was used to isolate thirty-six 10-g samples and eleven 50-g samples on
a routine basis. In addition, eight special samples for use in cover-gas analysis and five cap-
sules for beryllium addition to the fuel were handled. In'an effort to reduce the contamination

level in the sampler and adjacent areas, the inside of the sampler was cleaned with sponges, and

an additional ventilation duct was installed near the transport cask position. The design of the
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sample capsules was changed to provide a nickel-plated magnetic steel top instead of the orig-
inal copper top, so that a magnet can be used for retrieval in the event a capsule is dropped. A
mechanical method of assuring that the maintenance valve is closed is being substituted for the
existing pneumatic system, which has given difficulty because of the gradual increase in leakage
of buffer gas through the upper seat. The valve itself will not be replaced at this time. Several
minor maintenance tasks were performed, including replacement of the manipulator boots, inspec-
tion of the vacuum pumps, and replacement of a smali hinge pin and cotter key which had worked
loose inside the sampler.

Eight 10-g coolant salt samples were isolated. The valve seats of the removal valve in the
coolant sampler were rep‘laced.

Installation of the fuel process sampler is complete except for the shielding, and the opera-
tional checks have been completed.

The off-gas sampler was altered to include a hydrocarbon analyzer section in pléce of the
chromatographic cell, which was not ready. The internal piping was also rearranged to pe'rmit
sampling upstream of the 522 line filter.’ »

A redesighed MK I off-gas filter was installed in place of the old particle trap and charcoal
filter assembly. The filter was enlarged from 4 to 6 in. ID and was arranged so that the Yorkmesh
entrance section can be heated above the temperature of the rest of the filter. There were other
changes in the arrangement of the internals, which were made to correct deficiencies found in the
first filter. Measurements showed that the pressure drop was less than 1 in. H,0 at three times
rated flow and that both filters had efficiencies greater than 99.9%. Tests of the Feltmetal sec-
tions of the filter indicated that the expected life might be as little as three weeks or as greaf
as 70 years, depending on the character of the particles in the reactor off-gas system.

The old particle trap was taken to the hot cells for testing and examination. Tests indicated
an increase in the pressure drop by a factor of 20 over the clean filter and that the Fiberfrax sec-
tion was essentially clean. We concluded that most of the pressure drop was in the Ydrkmesh
entrance section, where material had filled in the space between the wires and plugged the open-
ing of the inlet pipe. Since the inlet pipé expanded longitudinally due to fission product decay
heat, it is believed that operation at power caused the inlet pipe to push into the plugging ma-
terial, thereby increasing the resistance to flow in the manner 6f a thermal valve. Metallographic
examination of the deposit area of the Yorkmesh showed heavy carburization of the wire, and
there were indications that the wire had been heated to at least 1200°F. The deposit itself con-
tained much carbonaceous material, as well as high Ba and St fractions. There was very little
Be or Zrt, indi‘cating‘that there was essentially no salt carried to this point, and most of the fis-
sion products found were daughter products of Xe and Kr. The Fiberfrax section was very clean
except for a small deposit of oil in the first layer.

A model was developed which evaluates the concentration of ‘‘very short lived’’ noble gases
in the graphite while the reactor is at power. Reasonable agreement with measured concentration

distributions was obtained for 1*°Ba, 1*Ce, and oly.
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: oft 1s probe is s1m11ar to that of probes used ln the MSRE drain tank but differs in that it is

Among the maintenance tasks completed were: (1) replacement of all of the air line gquick
d1sconnects in the reactor cell wrth metal compression fittings after the elastomer in the orig-
inal d1sconnects became embrlttled from rad1at1on, 2) replacement of the particle trap in the off-
gas lme 3) removal of frozen salt obstructions in several of the lines coming from the pump bowl,

4 replacement of the core sample array, and (5) replacement of a control rod and drive.

3, Pump Development

The restriction in the annulus between the pump shaft and shield plug in the MK-1 prototype
pump, which was discussed in the previous semiannual report, was found to have been caused
by the salt level being raised accidentally into the anhulus during a fill of the system.

. The MK-1 fuel pump tank was removed from the prototype pump facility and installed on a
test stand. This stand u/as constructed for room-temperature measurement of the stresses pro-
duced in the weld attachment of the discharge nozzle by forces and moments imposed by the
pump-tank di‘scharge piping. During initial testing, a crack was found in the heat-affected zone
of the weld attachment. The crack was repaired by welding, and further exploratory tests are
being made to measure the stresses.

The spare rotary element for the MSRE fuel pump was prepared for reactor service and is
being held in standby. The shaft-seal oil leakage problem on the spare rotary element for the
MSRE coolant pump was resolved, and the assembly is being completed for standby service. The
lubricatiorf pump endurance test was continued. Shaft deflection and critical speed tests were

completed on the MK-2 fuel pump rotary element, and the MK-2 pump tank is about 70% fabricated.

4. Instrument Design and Development

The ‘design of instrumentation and controls for the off-gas sampler is essentially icomplete.
Changes in the design of the sampler system required changes in the instrumentation and controls
design. /'

Performance of developmental 1nstrumentat10n has contmued to be generally satisfactory. No

AR

problems were encountered that requlred redes1gn or initiation of new development

Results of 1nvest1gat1on 1nd1cate that none of the commerc1ally available sohd state multi-

'an N aK—fllled d1fferent1a1 pressure transmitter in MSRE service.

o ‘The 'effectrveness of modrflcatlons to ultrasomc level probe crrcurtry has not been determmed

smaller in size and w111 prov1de a usable 1ndlcatron of level changes.
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5. MSRE Reactor Analysis

Neutron energy spectra in the MSRE were calculated and used to estimate importéht i‘sdtopi‘c‘v
changes and associated long-term reactivity effects during power operation. The changes con-
sidered include depletion of 234y, 235y, and 2MU, production bf 236y and 23°Pu, burnout of
initial _6Li in fhe salt and '°B in the graphite, and production of tritium and 1°0 as products
of n,a reactions. With the exception of 235U, the principal contributors to long-term réactivit’y

changes were found to be the SLi burnout and 2%°Pu production. v
. .Further studies were made in the correlation of the observed time behavior of the 135X e poi-

soning in the MSRE with calculations from a theoretical model. Graphic comparisons are given
of calculated .buildup and removal of '®3Xe reactivity, following changes in power lével, with
some of the experimental reactivity transients observed from opératioh to date. The results, in
good accord with previously reported evidence, point to the conclusion that a small amount of
undissolved helium gas is in circulation with the salt, which enhances the mass transfer and
removal of xenon from the reactor. In addition, the transient analysis supports the assumption
of a fairly high efficiency of removal of xenon directly from the gas bubbles by the extemal
stripping apparatus. Approximate ranges of the circulating bubble volume fraction and bubble-
stripping efficiency obtained from the analysis were 0.10 to 0.15 vol % and 50 to 100% respec-
tively.

PART 2. MATERIALS STUDIES
6. Molten-Salt Reactor Program Materials

There was no microscopically visible corrosion or coatings on the Hastelloy N reactor-vessel-
wall surveillance specimens exposed to molten fluoride fuel in the core during a 7800-Mwhr opera-
tion in which the specimens accumulated a thermal neutron dose of approximately 1.3 x 102° avz,
However, a carbide deposit about 0.001 in. thick was found on specimens in contact with the
graphite.

A loss in ductility of the irradiated specimens was found at elevated temperatures, as ex-
pected. In addition, however, there was an unexpected 20% reduction in ductility at low terripera-
ture, which is thought to be related to extensive grain-bbundafy carbide ptecipitation. The doses
received by the metal specimens are higher than the reactor vessel is anticipated to receive over
its lifetime, and the test results give reassurance that the mechanical properties of Hastelloy N
are more than adequate for the service planned. » ’

A family of curves was obtained from tests of Hastelloy N at various strain rates and tempera-
tures. These curves will allow one to predict the strain rate senéitivity of the ductility of Héstel-
loy N at any given temperature. The strain rate sensitivity changes markedly with temperaht‘ﬁré.

We examined seven experimental grades of isotropic graphite. None satisfied all the require-x
ments for molten-salt breeder reactors, but one had a good pore spectrum, and four appeafed to

have potential for MSBR use.

'd
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Experiments have been designed and are being fabricated which will permit irradiation of
graphite to the high exposures that will be incurred in an MSBR. Irradiations in HFIR, DFR,
EBR-II, and ORR are planned. _

The search is continuing for corrosion-resistant alloys that are suitable for brazing graphite to
Hastelloy N. A furnace for brazing large graphite-to-Hastelloy-N assemblies is being constructed.
The long-term thermal convection loops of Hastelloy N and type 304L stainless steel have
continued to circulate fused salts, acquiring 43,024 and 31,749 hr respectively. Weight losses
from specimens inserted in the stainless steel loop are less than what was measured on earlier

samples.

7. Chemistry

Chem1ca1 analyses of the uranium concentration 1n the fuel salt show a measurable decrease.
This results from drlut1on of fuel salt by the remnants of flush salt that remain in the reactor after
flushmg and from the transfer of about 7 kg of uranium from the fuel to the flush salt in each drain-
flush-fill sequence . ' ' ' ‘

. The chromrum concentratmn has remamed steady at about 60 ppm, indicating the absence of
corros1on in the reactor fuel c1rcu1t ' ‘ ’

At termmatron of MSRE run 7, 1.66 gram -atoms of uranium had been burned, and, as a conse-
quence, about 1.66 equlvalents of oxrdlzlng species had been produced in the fuel. To neutralize
this ox1dlzmg effect, and to make the fuel more reducing in character, the fuel was treated with
beryllium metal to reduce a small amount of UF, to UF . To date, 27.94 g of beryllium has been
introduced; this has converted 0.65% of the UF4 to UFS.

Most fission products behaved as expected with the exception of rather noble metals, which
continued to show an apparent tendency‘ to volatilize and to ‘plate on metal surfaces. Attempts to
decrease the volatilization by chemical reduction of the fuel with elemental beryllium were unsuc-
cessful. Detectable volatilization apparently continued for long periods after shutdown; a three-
day shutdown reduced the voiatiiization of molybdenum by a factor of only 5.

Further studies of the solub111ty of oxide’ in fuel—flush- salt mixtures have been carried out.

A minimum solub111ty occurs when the mole fractron of ZrF réaches 0.01.

In connect1on w1th a study of methods of reprocessmg MSBR fuel, the solubilities of SmF
and NdF in fuel solvent have been’ measured as a function of temperature. Salt compositions
for possrble use as a blanket for the MSBR have been reviewed.

The feas1b111ty of removmg rare earths from fuel by prec1p1tat10n on solid UF; has been

stud1ed ‘and the results are moderately favorable Activity coefficients assocrated with the

reductrve extract1on of rare earths from fuel mto blsmuth amalgams have been measured. The

*“proceSS dppears qurte attractlve

The use of reducmg agents for protactrmum removal from blanket melfs’ was 1nvest1gated

further Electrolyt1c reductlon gave drsappomtmg results, but the use of thonum as a reducmg R
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agent gave good results, especially when there v;;as a large surface area of iron metal available
to receive the protactinium. ‘ ‘ ‘
~ In addition to the regular salt samples, several special samples were analyzed. These in-
cluded capsules used to make beryllium additions to the fuel salt, MSRE off-gas sarnples, and
highlly purified LiF *BeF , samples. The absolute standard deviation for oxide determined in
ten radioactive fuel samples taken from the MSRE over an eight-month period was 8 ppm.

A transplra‘aon method has been developed for the determrnatron of Uttt ratlos in radio-

active fuel samples. The method is based on the measurement of the HF produced by the reduc-

tion of oxidized species when the molten fuel is sparged with hydrogen. Increases in the ust/utt ’
ratio from about 0.0005 to 0.005 were observed when metallic beryllium was added to the fuel in ' 4

the teactor

An experrmental reference electrode, consisting of an N1/N1 2+ half—cell electrlcally connected

to the fluonde melt through a wetted boron nitride ° membrane, exhrbrted satlsfactory Nernst1an ' g

: reversrb111ty On the basis of limited stabrhty tests, this electrode appears to be’ surtable as a

reference for electrochemical measurements in molten fluorides. An anodic oxidation wave result-
ing from the voltametric oxidation of U** at +1.4 v was studied and found to have properties
most consistent with oxidation of U*" to US*, followed by catalytic disproportionation of the ust
The spectrophotometric determination of U* in molten fluoride salts was investibgated by a
new technique in which U3* is generated voltametrically in the optical path of a captive—liquid
cell. The feasibility of determining 50 ppm of U3* in the presence of 2% U** was demonstrated.
Measurements of the absorption spectra of Er®", Sm®*, and Ho®! in LiF-BeF 2 indicated that

these ions would not interfere with the detemination of U3*,

8. Molten-Salt Convection Loops in the ORR

Irradiation of the first molten-salt thermal convection loop experiment in the Oak Ridge Re-
search Reactor was terminated August 8, 1966, because of a leak through a broken transfer line.
A power density of 105 w/cm 3 was achieved in the fuel channels of the graphite core before fail-

ure of the loop. A second loop, modified to eliminate causes of failure encountered in the first,

began long-term irradiation in January 1967. An average core power density of 160 w per cubic

centimeter of fuel salt was attained and maintained in the first ORR irradiation cycle.

PART 3. BREEDER REACTOR DESIGN STUDIES
9. Molten-Salt Breeder Reactor Design Studies

Breeder reactor design studies have been concerned primarily with making a choice of the.
basic reactor on which design effort will be concentrated The modular concept has been chosen

and the power for which the module is to be used is set for the moment at 556 Mw (thermal) The
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average core power density, and therefore the flux, has been arbitrarily cut from the 80 kw/liter
used in previous studies to 39 kw/liter to give greater core life expectancy.

Further optimization studies have been made on reactor parameters. A durable core config-
uration has been established. The core is 10 ft high and contains 336 fuel cells. The volume
is 503 ft3, of which 16.5% is fuel salt, 6% fertile salt, and 77.5% graphite. A blanket 11/4 ft thick
axially and 11/2 ft thick radially surrounds the core. A 6-in. graphite reflector is placed between
the blanket region and the container vessel. The fuel cells are joined to the dished head plenum
by pipe thread connections.

The fuel heat exchanger and the blanket heat exchanger are flanged into place, reducing the
number of pipes to be remotely cut and welded if replacement of these items is necessary. A con-
centric coolant line connects the primary and blanket coolant circuits. Flowsheets and design
criteria are being developed for the gas sparging system and the off-gas system.

The layout of the reactor cell has been revised to eliminate some stress problems that were
found in the original layout. A first attempt at a better mounting for reactor cell components has

\

been made and is being analyzed.

Some of the more basic MSBR nuclear calculations have been started, and from the first re-
sults some changes have been made in the unit cell dimensions of the core. The reactor as now
contemplated has a yield of approximately 6% per year, a breeding ratio of 1.07, and a fuel cycle
cost of 0.43 mill/kwhr on an 80% plant factor.

Work on reactor physics included (1) a series of cell calculations performed to examine the
the sensitivity of the MSBR cross sections and reactivity to various changes in cell structure
and composition and (2) several two-dimensional calculations of the entire reactor. The refer-
ence cell contained ~0.2 mole % 22%U in the fuel salt and 27 mole % 232Th in the fertile salt.
The fuel volume fraction was 16.48% and the fertile volume fraction 5.85%. The tesults of the
cell calculations indicated a reactivity advantage associated with increasing cell diameter, and
a nominal diameter (flat to flat) of 5 in. was selected. Detailed radial and axial flux distributions
were obtained from the two-dimensional calculations. The radial and axial peak-to-average flux
ratios calculated from these distributions were 1.58 and 1.51, respectively, giving a total peak-to-
average ratio of 2.39.

The central éell of the reactor was examined for reactivity control purposes. If a completely
empty gréphitektube of 5 in. OD and 4 in. ID is filled with fertile salt, the change in reactivity
is 8k/k = —0.018%. If the empty tube is filled with graphite the reactivity change is §k/k =
+0.0012%. Thus there appears to be a substantial amount of reactivity control available by vary-

ing the height of the fertile column in the tube.

10. Molten-Salt Reactor Processing Studies

The éohéept of an ir‘ltég'raluprocessing plant based on a fluorination and distillation flowsheet

has matured in the last year. Studies on continuous fluorination techniques have ascertained that




high recoveries and good fluorine utilization are feasible, and the measurements of relative vola-
tilities for the distillation stép have been highly encouraging. Further analysis of the operations
has revealed no new problems which could thwart this approach. \

Continuous Fluorination of a Molten Salt. — The recovery of uranjium from the fuel salt of an
MSBR by continuous fluorination embraces two significant problems: (1) the establishment of an
adeduate concentration gradient in the tower to effect both high recovery and reasonable fluorine
utilization and (2) the operation of the system with a frozen layer of salt on all surfaces to pro-
tect them from oxidation by fluorine. Studies with nonprotected systems using 1-in.-diam towers
have demonstrated steady-state recoveries up to 99.9% of the uranium with fluorine utilization
of 15%. Studies on column protection involve the construction of a 5-in.-diam nickel tower with
provisibri to generate heat fluxes to create a frozen wall of salt.

‘Molten-Salt Distillation Studies. — Relative volatilities measured at 1000°C and 0.5 mm Hg
pressure for CeF,, LaF ;, NdF,, and SmF with respect to LiF were 3 x 1073, 3 x 1074, 6 x
104 and 2 x 10™* respectively. The consistency of the results assures that these relative vol-
‘atilities are accurate. Data have been acquired on rate of vaporization as a function of system
pressure which show that the processing rates necessary in an MSBR system can be achieved
in stills of reasonable size. However, analysis of the buildup of nonvolatile salts at the vapor-
izing surface indicates that some method 6f salt circulation is mandatory.

Yacuum Distillation Experiment with MSRE Fuel Salt. — An experiment is planned in which
about 48 liters of MSRE fuel salt will be processed by vacuum distillation after the 235U has
been removed by fluorination. The equipment, which has been designed and is being fabricated,
will be used in an experimental program with nonradioactive salt to study still performance before

it is installed at the reactor site for use with irradiated salt.

A%
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Introduction

The objective of the Molten-Salt Reactor Program is the developmént of nuclear reactors
which use fluid fuels that afe solutions of fissile and fertile materials in suitable carrier salts.
The program is an outgrowth of the effort begun 17 years ago in the ANP program to make a
molten-salt reactor power plant for aircraft. A molten-salt reactor — the Aircraft Reactor Ex-
periment — was operated at ORNL in 1954 as part of the ANP program.

Our major goal now is to achieve a thermal breeder reactor that will produce power at low
cost while simultaneously conserving and extending the nation’s fuel resources. Fuel for this
type of reactor would be 233UF4 or 235UF4 dissolved in a salt of composition near 2LiF-BeF ,.
The blanket would be ThF , dissolved in a carrier of similar composition. The technology being
developed for the breeder is also applicable to advanced converter reactors.

Our major effort at present is being applied to the operation and testing of the Molten-Salt
Reactor Experiment. This reactor was built to test the types of fuels and materials that would
be used in thermal breeder and converter reactors and to provide several years of experience
with the operation and maintenance of a small molten-salt reactor. The experiment is demon-
strating on a small scale the attractive features and the technical feasibility of these systems
for large civilian power reactors. The MSRE operates at 1200°F and at atmospheric pressure
and produces about 7.5 Mw of heat. Initially, the fuel contains 0.9 mole % UF,, 5 mole % ZtF ,
29.1 mole % BeF ,, and 65 mole % LiF, and the uranium is about 30% ?35U. The melting point
is 840°F. In later operation we expect to use highly enriched uranium in the lower concentration
typical of the fuel for a breeder. The composition of the solvent can be adjusted in each case to
retain about the same liquidus temperature.

The fuel circulates through a reactor vessel and an external pump and heat-exchange system.
All this equipment is constructed of Hastelloy N, ! a nickel-molybdenum-chromium alloy with ex-
ceptional resistance to corrosion by molten fluorides and with high strength at high temperature.
The reactor core contains a;l assembly of graphite moderator bars that are in direct contact with
the fuel. The graphite is a new material 2 of high density and small pore size. The fuel salt does
not wet the graphite and therefore does not enter the potes, even at pressures well above the
operating pressure. ’

Heat produced in the reactor is transferred to a coolant salt in the heat exchanger, and the
coolant salt is pumped through a radiator to dissipate the heat to the atmosphere. A small facil-
ity installed in the MSRE building will be used for processing the fuel by treatment with gaseous
HF and F,,

Design of the MSRE was begun early in the summer of 1960. Otders for special materials
were placed in the spring of 1961. Major modifications to Building 7503 at ORNL, in which the
reactor is installed, were started in the fall of 1961 and were completed by January 1963.

lAlso sold commercially as Inco No. 806.
2Cu'ade CGB, produced by Carbon Products Division of Union Carbide Corp.

9
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Fabrication of the reactor equipment was begun early in 1962. Some difficulties were experi-
enced in obtaining materials and in making and installing the equipment, but the essential instal-
lations were completed so that prenuclear testing could begin in August of 1964. The prenuclear
testing was completed with only minor difﬁculties in March of 1965, Some modifications were
made before beginning the critical experiments in May, and the reactor was first critical on June 1
1965. The zero-power exper1ments were completed early in July. Additional modifications, main-
tenance, and sealing of the containment were required before the reactor began to operate at ap-
preciable power. This work was completed in December.

Operation at a power of 1 Mw was begun in January 1966. At that power level, trouble was

experienced with plugging of small ports in the control valves in the off-gas system by heavy
liquid and varnish-like organic materials. These materials are believed to be produced from a
very small amount of oil that leaks through a gasketed seal and into the salt in tlie tank of the
fuel circulating pump. The oil vaporizes and accompanies the gaseous fission products and
helium cover gas purge into the off-gas system. There the intense beta radiation from the krypton
and xenon polymerizes some of the hydrocarbons, and the products plug small openings. This dif-
ficulty was largely overcome by installing a specially designed filter in the off-gas line.

Full power — about 7.5 Mw under design conditions — was reached in May. The power is lim-
ited by the heat-removal capability of the salt-to-air radiator heat-dump system. The plant was
operated until the middle of July to the equivalent of about one month at full power when one of
the radiator-cooling blowers — which were left over from the ANP program — broke up from me-
chanical stress. While new blowers were being procured, an array of graphite and metal surveil-
lance specimens was taken from the core and examined.

Power operation was resumed in October with one blower; then in November the second blower

was installed, and full power was again attained. After a shutdown to remove salt that had acci-

dentally gotten into an off-gas line, the MSRE was operated in December and January at full power
for 30 days without interruption. A fourth power run was begun late in January and was still in
progress after 31 days at the end of this report period. '

In most respects the reactor has performed very well: the fuel has been completely stable, E
the fuel and coolant salts have not corroded the Hastelloy N container material, and there has
" been no detectable reaction between the fuel salt and the graphite in the core of the reactor. Me- *
chanical difficulties with equipment have been largely confined to peripheral systems and auxil-
iaries. Except for the small leakage of oil into the pump bowl, the salt pumps have run flawlessly
for over 10,000 hr.

Because the MSRE is of a new and advanced type, substantial research and development ef-
fort is provided in support of the operation. Included are engineering development and testing of .
reactor components and systems, metallurgical development of materials, and studies of the chem-
istry of the salts and their compatibility with graphite and metals both in-pile and ouf-of-pile.

Conceptual design studies and evaluatians are being made of large power breedei reactors

that use the molten-salt technology. Some research and development is being directed specif-

ically to the requirements of two-region breeders, including work on materials, on the chémislfy y

of fuel and blanket salts, and on processing methods.




Part 1. Molten-Salt Reactor Experiment

1. MSRE Operations

P. N. Haubenreich

1.1 CHRONOLOGICAL ACCOUNT OF OPERATIONS AND MAINTENANCE

R. H. Guymon H. C. Roller

J. L. Crowley R. C. Steffy

T. L. Hudson V. D. Holt

P. H. Harley A, 1. Krakoviak
H. R. Payne B. H. Webster

R. Blumberg C. K. McGlothlan

The reactor shutdown that started in July! continued through September. The first of the two
specially constructed replacement blowers was delivered on September 28, ten weeks after the
reactor was shut down. Meanwhile, the time was fully occupied with a host of other jobs that were
completed about the time the replacement blower was received. These included removing and re-
placing core samples, work on control-rod drives, replacement of the special fuel off-gas filter,
modification of the radiator door seals, and repairs and modifications in the cooling-water system.

The first step in the reactor startup in run 8 was seven days of flush-salt circulation (see Fig,.
1.1). During this time the salt that had frozen in the sampler line at the pump bowl was thawed.

After the temporary heaters for this job were removed, the reactor cell was sealed, and the leakage

 was shown to\be acceptable by a test at 10 psrg By thrs time the first blower was ready to run,

‘ :but dehvery of thebsecond replacement un1t was not expected for several weeks Therefore,

" nuclear operatron was resumed early in October wrth only one blower.

: The reactor was operated for 17 days at the maximum power attainable with one blower: 5.8

i Mw. _ During this time the pressrxre drop across the:new off-gas partlcle trap 1ncreased to several

psr.- The inlets fo the main ’c’harcoal beds also became restricted and’ had to be ‘relieved by back-
blowmg wrthn‘helmm Two days after the start of power operatron, ‘the fuel off-gas line became

‘plugged near the pump bowl causmg the off-gas to be diverted through the overflow tank, This

1MSR Program Semiann. Progr. Rept., Aug. 31, 1966, ORNL-4037, p. 9.
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Fig. 1.1. MSRE Activities in 1966.

complicated the routine recovery of salt that gradually accumulates in the tank, and during some
recovery operations, activity was forced into the line that drains oil leakage away from the pump.
The reactor was shut down to install the second blower unit, which had just been delivered,
and to attempt to relieve the plugged line at the pump bowl. The system was flushed, the reactor
cell was opened, and heat was applied to the 1i_ne.> While the line was hot, pressure was applieq
and the line opened up. Tests showed that, within the accuracy of the available instrumentation,
the pressure drop was then normal. The heaters were removed, the cell was sealed, and nuclear
operation was resumed seven days after the fuel was drained for the shutdown. Also during this
time, a gas flow element in the vent from the oil catch tank was removed and an altemaﬁve flow

measurement provided. The flow element had become plugged when, as the last step in the fuel

drain, the overflow tank was emptied and gas from the pump bow! again vented out through the

oil drain line.

i

When the power was raised on November 7 for run 9, the temperature of the off-gas line showed
that it was already plugged and that the gas was again bypassing through the overflow tank. To
prevent the transfer of activity into the oil drain line when salt was recovered fr_om the overflow
tank, the nuclear power was reduced several hours before each transfer. Limitations on the amount
of salt that can be tolerated in the overflow tank and the heel that remains after a 'fe‘cévery re-
quired that the power be reduced for a transfer every two days after the initiallhéel had accumu-
lated. Nuclear operation was continued in this fashion for 12 daysi while heaters, tools, and
procedures for more positively clearing the off-gas line were devised. Then the reactor was shut
down to work on the line and also to check what appgaréd to be a high inleakage of air into the

reactor cell.

i
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Search for the restriction in the off-gas line revealed thin plugs in the flanges at both ends of
a removable section near the pump bowl. The plugs were easily poked out, and the line was then
shown to be clear by viewing, probing, and pressure-drop measurements. The plugs were attributed
to flush salt almost completely blocking the line as a result of the overfill in July. An incon-
sequential amount of this salt was also seen in the 4-in. holdup pipe.

The high inleakage into the reactor cell proved to be from valve-operator pneumatic lines.
Since these lines are protected by automatic block valves, the leaks did not violate containment.
Therefore, flowmeters were installed so their input could be taken into account in the routine
monitoring of cell leak rate during operation.

During this three-week shutdown, we also made some repairs and modifications to the compo-
nent cooling blowers and removed and repaired an air valve in the reactor cell.

" Run 10 began on December 14 and continued for 30 days at full power.

During the first two weeks of the run, the pressure drop across the particle trap in the fuel
off-gas line repeatedly built up and had to be relieved by forward- or back-blowing with helium.
Examination of the first particle trap, removed in August, had shown that heating the central
inlet tube would tend to jam it into the first-stage filtering medium (see p. 47). To test the effect
of reducing the heating, for the last two weeks of run 10, the off-gas was delayed on its way to
the particle trap by routing it thtough the two empty drain tanks. When this route was followed,
the particle trap pressure drop came down and stayed down.

The inlets to the main charcoal beds had to be back-blown during the first week of run 10 but

not afterward. ’
During this run the UF, concentration in the fuel salt was increased by the addition of 16 g

of beryllium metal through the sampler-enricher. One purpose of increasing the reducing power
of the salt was to investigate the effects on volatile fission product compounds (see p. 123).
Another was to alleviate concern over possible corrosion. Practically no corrosion had been ,
seen (<0.1 mil of generalized corrosion in 20 months), but the absence of corrosion depends on
maintaining a reducing environment, and a larger margin was desired.

Operation at full power was to be interrupted after 30 da&s to permit inspection of the new
blower hubs and blades, wh1ch had by then been run over 1000 hr. But toward the end of the run
two conditions developed whrch caused us to drain the reactor and extend the shutdown. The heat

exchanger between the treated-water and tower-water systems began to leak at an increasing rate,

- and the leakage from the air hnes in the reactor cell became so large that the measurement errors

n of the cell leak rate

bor‘ was shut down, 1nspect10n showed that the blowers were in excellent condi-

- tion. The leaks m the air lines were traced to deterioration of neoprene seals in some quick-

d1scon ects All the d1sconnects in the reactor cell were replaced w1th metal-compressmn fit-

Ztt1ngs ‘and the lea age was stopped The heat exchanger 1eak1ng water was replaced. The filter

e pr’essure control valve in the fuel off-gas line were removed, and a new filter
assembly was installed. This consisted of two filters in parallel, each with much larger frontal

area than the old filter (see p. 42).
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Nuclear operation was resumed in run 11 on January 28 and continued without interruption ]
(except for 2 hr to investigate a false temperature alarm) through the end of the report period,

Febfuary 28. No difficulties of :any consequence were encountered, and the program of adjusting

i bt i

the fuel UF s’concentration and observing the effect on volatile fission products continued.

Details of operations and maintenance during this report period are given in the sections
which follow. Although the emphasis tends to be on the troubles, the reactor was in operation
most of the time, and the operation was in most respécts quite satisfactory. Table 1.1 summarizes
some of the history. Salt was circulated in the fuel and coolant loops for 60 and 82%, respectively,

of the time in this report period. The reactor was critical 53% of the time.

e
? Table 1.1. Summary of Some MSRE Operating Data ,
i ' - a1
i Aug. 31, 1966 Feb. 28, 1967 Increase
3 " Time critical, hr " 1775 ' 4092 - 2317 :
i Integrated power, Mwhr 7823 21,514 13,691 ’ F
k] Salt circulation, hr

Fuel system 4691 7337 2646

Coolant system 5360 8946 3586

1.2 REACTIVITY BALANCE
J. R. Engel

The purpose of the reactivity-balance calculation during power operation of the reactor is to
provide current information about the nuclear condition of the system. During this report period,
improvements were made in the calculations, making it possible to detect very small anomalies

in reactivity behavior; none was observed, Calculations made during previous periods? of opera-

fide.cll

tion did not include the !35Xe poisoning term because the mathematical model, with the coef-

ficients then available, did not adequately reflect the xenon behavior in the reactor. When power

E’j’f:

operation was resumed in October 1966 (run 8), we included a calculation of the xenon effect to . B

provide complete reactivity balances. Subsequently, the overall calculation was improved by

modifying some xenon stripping parameters to improve the description of the xenon transients,
; and by including long-term isotopic change effects that had been previously neglected.
% ‘ Experience
Figure 1.2 shows the results of some of the on-line reactivity balances calculated in runs
1 8, 9, and 10. During runs 8 and 9 the parameters used to calculate the xenon poisoning were
; 215id. . oo
3 id., pp. 10—-13. ‘
A k :
o
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Fig. 1.2. Residual Reactivity During Power Operation in Runs 8, 9, and 10.

found to describe the steady-state condition reasonably well, but the transients were not well
described. This difference between the calculated and actual xenon transients produced the
cyclic variation in the residual reactivity in November when the nuclear power was cycled between
0 and 7.2 Mw. Detailed analysis of the observed xenon transients led to changes in some param-
eters wh1ch produced much better agreement between the calculated and observed transients in run
10. However, there is still a small difference (~0.03% 8k/k) between the calculated and observed
steady-state poisoning at 7.2 Mw. This causes the apparent change in residual reactivity between
zero power and the condition with steady-state ¥enon poisoning. ‘ '

The larger negati\'re‘ reactivity trl%méiéntsi in F1g 1.2 are all due to off-normal operating condi-
tions not accounted for in the reactivity balance. In all except one of these transients, the nega-
tive reactivity resulted from an increase in the circulating void fraction while the salt level in the
fuel-pump tank was abnormally low. The low level, in turn, was caused by low sy\stem temperatures
which followed instrument-initiated power reductions. In all these cases the excess voids were
stripped out and the reactivity recovered when the normal pump level was restored by increasing
the system temperature, The negatwe reactivity excursion on October 23, 1966, was caused by an
abnormally h1gh salt level in the pump tank Wthh reduced the efficiency of xenon removal by the
pump spray ring. "The negat1ve react1v1ty was produced by the transport of additional 35Xe into
the graphite moderator. Since the removal of xenon from the graphite is a slower process than

bubble stripping, the recovery in this transient was slower than in the other cases.

il g
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Operation at power was resumed on January 28, 1966 and has continued without maJor inter-
ruption through the end of this report period. After the initial bulldup of 135%e po1sonmg, the

residual reactivity has been between 0 and + 0.04% 8k/k except for one incident in which excess

" circulating voids were introduced by abnormal operation (low salt level in the pump tank).

The long-term drift in the reactivity balance is summarized in Fig. 1.3, which shows the
residual reactivity as a function of integbryated power from the start of power operation through run
10 (ending January 15, 1967). The reference condition for this figure is the system condition at
the start of run 4 (December 20, 1965). Because of the remaining small uncertainty in the '35Xe
term, the representativé results shoWn here are taken at zero power with no xenon §résent. There
appears to have been a positive shift of about 0.05% 6k/k during the first 1000 Mwhr of operation
fhat has remained relatively constant since that time. No specific cause has yet been established
for this shift. HoWever, the change is nearly as small as the estimated confidence limits of the
calculation (£0.04% 6k/k) and is much smaller than the operating limit on the reactivity anomaly,
which is +0.5% &k/k.

Previous reports of the reactivity behavior? suggested the possibility of a significantly larger
positive reactivity anomaly. However, those tentative conclus_ibns were based on data from early
results which have since been corrected. The eatlier balances did not include the reactivity
effects of isotopic changes (other than ?*5U) or of flush-salt dilutions. Correction for these
effects made a net reduction in the magnitude of the apparent anomaly. (The calculation of the
isotopic-change effects is described on p. 83 of this report.) In addition, preliminary analysis of
some pressure-release experiments indicated a circulating void fraction of 1 to 2% by volume in

the fuel salt.® If such a void fraction had been present at steady state, the negative effect of the

31bid., pp. 22—24.
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voids would have required an anomalous positive reactivity effect of 0.1 to 0.2% &k/k in order to
produce the net results that were observed. However, as explained in the following section, later

experiments indicate that the bubble fraction is much less.

Circulating Bubbles

We have concluded, after intensive analysis of the data, that the pressure-release experiments
do not permit explicit evaluation of the steady-state circulatlng void fraction. In the preliminary
analysis of these experiments, the level rise in the pump tank and the reactivity loss associated
with .a pressure release were attributed entirely to circulatirlg voids, and a void fraction of 1 to 2
vol % was required to account for the observed effects. However, the excess voids in circulation
immediately after the pressure release disappeared from the system very rapidly (indicated bubble
stripping efficiencies for the spray ring in the pump tank were 50 to 100%), and this was incon-
sistent with a large steady-state void fraction. In addition, the reactivity loss due to 1 or 2 vol
% voids (0.2 to 0.4% 6k/k) that should have been observed upon starting circulation was apparently
absent. '

The existence of circulating voids immediately after a rapid decrease in pressure does not
require the presence of a comparable circulating void fraction prior to the decrease; it requires
only’a source of gas inside the body of the liquid. This source could be fixed void that is inac-
cessible to the salt so that its volume is essentially independent of the system overpressure.
(One possibility might be the pores in the graphite and the spaces between the graphite stringers
in the core.) The inventory of gas in such void would increase with increasing overpressure., and,
when the pressure is released, this excess inventory would go into circulation with the salt. The
pressure-release experiments give only an upper limit of 1 to 2% for the circulating void fraction,
if circulation of all the voids is assumed. Therefore, we have used other measurements to esti-
mate the circulating void fraction. -

At the start of run 8, in October 1966, a test was performed to evaluate the reactivity loss
associated with th_e’buildup’ of the étekédsl-stéte circuléting void fraction. Prior to this startup
the fuel salt had been in a drain tank for 11 weeks and should have been free of bubbles. When
the circulatiﬁg loop was filled with this ealt, there was no tendency for the pump-tank level to

decrease with increasing ovefpreSSure. This incompressibility of the fluid supported the assump-

tion that no voids were present initially. The reactivity change from stationary fuel salt to steady-

state circulation was —0.23 to —0.25% 8k/k. An early measurement of this effect, when there was

no evidence for circulating voids, gave a reactivity change of —0.21%, in good agreement with the

calculated effect due to the loss of delayed neutrons. Thus the reactivity loss due to circulating

. j’wvo1ds could be only ‘about 0. 02 to:O 04% Sk/k This corresponds to a circulating void fraction of

0.1to 0.2% by volume. A void f;actmn in this range is consistent with the results obtained from

" “the detailed analysis of the 135Xe transients and is also within the range of values that would

explain the observations in the pressure-release experiments. Therefore we conclude that the cir-

culating bubble fraction is in fact only 0.1 to 0,2%, under normal conditions, and the presence of
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the bubbles does not seriously affect the conclusions regarding the long-term changes in residual

reactivity.

1.3 THERMAL EFFECTS OF OPERATION

Radiation Heating

C. H. Gabbard H. B. Piper

5

The evaluation of radiation heating effects on the fuel pump and on the reactor vessel con-
ﬁnued.. P B .

Fuel-Pump Tank. — The temperature distribution on the upper surface of the pump tank as a
function of reactor power was presented in the previous semiannual report* for the condition of
30-cfm cooling;air flow. Since the startup for run 8, there has been an unexplained shift downward
in these temperatufes. A comparison of the present temperatures with those observed previously is

shown in Fig. 1.4. The two lines show the variation in temperatures with reactor power that ex-

* isted during runs 6 and 7 with 30-cfm cooling air. The solid points are the temperaturés observed

during runs 8 and 9 with 30-cfm cooling air. The open points are those observed during runs 9, 10,
and 11 after the cooling air was turned off. The points at 5.5 Mw were taken when the reactor

outlet temperature was at 1225°F rather than the normal 1210°F. This downward shift in tempera-

41bid., pp. 27-28.
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ture was first believed to be the result of a salt cake that remained on the metal surfaces after
the overfill incident at the end of run 7. However, a review of the pump-tank temperatures during
this and other filling operations showed that the temperatures were normal before the salt reached
the pump and before the cooling air was turned on. The calibration of the air-flow meter was
checked and was found to be correct.

The cooling air to fhe pump tank was turned off during the attempts to melt out the salt plug
in the 522 line, and although the temperatures on the pump-tank surface were higher than with the
cooling air, the temperature gradient was less. Since this temperature distribution is satisfactory
and may actually be better than with the air cooling, the use of air cooling was discontinued
during run 9. Fuel-pump cooling air had been used during all power operation of the reactor prior
to run 8, and no comparison with previous data is possible. The temperature distribution for
full-power operation has remained essentially constant since the use of air cooling was dis-
continued.

The thermocouple response when the air was turned off was checked to see if there was any
indication that the thermocouple attachments had loosened. The transient data indicated that
the largest temperature error, caused by air flow over the thermocouple, was of the order of 20
to 40°F. Although a direct comparison is not possible, these results appear to be consistent
with previous data. The most probable explanation for the decrease in temperatures is either
that the cooling shroud was accidentally shifted during the maintenance operations between runs
7 and 8 or that some shift has occurred in the air-flow measurement even though the calibration
of the differential pressure cell was correct.

Reactor Vg__ssel. — Certain temperatures on the reactor vessel are monitored continuously to
determine the effects of radiation heating and to determine if there is any indication of a sedimen-
tation buildup in the vessel. The temperature differences between the reactor inlet and the lower
head and between the inlet and the core-support lugs are monitored by the computer. Previous
data® indicated temperature differences of 1.5 and 2.0°F /Mw for the lower head and for the core-
support lugs reépectively The temperature differences have now increased to 1.64 and 2.44°F /Mw,
but this mcrease is not beheved to be serious or indicative of a sedimentation buildup, because
this represents a maximum increase of only 3°F at 7.2 Mw, which could easily be the result of
temperature measurement errors. The past and future data will be examined more closely to

det‘ermine if a trend in the temperature differences does exist.

Thermal Cycle History
C. H. Gabbard

.One of the factors that limits the life of the reactor system is the degree of thermal cycling

‘on certain critical components, particularly the freeze flanges. The current thermal-cycle history

of all the components thought to be sensitive to thermal-cycle damage is shown in Table 1.2. Of

Stbid., p. 28.
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Table 1.2. MSRE Cumulative Cycle History Through February 1967

, Thaw
Component Heat/Cool  Fill/Drain  Power  On/Off  Thaw and
‘ Transfer

Fuel system 7 32 40
Coolant system 5 10 36
Fuel pump 8 28 40 409
Coolant pump 6 11 36 103
Freeze flanges 100, 101, 102 7 28 40 ’
Freeze flanges 200, 201 6 10 36
Penetrations 200, 201 6 10 36
Freeze valve 103 5 29 : 30
Freeze valve 104 11 8 22
Freeze valve 105 15 17 42
Freeze valve 106 17 25 38
Freeze valve 107 10 11 18
Freeze valve 108 9 17 14
Freeze valve 109 9 20 18
Freeze valve 110 2 2 3
Freeze valve 111 5 4 4
Freeze valve 112 2 1 2
Freeze valve 204 6 15 22
Freeze valve 206 6

13 20

the cycles shown, the “‘Fill/Drain,” ‘‘Heat/Cool,”” and ‘‘Power”’ cycles are the most important,
in that order. The ‘‘Fill/Drain’’ cycle consists in filling the system at 1200°F, starting circula-
tion, and then draining the system. The ‘‘Heat/Cool’’ cycle consists in heating the empty system
from room temperature to 1200°F and then cooling the empty system back to room temperature.
The power cycle consists in raising the reactor power from zero to full power and then returning to
Zero power.

Some of the reactor operations do not fall clearly into single cycles of the types shown; partial

power cycles and overall system temperature changes are examples. These effects are accumu-

‘lated and charged as equivalent power cycles, which is why there are more power cycles in the

fuel system than in the coolant system. Approximately 54% of the design cycles have been used
to date,

1.4 REACTOR DYNAMICS
S. J. Ball ,

Dynamics tests made during the initial approach to full power® had indicated that the inherent

stability characteristics of the MSRE were quite satisfactory and in good agreement with the

S1bid., pp. 29—34.
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predicted behavior.” Subsequent frequency response tests were made at the start of run 11 with
the reactor at three different power levels in order to detect any changes in reactor dynamic
behavior re-vsuvlting from a year of power operation (16,750 Mwhr). Pseudorandom binary reactivity
insertions were used in tests at power levels of 1, 5, and 7 Mw.

The results of these tests showed no detectable changes in the MSRE dynamic characteristics
due to aging, thus indicating continuing satisfactory behavior.

Two problems encountered in the analysis of the first series of tests were offsets, or biases,
in the magnitude ratio curves for tests run at a given power level, and some unexpected low-
frequency periodic inputs that showed up as spikes in the autocorrelation functions of the rod
motion input signal.® Neither of these problems recurred in the latest tests. The appearance

and disappearance of these anomalies are as yet unexplained.

1.5 EQUIPMENT PERFORMANCE

Heat Transfer

C. H. Gabbard H. B. Piper

Primary Heat Exchanger. — The evaluation of the effects of prolonged operation on the heat
transfer in the salt-to-salt heat exchanger was continued. Heat transfer data at six different time
periods were evaluated, using the derivative method,® with the results shown in Fig., 1.5. Although
the calculated coefficients show a slight downward trend with time, we believe the apparent trend
in heat transfer is within the uncertainty band of the calculations. A simple but sensitive indi-
cator of any change in heat transfer is obtained by dividing the reactor power by the overall tem-
perature difference between the fuel leaving the core and the coolant leaving the radiator. A
lower value of this ratio indicates poorer heat transfer, since the fuel and coolant flow rates are
not variable. Data from full-power operation in runs 6—11 are shown in this form in Fig. 1.5,
Taking into consideration both the calculated coefficients and the simple indexes, we conclude
there has been little or no change in the heat transfer performance of the heat exchanger.

Radiator. — The reactor was operated at various power levels at the beginning of run 11, and
data were taken to evaluaté the heat removal at different radiator settings. The heat-removal
capability of the radiator as a. function 6f radiator Setting is shown in Fig. 1.6.

- The same set of data Was.used’to calculate the overall heat transfer coefficient of the radiator

as a function of the air pressure drop across the radiator, The results of these calculations are

shown in Fig. 1.7. The increase in the heat transfer coefficient when the second blower was
energized is probably caused by direct impingement of the air from the blower discharge against

the radiator tubes. The various air pressure drops were obtained with the radiator doors fully

78. 3. Ball and T. W. Kerlin, Stability Analysis of the Molten-Salt Reactor Experiment, ORNL-TM-1070

" (December 1965).

8. W. Kerlin and S. J. Ball, Experimental Dynamic Analysis of the Molten-Salt Reactor Experiment,

ORNL-TM-1647 (October 1966).

9MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL~4037, pp. 35-37.
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open by changing the bypass-damper position. A direct measure of the radiator-air outlet tem-

perature can be made only when the bypass is fully closed, and even then the air from the an-

nulus blowers wé)uld cause an error in the measured temperature rise across the radiator. The
outlet air temperatures for the other conditions were calculated from air and salt heat balances
around the radiator. Corrections were applied for the effects of the annulus blowers. However,
the measured temperature rise of the air across the radiator tubes was about 17% higher than the
calculated rise in the two cases where the bypass damper was closed and a measurement was pa
possible. This discrepancy indicates that either the air-flow 'measurement; the temperature meas- |
urement, or the reactor heat balance is incorrect. The heat balance and the temperature measure-
ments were assumed to be correct, and the calculated outlet air temperatures for the other radiator <
conditions were corrected to be consistent with the values measured when the bypass damper was
closed.
The coefficients for the two conditions when the bypass damper was closed were 28.5 and

38.5 Btu hr~! ft=2 (°F)~ 1. These are the same values that were calculated from June 1966 data

for similar operating conditions.

TR

The apparent error mentioned above is about the same as the 15 to 16% discrepancy between

the air heat balance and the salt heat balance reported previously!? for similar conditions. This 3

Orbid., pp. 37—38.
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seems to indicate that the discrepancies are the result of some specific error in measurement
rather than random variations in the data. The radiator air instrumentation was not intended to be
accurate enough to permit a precise heat balance on the air. The stack is not sufficiently long to
ensure either a uniform velocity distribution or a uniform temperature distribution across the

stack cross section. Since the velocity and temperature are measured only at a single point in the
stack, any flow or temperature asymmetry could cause a significant error. There is'also the pos-
sibility that the initial calibration of the air flow instrument was incorrect.

Methods of Improving the Heat Transfer. — A study was completed to determine whether the

- maximum power capability of the reactor could be raised by some convenient method.

For normal operating conditions, an upper limit of 1210°F has been placed on the reactor

outlet temperature. This temperature was selected on the basis of thermal stress cycling and
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stress rupture life of the reactor system. The minimum coolant salt temperature in normal opera-
tion has been set at 1000°F, in order to reduce the probability of freezing the radiator in case
salt flow is interrupted. These two temperature limitations and the heat transfer capability of
the main heat exchanger limit the reactor power to about 7.4 Mw. In the summer months this
power limitation about coincides with the capacity of the coolant radiator. However,‘during
colder weather the radiator heat transfer capacity increases, and a portion of the cooling air
must be bypassed to avoid overcooling the coolant salt.

The reactor power can be increased only by improving the heat transfer performance of both
the radiator and the main heat exchanger. Other than replacement with a larger unit, the heat-
exchanger capability can be increased only by increasing the flow rates of the fuel and coolant
systems. Increasing the temperature difference between the fuel and coolant system is undesirable
because of adverse effects on the thermal-cycle and stress-rupture life of the reactor system.

A study was completed to determine the maximum flow rates that could be obtainéd and to
determine the increase in heat transfer performance that would result froxﬁ these flow increases.
The pumps are capable of accepting larger-diameter impellers and of operating at a higher horse-
power rating so that increased flow is possible. The flow can also be increased by using a
higher-frequency power supply to increase the rotational speed of the pumps. Slightly higher flow
rates can be obtained with the higher rotating speed, because the horsepower rating of the drive
motors can be increased at the higher speed. Calculations indicate that the maximum possible
flow rates for the fuel and coolant systems would be 1530 and 1044 gpm respectively, assuming
that the pumps themselves are the limiting factof. Using these maximum flow rates and operating
between the temperature limits that now permit 7.2 Mw, the heat transfer capability of the heat

exchanger would be increased to 8.1 Mw. Even this modest increase might not be practical, how-
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ever, because of undesirable effects of increasing the flow. For example, development tests

‘suggest that increasing the flow causes more gas bubbles to be introduced into the circulating

salt by the stripper jets in the pump bowl. This would be undesirable, because it would introduce
more uncertainty into the reactivity balance.

In the radiator, increasing the salt flow has very little effect, since over 95% of the heat

transfer resistance is on the air side of the tubes. There is no way to improve the radiator per-

forrnance without major expense. Additional surface area could be provided by adding more tubes
or by adding some type of fins to the tubes, but either would be difficult and time consuming. '
Additional air capacity could be provided, but this too would be a major undertaking. The radiator
air flow would have to be increased by a factor of about 1.8 to remove 10 Mw. This would in-
crease the air pressure drop to ~35 in. H,0 and the power requirements of the blowers to about
2900 hp, as compared with 500 hp for the present blowers. Neither the present blowers nor the
building electrical system is capable of meeting these requirements. One additional blower could
possibly increase the radiator heat removal to the 8.1-Mw level, which would be consistent with
the maximum possible power of the heat exchanger. However, the blowers would be operating very
close to their surge limit, new drive motors might be required to avoid an overload condition, and
the existing building electrical system would be unable to supply the third blower.

In conclusion, the difficulties in raising the power capability of the reactor far outweigh any
advantages that could be gained from the relatively small power increase that can be reasonably
achieved. Since the objectives of the MSRE can be met with the present heat removal system, no

attempts to increase the power capability are planned.
Main Blowers
C. H. Gabbard

The main blowers, MB-1 and MB-3, which had failed at the end of run 7,!! were rebuilt by the

manufacturer and returned to normal service. By the end of the ‘report period, MB-1 and MB-3 had

operated without d1ff1culty for 2100 and 1675' hr respectrvely, since they were repaired. Main
blower 1 has been 1nspected tw1ce srnce it was repa1red and main blower 3 was inspected once,
the first 1nspectron of MB-1 commg after 350 hir of operation ‘while MB-3 was bemg installed. Both

blowers were rnspected at the end of run 10 — after 1350 and 930 hr of operation. The inspections

- 1ncluded dye-penetrant 1nspect10ns of the bladmg and hubs a visual 1nspect10n of the coupling,

i V?Van ahénment check “and a retorqumg of all the bolts. With the exceptmn of a few bolts that were

s : ret1ghtened both blowers were completely sat1sfactory

We attempted to f1nd the cause of the fa11ures at the end of run 7, but the specrfrc cause is

,;""uncertam The best explanatlon appears to be that one of the blades fa11ed first along one of

'several ex1st1ng cracks ‘and that the resultmg unbalance or 1mpact with the blade fragments

Hppid., p. 40.
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caused the remaining damage. The origin of the existing cracks is also unknown, but they
probably occurred either during fabrication or during the overspeed test.

The rebuilt units have reinforced hubs and have magnesium alloy blades that are 35% lighter
than the original aluminum ones. The new units were also given a 30% overspeed test, with a
dye-penetrant iﬁspection of the hubs and blading before and after the test. The manufacturer had
difficulty in casting the magnesium alloy blades free of heavy surface porosity and cracks.

Rotor assemblies were rejected on three occasions because of cracking in the blades after the
overspeed test. In each of these cases, cracking had been present prior to the test, but it had
been removed by surface grinding. The units that were accepted, including a spare unit, were
free of objectional defects. A _ ﬁ'
j The rebuilt rotor assemblies were installed in MB-1 and MB-3 under the supervision of the
manufacturer’s service engineer. The rotor and drive-motor shafts were carefully aligned, and
: the rotors were dynamically balanced in place. Instrumentation was provided- to monitor the H
vibrations and the bearing temperatures of the two blowers while they are in operation, Vibra-

tion normally runs below 1 mil, although greater vibrations developed on two occasions, once

‘when ice built up on the blades of MB-1 and once when its bearings became very cold (below
15°F).

Radiator Enclosure
M. Richardson
The coolant-salt radiator operated continuously with salt circulating at temperatures between

1000 and 1200°F for the last five months of the report period.

The modifications of the door seals!? proved effective in reducing air leakage and consequent

heat losses to a satisfactory minimum. Although close examination was not possible after the
radiator went into operation, external examination on January 17 showed little deterioration in

more than 3400 hr at high temperature. The inlet door was in excellent condition, with good con- ?

tact at top and bottom between the linked hard seals and the soft seal on the face of the enclosure.
On the outlet door the hard seals appeared to be in good condition. There was a tight seal across
the top but a gap of 1/8 to 3/8 in. across the bottom of the door. A 1-ft section of thé soft seal that 2k
had become detached was found in the outlet duct.

Heat leakage through penetrations in the top and sides was no problem. The thermocouples
and power wiring showed no evidence of overheating.

As a result of the blower failure in July 1966, some antimissile protection was provided
between the blowers and the radiator. A grid of 1/“-in. stainless steel aircraft cables, shock
mounted, on 2-in. centers was installed just downstream of the blowers. Heavy wire screens with

0.4-in. mesh were installed just ahead of the radiator.

g L2 1bid., pp. 67—70.
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The performance of the magnetic brakes on the door-lifting mechanism became marginal toward
the end of run 10, and some slipping occurred when door positions were adjusted. Preparations
were made for replacement of the worn and broken brake shoes at the next shutdown or if the brakes

become inoperable.

Off-Gas Systems

P. N. Haubenreich

The fuel bff-gas system continued to present some problems throughout the period. One prob-
lem area was associated with the overfill of the fuel pump that got flush salt in some gas lines
near the pump. The other was a continuation of the difficulty that appeared when the reactor first
operated at power: the accumulation of polymerized oil residues in small passages. The former
interfered with operations and required considerable work in the reactor cell to remedy, The latter
was a nuisance through run 10, but after the installation of a new particle trap caused no more
trouble.

Plugging near Fuel Pump. — After the accidental overfill of the fuel pump,!3 the bubbler
reference line was cleared by remotely applied, external heaters. Salt in the sampler line was
melted the same way, but ran down and froze at the junction with the pump bowl. The obstruction
that forméd here cleared out when the pump was heated up with salt in the bowl. No further trouble

was encountered with these lines. The off-gas line, shown in Fig. 1.8, was a different matter.

181pid., pp. 24~25.
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Although some salt entered the off-gas line, as indicated by a temporary rise in temperature at
TE-522-2, pressure drop measurements showed no significant difference from the clean condition.
This was attributed to the blast of compressed helium from the drain tank that was released back-
ward through the off-gas line, before the salt had time to freeze completely, when the overfill
triggered an automatic drain. Therefore the only action taken before the startup in September was

to replace the short, flexible ¢

‘jumper’’ section of the line, where the convolutions would certainly
hold some salt.

The off-gas flowed freely, with no unusual pressure drop through 26 days of circulating helium,
flush salt, and fuel salt at low power. Then, two days after power operation was resumed at 5.8
Mw, a plug developed in line 522 somewhere between the pump bowl and the junction of the over-
flow tank vent with the 4-in. holdup line. The first indication was a decrease over a few hours
from 225°F to 160°F at TE-522-2, as the plug caused the off-gas to bypass >through the holdup
tank. The presence of the plug was confirmed when HCV-523 was closed to build up pressure

" to return salt from the overflow tank to the pump bowl: pressure in the pump bowl also built up.
Efforts to rerﬁove the restriction by applying a 10-psi differential either forward or backward were
unsuccessful. o ‘

The bypassing of the off-gas through the overflow tank did not hinder operation, except for one
specific job: recovery of salt from the overflow tank. Salt slowly but continuously accumulates
in the tank during operation, and it is therefore essential to return salt to the pump bowl two or
three times a week in order to maintain proper levels, With the plug in the line from the pump
bowl, it was necessary to greatly reduce helium flows into the pump so that the overflow tank
pressure could be increased faster than that in the pump bowl to make the salt transfer. Through
the remainder of run 8, salt was returned from the overflow tank six times, and on at least four of
these occasions some fission product activity waé blown or diffused up the pump shaft annulus
into the oil collection space. This was a consequence of the reduced helium purge ‘down the shaft
annulus and the unavoidable, sudden pressurization of the pump bowl that occurred at times in the
procedure. The charcoal trap in the vent from the oil catch tank prevented any serious release of
activity to the stack. The activity level in the oil tank and the line increased, however, and the
last two releases from the pump bowl caused the flow element in the vent to plug partially and
then completely.

After run 8 was terminated, steps were taken to clear the plug from the off-gas line so that the
normal salt recovery procedure could be used. Frozen salt was suspected of causing the plug, so
the fuel loop was flushed to reduce radiation levels, the reactor cell was opened, and specially
built electrical heaters were applied to the line between the pump bowl and the first flange.
Heating alone did not clear the plug, but when, with the line hot, 10 psi was applied backward
across the plug, it blew through. The pressure drop came down as more helium was blown through
until it became indistinguishable from the normal drop in a clean pipe. The temporary heating

apparatus was then removed.

#
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In run 9 the power was raised only 8 hr after fuel circulation had commenced, but TE-522-2
came up to only 150°F, indicating that the line was already plugged again. Plans were immedi-
ately set in motion to do a more kthorough job of clearing. While tools and procedures were being
devised, the reactor was kept in\operation, but great care was taken to avoid getting fission
products or salt spray up the pump shaft annulus again. This entailed lowering the power to 10
kw, 24 hr before the overflow tank was to be emptied, then stopping the pump 4 hr beforehand to
let the salt m‘ist settle. Then the fuel pump was vented through the sampler and the auxiliary
charcoal bed during the transfer. After three cycles of this, the reactor was drained and flushed
again in preparation for working on the off-gas line.

This time heat was applied to the short section of line between the second flange and the top
of the 4-in. decay pipe. When heating to about 1100°F did not open the line, the flexible jumper
was disconnected to permit clearing the obstruction mechanically. In the flange above the 4-in.
line, the 1/2-in. bore was completely blocked, but the weight of a chisel tool broke through what
appeared to be only a thin crust of salt. Borescope inspection showed that the rest of the vertical
line was practically clean, and there was only a thin layer of salt in the bottom of the horizontal
run of the 4-in, pipe. Helium was blown through the line at five times the normal flow, and the
pressure drop indicated no restriction. Turning then toward the pump bowl, we saw a similar plug
in that flange. This too was thin and was easily broken out. A 1/4-in. flexible tool was then
inserted all the way into the pump bowl to prove that a good-sized passage existed. A new jumper
line was installed and operation was resumed. No further difficulty was encountered with this
section of the off-gas system.

Because obtaining samples remotely without spreading contamination would have been most
difficult, no analyses were made of the material in the flanges. But it appeared that salt had
frozen in the line, almost completely blocking it, during the overfill. Material in the off-gas
stream during operation then plugged the small passages. The heaters melted the salt out of
the pipe, but the flanges were not as hot, and a thin bridge remained.

Particle Trap. — The first particle trap was designed on the basis of a rather brief period of
investigation and development after plugging in the off-gas system halted the planned approach to
full power. It served its purpose in that it protected the pressure control valve and to some extent

the main charcoal beds perm1tt1ng the expenmental program to proceed. When the pressure drop

" actoss the trap began to bu11d up, an 1dent1cal replacement was prepared, so that the first could be

'?removed and ‘eﬁramrned as an “aid m desxgmng a better trap ‘while operat1on continued.” This re-

~

' placement was deferred unt11 after run 7 because the pressure drop across the trap never became

e proh1b1t1ve

;The exammatron of the f1rst part1cle trap and the de51gn of the new model are described on p.

“”,47 The secend unit served through runs 8,9, and 10. This unit behaved in runs 8 and 9 much as

: ihad the fll'St part1cle trap The pressure drop occas1ona11y built up to 5to 10 psr beginning two

days after power operat1on started in run 8, but backblowmg with helium was effective in ‘reducing

the pressure to 2 to 4 psi. 'In run 10, however, after the first week of power operation, backblowing
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effected only temporary relief at best. Various tactics were used to get gas to the particle trap
with as little delay as possible, to see if increasing the fission product heating would drive off
organic material from the place where it was causing plugging. After these efforts proved inef-
fectual, the opposite approach was used: the off-gas was delayed as long as possible. This was
done in recognition that heating caused the central inlet tube to expand farther into the Yorkmesh
filtering material. The delay was obtained by routing the gés through an equalizing line to the
empty drain tank, through the tank and the salt fill lines to the other tank where it bubbled up
through several inches of salt heel, then out through the drain-tank vent line to the particle trap.
This gave the gas about 8 hr of delay and also bubbled it through salt in the freeze valves and
drain tank before it reached the particle trap. The pressure drop across the trap was 16 psi when
the gas was rerouted, but within a few hours it was below 2 psi. For the last two weeks of run
10, the pressure drop across the particle trap remained below 2 psi when the delayed route was
followed, but began to build up almost immediately when the original route was used.

The charcoal filter, just after the particle trap, held up fission products, as shown by the
heating during power operation, but the temperature profile showed no significant change to indi-
cate poisoning by organics. The pressure control valve was operated full open, with the pump-
bowl pressure determined by the drop in other parts of the system. Therefore it appeared that
nothing would be lost by removing these items to make room for new, dual-particle traps.

The new (third) particle trap had been in service for 5100 Mwhr of reactor operation by the end
of the report period. The measured pressure drop showed no increase at all, remaining below 0.1
psi. At 7.4 Mw the temperature measured near the Yorkmesh was around 275°F, the thermocouple
nearest the Feltmetal (but shielded by a pipe and a bellows) average 108°F, and the lowest couple
indicated 61°F, only 10°F above the temperature of the water surrounding the trap (see p. 42 for
a description of the new traps).

Main Charcoal Beds. — The main charcoal beds continued to perform their function of holding
up the fission products: there was no breakthrough of activity other than the normal 10-year 85Kr.
Some difficulty was encountered at times, however, when the pressure drop at the inlet built up to
an inconvenient level,

Bed sections 1A and 1B had been used almost exclusively during earlier runs, and they were
on line when run 8 started. As had happened before, the pressure drop at the inlet of these sec-
tions began to ihcrease a few hours after the power was raised, When the pressure drop reached
7 psi, sections 2A and 2B were also brought on line. The pressure drop through the four sections
in parallel remained below 1 psi through the end of the run, but the pressure drop through 1A and
1B remained high, and backblowing did not bring their pressure drop below 4 psi.

A situation similar to that in 1A and 1B also existed in the auxiliary charcoal bed, where the
pressure drop was abnormally high and did not respond to backblowing. Tests showed that the
restriction was near the inlet end, and it was strongly suspected that it was due to organic mate-
rial clogging the steel wool at the opening of the inlet pipe into the bed. Therefore, a remotely

placeable assembly of electric heaters was designed for this section, and in the brief shutdown
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between runs 8 and 9 it was tried. Some improvement was observed when the heater temperatures
reached 720°F, and after these temperatures were raised to 1235°F and then cooled, the pressure
drop was down by a factor of S, to a satisfactory level.

In light of this success an attempt was made to clear up the restriction in section 1B by heat-
ing the inlet with a torch. (Electric heaters to fit this bed were not then available.) Although the
temperafure in the bed reached 870°F, there was no improvement in pressure drop. In run 9 all
four sections of the main bed were operated in parallel, with no further effort to clear 1A and 1B
and no indicatioﬁ of any change in pressure drop. After this run, electric heaters were installed
on the inlets of 1A and 1B. Heating to 750°F for 8 hr brought the pressure drop back to the normal
range for clean beds. Although the heaters could not be used in normal operation because the
cooling-water level is above the inlet sections, they were left in place with leads brought out
through the shield.

Run 10 began with 1A and 1B on line, but after one day of power operation the pressure drop
began to build up, and the flow was switched to 2A and 2B. Three days later, for the first time,
the pressure drop across these beds began to increase, reaching 5 psi before they were backblown
to reduce the drop below 2 psig. The flow was returned to 1A and 1B, after their pressure drop
had been reduced below 3 psi by backblowing. For the last three weeks of run 10, the pressure
drop did not again build up.

In run 11, through February, only 1A and 1B were used. The pressure drop remained about
2.5 psi for two weeks and then began slowly to increase. After four weeks of operation it had
reached 5 psi.

The early finding of organic material in the original charcoal-bed inlet valves!* and the re-
sponse of the pressure drop to heating are good evidence that most of the trouble with pressure
drop was caused by organics. Why the restriction built up so slowly in run 11 is not known.

Designs were completed during run 11 for more pos.itive’remedies for the high pressure drop.
These include a particle trap just ahead of the bed inlet manifold and piping to bypass the inlet

section of each bed where the plug is believed to be.

: :Cool in g-Wm‘er Sy stems

'R. B ALmdauer ‘

11th1um in the tower' water, Befote run 11 the c oler was replaced by an avallable surplus heat

“MSR Program Semiann. Progr. Repz. Feb. 28, 1'966, ORNL-3936, pp. 124—20.
ISMSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 47—48.
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exchanger. The new ekckhan'ger has only two-thirds the tube area of the old cooler, but the heat
transfer coefficient is higher, resulting in about the same performance. Through the end of »
February there was no evidence of leakage in the new cooler. 4 ’

" Space Céolers., — Leaks had occurred in both reactor-cell space coolers at brazed joints on
the brass tubing headers, and repairs had proved‘ to be difficult because repair of one joint tended
to open adjacent J:oints; Prior to run 8, both coolers (and all other in-cell components) were
proved to be leak-tight, but when operation was resumed, condensed moisture began to appear in
the system recirculafing the cell atmosphere. Although leakage from the space coolers was
‘suspected, they could not be isolated for leak tésting because of the high\tempefatures in the cell.
In view of the discouraging experience with repaits; two replacement coolers were procured in
which the headers and nipples were made of copper' and the troublesome joints were welded. (The
Heliarc welding of copper to copper was done at ORNL.) .

Radiolytic Gas. — As reported previously, !4 when the reactor is at full power about 3 scfh of
radiolytic hydrogen and oxygen is evolved in the treated-water system. Steady-state accumulation
in the system was reduced from 8 ft3 to 6 ft® by supplying the thermal shield slides with water
pumped from a small vented tank. Before run 8, a 350-gal degasSing tank was installed in the
return line from the main thermal shield and slides. With this tank in the system, the gas accumu-
lation at full power was reduced to 3 ft3. The holdup was the same whether or not the slide supply
tank was used in conjunction with the main degassing tank. The radiolytic gas being stripped
from the water is diluted with air to below the explosive limit in the degassing tank and is then
vented outside the reactor building.

Chemical Treatment. — In the course of testing and repair of leaks in the treated-water cooler,
cooling-tower water leaked into the treated-water system. Before. the reactor was started up in
September, the resultant sodium contamination was reduced by dilution with condensate, after
which the required corrosion inhibitor concentration was restored by adding more lithium nitrite.
Power operation was resumed with 1.6 ppm sodium in the treated water. Activation of the sodium
raised the radiation levels around the water system, but did not interfere with operation. After
September, no more additions of corrosion inhibitor were required until January, when some makeup
was needed because of leaks.

In the cooling—towér system, corrosion inhibition was by daily additions of balls of Nalco 360
(sodium chromate and phosphate). To eliminate troublesome depositioﬁ of calcium phosphate on
flowmeter tubes, the inhibitor was changed to a mixture of potassium dichromate and zinc sulfate.

Continuous-feed addition equipment was also installed at the cooling tower.

Component-Cooling System
P. H. Harley
During this report period the component-cooling pumps, CCP-1 and CCP-Q, 6peratéd 1490 and

2159 hr respectively. Although some difficulties were encountered with the systeh‘n, the output was

adequate and there was no interference with reactor operation.
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Previous operation of the pumps had indicated insufficient capacity, and the speed of both
units was increased during the shutdown after run 7. Operation was satisfactory in run 8, but in
run 9 it became evident that there was a malfunction either in the output-pressure transmitter or
in the pressure-control valve, PACV-960. During the shutdown after run 9, inspection of PACV-960
showed that the Qalve stem was stuck with the valve partly open. Deterioration in the operation
of this valve probably also accounted for at least part of the apparent loss of capacity of the
pumps. The valve operated satisfactorilﬂly after the valve was fepacked and the stem pblished and
lightly lubricated. A drain was installed at the discharge of the gas cooler which should reduce
moisture collection in the valve bonnet, and PdCV-960 is cycled periodically to ensure free stem
operation. The pressure transmitter was also checked and found to be operating properly. How-
ever, the piping was rerouted to eliminate sections where condensate could collect.

During this same maintenance period, the butterfly check valve from CCP-1 was found to be
inoperative and was repaired. The failure occurred at a silicone rubber hinge which supports the

two wings of the check valve. This check valve would prevent CCP-2 from developing pressure,

because the gas could short-circuit back through CCP-1 to the blower suction. This was the

second reported failure of a check valve; it had been in service between 1548 and 3074 hr. A
similar check valve had failed on CCP-2 in January 1966, after 1640 hr of operation, and had been
replaced by one m‘ade at ORNL as there was no spare on hand. The locally fabricated check valve
was replaced in September 1966, although it had not failed after ~ 1800 hr.

Pump CCP-1 had to be stopped during run 10 because of low oil pressure, and CCP-2 was used
for the remainder of the run. After run 1(‘),'a cracked copper fitting in the oil system was repaired,
and 2 gal of oil was added to bring the oil Ievei back to normal.

The drive belts on the component-cooling pumps caused intermittent difficulties through run 7.
Prior to run 8 the motor mounts were strengthened to reduce flexing, and deflectors were installed
to try cooling of the belts with the incoming gas. Even with the deflectors, a thermocouple near
the belt of CCP-1 indicated an ambient témpérature of 150 to 160°F. Although this is above the

130°F for which the belts are rated, inspection in Decembér, after 1400 hr of operation, showed

“that the belts were in good condition and only moderate tightening was required. There has been

no evidence of belt slippage since the motor mounts were reinforced.

The rupture disk installed to eliminate the pressure relief valve leakage would not withstand

~ the shoék of starting the blowers and has been removed.

No inspection has been made on the strainer installed in the gas piping in August. However,
there has been no increase in system pressure drop to indicate collection of material in the
strainer. ‘

Pump CCP-B, which cools out-of -cell freeze _valves; :oper;éted the entire period without trouble.
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Salt-Pump Oil Systems

J. L. Crowley

The systems supplying oil for lubrication and cooling in the salt pumps operated continuously
for the last 51/2 months of this report period. Operation was practically free of tfouble.

0il leaking past the lower shaft seal in a salt pump collects in an external tank. Oil from the
fuel pump, which had accumulated in earlier months at rates up to 20 éc/day, 16 accumulated in
Oétober and November at about 5 cc/day. There was no accumulation in December, but in January
the oil began to collect again at about 5 cc/day. Seal leakage from the coolant pump, which had
accumulated pfeviously at about 2 cc/day, increased to about 17 cc/day. These rates are far
below the 1000 cc/day that was originally set as accéptable.

Leakage of oil into the salt pump bowls is, in principle, detectable by changes in oil in-
ventories. The inventories in the two systems both indicated a small, unaccounted loss over
the 51/2 months of operation, as shown in Table 1.3, In four months of earlier operation,’® the
calculated loss from the fuel system was —0.3 liter (an apparent gain), and from the coolant sys-
tem there was an.apparent loss of 0.3 liter. The significance of these changes is somewhat queé-

tionable because uncertainties in the inventories are relatively large (around 1 liter or more), But
i during the last months of operation, the decrease in reservoir levels was rather steady, and there

was no evidence of more 0il being trapped in the motor housings.

Table 1.3. Oil Systems Inventory Changes
September 1966~February 1967

Change (liters)

Item Fuel Coolant

System System
Removed in samples 6.49 5.64
Accumulation in catch tank 0.57 1.35
Total accounted for 7.06 6.99
Decrease in reservoir 8.34 7.56
Apparent loss 1.28 0.57

Electrical System

T. Mullinix T. L. Hudson
R. H. Guymon

During the shutdown prior to run 8, the entire electrical system at the reactor site was over-

hauled and put in good operating condition. Most of the major electrical breakers were tested and

167bid., pp. 50—51.
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calibrated to assure proper operation. One of the emergency-power diesel generators (DG-3), which
had a cracked engine block, was replaced with a unit of the same size obtained from another instal-
lation. In addition, the 250-hp motors for the main radiator blowers and the two 48-v dc generators
were inspected and reconditioned.

In general, the electrical system performed satisfactorily during this period. The emergency-
power generators are operated under load routinely for test purposes, and they have always oper-
ated when required. ‘On September 30 a major power failure in the X-10 area caused an automatic
transfer to the alternate feeder for the MSRE. During this outage, two of the MSRE diesel gen-
erators were operated in parallel with TVA to help supply the X-10 electrical load. This opera-
tion was entirely satisfactory. The only difficulty encountered with the electrical system was a
fuse failure in the high-reliability ac power supply (static dc-ac inverter) which resulted in an un-

scheduled control-rod scram.

Heaters

T. L. Hudson

During the shutdown (in September) a resistance check was made on all in-cell heaters at
junction boxes located outside the reactor and drain-tank cell. Other than heater HX-1, which had
partly failed before the shutdown, only one heater, H102-1S, was found that had failed. This was
one of three installed spare heaters on the vertical section of pipe under the heat exchanger. No
repairs were required, since there is adequate capacity in the other heaters on this section of
pipe.

The resistances of the coolant-system heaters located outside of the reactor cell were also
checked. Three heaters were found that had failed. One was on the coolant system 5-in. piping,
one on the eoolant-pump furnace, and the other one, a spare heater, was on the fill-line piping. It
was necessary to replace only the heater on the 5-in. piping, since there was adequate heater
capacity at the other locations to preheat the coolant system. ,

As1de from heater-element faxlures, a remote disconnect for one of the fuel-pump heaters

- (heater FP- 1) was damaged durmg remote operatlons associated with the thawing of the salt plug
" in the fuel- pump off-gas line. The heater was plugged into a spare disconnect to restore it to
» ;"serv1ce ' ’ '

Some add1t1ona1 heater-element fa1lures have occurred since the operation of the reactor sys-

's mentroned above part of the elements in heater HX-1 had failed earlier.
s add1t10na1 elements fa11ed in thlS heater, and on October 28 the last of the ele-

Us1ng ‘the other heaters it has been poss1b1e to keep this section of the heat ex-

y heated Th1s was aided by the coolant system, since coolant-salt circulation

du ng the penod When the fuel and coolant systems are drained, tests will be
made to determine whether this heater must be replaced
One of the elements on heater H-106-4 failed on January 19, 1967. However, it has been pos-

sible to maintain adequate temperatures using the other elements and adjacent heaters.
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Control Rods and Drives

R. H. Guymon M. Richardson

The performance of the control rods and drives has been within the operating limits throughout
the operation. None of the rods has ever failed to scram on request, but some difficulty was en- '
countered in withdrawing one of the rods. _

After run 7 we found that the drop time for control rod 3 had increased slightly.!” While we
were investigating this problem during the shutdown before run 8, the drop time increased still
further and approached the limit of 1.3 sec. In addition, occasional hanging was observed when
the rod was raised 2 in. from its fully inserted position. We removed the rod-drive assemblj and
found that the long drop times were caused by a bent cooling-air tube. The air tube presumably
was bent when the drive unit was last reinstalled (February 1966). The hanging on rod with-
drawal was attributed to interference between sharp edges at the bottom of the rod and a protru-
sion of a ‘warped guide in the thimble. We replaced both the rod drive and the control rod with
spare units after first rounding the sharp corners at the lower end of the spare rod. This relieved
the hanging problem and gave an initial average rod-drop time (for 35 drops) of 0.92 sec with a
maximum drop time of 0.95 sec, Subsequent measurements of the drop for rod 3 gave 0.85 sec.
(The drop time normally decreases because of increasing flexibility of the rod with continued use.)

Shortly after the new assembly for control rod 3 was put in service, we observed a shift of
about 0.4 in, in the reference zero position as indicated by a special single-point indicator near
the bottom of the rod thimble. There has been no subsequent change in the reference position,
and the cause of the shift is not definitely known. However, when a similar shift occurred pre-
viously, !® it was attributed to slippage of a drive chain on a sprocket gear.

The lower-limit switch on rod 3 sometimes sticks after a scram, and the rod must be fully
withdrawn to dislodge it. This may be a recurrence of a similar, previously reported difficulty, 18
but it presents no difficulty in normal operation.

On February 13, 1967, the fine synchro on rod 2 failed. The coarse synchro is functioning

properly and provides sufficient information for continued operation.

Samplers

R. H. Guymon R. B. Gallaher

The fuel and coolant salt samplers met the requirements of the experimental program without
delays or serious difficulties. As reported previously, flush salt that froze in the fuel sampler
line during an accidental overfill was melted with external heaters. However, some obstruction

remained at the top of the pump tank until the system was heated when there was flush salt in

Y1bid., p. 53.
18MSR Program Semiann. Progr. Rept. Feb, 28, 1966, ORNL-3936, p. 54.
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the pump. Thereafter there was no interference with sampling, nor any mechanical trouble of any
consequence throughout the report period. Contamination, although adequately controlled, did
become more of a problem because of the higher activity of the salt and the nature of some of the
special devices that were lowered into the fuel pump. .
During this report period 66 samples were removed from the fuel system and 8 were removed
from the coolant system. Of the fuel-system samples, 43 were routine 10-g salt samples, 6 were
large salt samples (50 g) for oxide analyses, and 17 were special-purpose samples related to

studies of the oxidation state of the uranium and fission product behavior.

‘Containment
v P. H. Harley HB Piper '

Reactor Cell l.eakage. — The secondary containment, consisting of the reactor and drain-tank
cells and the closure devices in their penetrations, was shown to have acceptably low leakage at
the beginning of the report period. It remained so throughout the period, but the routine meas-
urement of cell inleakage during operation gave erroneously high results in run 9 and was some-
what uncertain in run 10 because of leaking pneumatic lines,

In a comprehensive test of penetration block valves and check valves before run 8, only 8 of
160 valves showed leakage above the specified allowable rate. Metal filings and bits of Teflon
pipe tape were found in some of the valves, and cleaning and replacement of some soft seats cor-
rected all of the leaks.

The reactor and drain-tank cells were tested at 10 psig three times during the period. Before
run 8 the measured leak rate was 65 scfd; before run 10, 43 scfd. These rates are factors of 3.0
and 4.5 below the acceptable rate at 10 psig. The 10-psig test before run 11 was only long
enough to show that the leak rate was acceptably low; no exact figure was obtained.

For normal operation the cell is held at —2 psig, and the permissible inleakage has been set
conservatively at 85 scfd. (This was based on an extrapolation from accident conditions which
assumed or1frce flow through all leaks. ) In run 8 the measured rate was 65 scfd, within the
'prescrrbed lrm1t but by a much smaller factor than was obtained in the 10-psrg test Just before the

tun. In ran 9 the calculated inleakage increased to more than 300 scfd, and one reason for termi-
o 'nat"ng the run was to 1nvest1gate this problem Several valve- operator pneumatic lines were found

fg‘m the cell “but when the run 9 measurements were corrected for their contributions,

» ”the net rate was only 62 scfd In run 10 the pneumatrc -line leaks were measured continuously and

R _"deducted from the total 1nleakage grvmg a net 1nleakage rate around 50 scfd. In run 11, after the

:arr-l1ne leaks Were stopped the measured mleakage was only about 10 scfd.

Leaks m the pneumatlc lmes do not represent possible routes for activity release in the event

‘of a sp111 1n the cell because block valves Just outsrde the cell automat1cally shut off the lines if

“ rthe cell goes above atmospherrc pressure "Of course these leaks must be taken into account in the
calculations of the inleakage through other routes, and, during run 10, flowmeters were used in‘the

air lines to obtain the necessary information. The leakage from eight lines became quite large,

BE
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however (up to 3500 scfd), causing considerable uncertainty in the cell inleakage measurement.
Nitrogen was substituted for air in the leaking lines to keep the oxygen concentration in the cell
below 4% (to rule out fire in the event of an oil leak).

After run 10 the pneumatic-line leaks were traced to quick-disconnects in which the neoprene
seals had become embrittled. There were 18 disconnects with elastomer seals; eight disconnects,
all near the center of the reactor cell, were leaking. Seventeen of these disconnects were feplaced
with special adaptors sealed at one end by an aluminum gasket and at the other by a standard
metal-tubing compression fitting. I(One disconnect was left because it was on a line that is always
at cell pressure.) After the replacements, all 17 lines were proved to be leak-tight.

Activity Releases. — Operation of the reactor was the direct cause of only two minor releases
of activity to the ventilation stack. These occurred while capsules containing gas from the pump
bowl were being removed through the sampler-enricher and involved 1 and 2 mc of iodine. There
was also minor contamination of the work area at the sampler-enricher, which was easily cleaned
up.

Continuous monitoring of the ventilation stack showed that a total of 206 mc of iodine and 9
mc of particulate activity were released during the six-month report period. Most of this (192 mc)
was released in December while the fuel off-gas line at the pump bow!l was being probed and
inspected.

Replacement of the fuel off-gas particle traps in September and again in January resulted in
considerable contamination of the interior of the vent house. The area was cleaned to below con-
tamination-zone levels before operation was resumed, but after the January incident, this cleaning
necessitated replacing the floor grating and the top layer of stacked concrete block under the
grating.

Stack Fans and Filters. — Stack flow was maintained continuously at a safe level throughout
the period. The east stack fan was improved by the installation of new bearings, sheaves, and
belts as had been done earlier on the west fan, Before run 8, after other maintenance was

finished, the roughing filters were replaced to reduce pressure drop and increase stack flow.
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2. Component Development

Dunlap Scott

The effort of the development group’ consisted in work on the fission product off-gas removal
system, on the sampler-enricher, and evaluation of the radioactive maintenance of the components.

Several problems with the evaluation of their probable causes and solutions are given below.

[%2

2.1 SAMPLER-ENRICHER
R. B. Gallaher
Forty-seven routine samples were taken during reactor runs 8, 9, 10, and part of 11, Of these,
11 were 50-g samples for oxide and vttt analysis. In addition to routine sampling, the

sampler-enricher was used to perform a number of special sampling and addition operations as

follows:

three samples containing absorptive wire for investigation of cover gas constituents,

1
2. two CuO capsules for determination of hydrocarbons in the cover gas,
3. three gas bombs for general cover gas analysis, -

4

five capsules for addition of beryllium to the fuel.

‘Refer to Chap. 7 of this report for a detailed discussion of the special samples. Cumulative

totals to date for the Sam'pler-lenricher ‘are 189 samples ’(including special samples) and 87 enrich-

. ments. Operation of the sampler was for the most part satisfactory. A brief summary of nonroutine

operatmg and mamtenance expenence is glven below.

. Confominafion

There has been a gradual increase in the radratlon level inside the sampler. This is attributed
“to small partlcles of ‘salt which clmg to the outside of the capsule and are dislodged during han-
' dlmg in the 1C and 3A areas. Some d1ff1culty has been encountered with the spread of contami-

natlon in the area adJacent to the sampler caused apparently by the release of small quant1t1es of

as or solrd matenal durmg transfer of the sample mto the transport cask "Two steps were taken

to reduce th1s problem (1) “the interior areas of the sampler were decontaminated by wiping with
adhesive tape and damp sponges, and (2) a ventilation duct, connected to the main building venti-

lator system, was installed near the transport cask position.
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Capsule Support Wire

As an empty capsule assembly was being attached to the drive unit latch, the wire which con-
nects the capsule to the key pulled free from the key. Fortunately, the operator retained his grip

on the ca;')sule so that it was not dropped into the sample withdrawal pipe. It was found that the

_knot on the end of the wire was too small and had pulled through the key. Since then all existing

capsule assemblies have been reinspected. Also, new capsules have been fabricated using nickel-
plated mild-steel tops in place of the original copper tops, so that a magnet can be used for re-

trieval in the event a capsule is dropped into the withdrawal pipe.

Seal Leakage

There has been a gradual increase in ieakage of buffer gas through the upper seat of the main-
tenance valve. This condition is apparently caused by an accumulation of salt particles on the
seating surface. While the leak rate is relatively small (approximately 25 cm®/min), it is suffi-
cient to cause difficulty with proper opération of the interlock which indicates that the valve is
closed. Since cleanup of the seating surfaces would be difficult, and since replacement of the
valve is not warranted by the leak rate alone, a mechanical method of assuring that the valve is
closed is being substituted for the existing pneumatic system. The design of this section of the
sampler-enricher does pemmit ready replacement of the maintenance valve should this become

necessary.

Maintenance

The sample withdrawal pipe (line 999) was plugged with flush salt on July 24, 1966 (see Chap.
1, this report). The plug, which was located about 2 ft above the pump bowl, was melted by means

‘ of electrical heaters clamped to the outside of the pipe. The melted salt drained down the pipe

and formed a new plug immediately above the pump. This second plug was finally melted out by a‘
combination of external heaters and heat from the pump bowl after the reactor system was brought
up to normal operating temperature. t

Manipulator Buffer System. — At some time during the maintenance period, a small leak de-
veloped in the manipulator buffer system, and both boots were replaced. A small ‘‘pinhole’’ was
found in the atmosphere-side boot. The cause of the hole was not determined. This set of boots
had been used for 35 sample cycles.

Access Door Mechanism. — Dufing one sampling cycle, a cotter key was noticed on the floor
of area 3A. Close examination of the access port door mechanism showed that the key had come’
out of the top of the lower hinge pin. The hinge pin had then worked down out of the top of the

hinge. Using only the one hand manipulator, the pin was repositioned properly in the hinge, a new

IR, B. Gallaher, Removal of Flush Salt from Line 999, MSR-66-33 (Oct. 31, 1966).

i

T T T Y

T W T e




S

“

41

cotter key was inserted into the 0.100-in.-diam hole in the pin, and the key was then spread to
lock it in place. In doing this the lower key was knocked out and had to be replaced also. . This
repair work did not interfere with reactor operation or the sampling schedule,

Vacuum Pumps. — The radiation level in the vacuum-pump enclosure was checked after a two-
month cooling-off period (following shutdown on July 17, 1966). It was found that the radiation
level was less than 100 mr/hr, which is low enough to permit direct maintenance work in this area.
The oil level was checked on both pumps, and oil was added to one of the pumps.

Spare Parts. — In an attempt to minimize the time required for maintenance, arrangements have
been made to stock certain critical subassemblies. These include a manipulator arm, an area 1C

sibassembly, and an operational valve assembly.

2.2 COOLANT SAMPLER
R. B. Gallaher

Eight 10-g samples were isolated by the coolant sampler. A total of 53 samples, including two
50-g samples, have been taken with this equipment. V

The leak rate of the removal valve-seat buffer increased after one sample., This was corrected
by replacing the valve seats. Also, an extra washer was added to the valve to permit more pres-

sure to be applied to the seals.

2.3 FUEL PROCESSING SAMPLER
R. B. Gallaher
Installation of the fuel processing sampler is complete except for the shielding, Leak testing
and operational checks have been completed. The system was found to be satisfactory except for

a defective part in the containment buffer system.

The shleldmg has been designed and fabricated and is ready for installation.

2 4 OFF GAS SAMPLER
A N Sm1th e R B Gallaher

‘in the reactor off-gas stream to permit analysis

A ys e 1sbemg bfiéated' for installatid
for fisisidnﬁﬁrédue'tand other gases. Originally? it was planned that the system would include a

thermal conduct1v1ty cell, a chromatographlc cell, and a refrigerated molecular sieve trap. Three

E changes have been made to the sampler system since it was last reported:

= \ L. Several development problems associated with the chromatographic cell could not be re-

s solved by the scheduled startup date for the sampler. The chromatograph has therefore been

om1tted from 'the system

2MSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, p. 67.
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2. A hydrocarbon oxidizer, a COz-H2O absorber, and a second thermal conductivity cell have
been added to the system. These components, acting in concert, will provide a measure of
the level of hydrocarbon contamination in the off-gas stream. In addition, the oxidizer unit, by
virtue of its position upstream of the molecular sieve trap, will serve to protect the latter from
fouling by organic material. |

3. The original design provided for sampling the off-gas stream at a point immediately down-
stream of the particle filter in the reactor off-gas line, specifically line 522. The piping has now been
rearranged to provide an additional sample point immediately upstream of the 522 filter. Except
fdr the approximate 40-min delay time, samples from the upstream point should be identical with
pump bowl exit gas. Also, by using the hydrocarbo\n detector (see item 2 above), results from the q,"
two sample points may be used to judge the relative effectiveness of the off-gas filter. Gas will
be routed to the sampler by way of existing lines (533, 561, and 538), so that the changes asso-
ciated with the new sample point will be restricted to piping internal to the sampler.

A diagram of the revised sampler system is shown in Fig, 2.1. Structural and piping work on

the sampler proper is complete. Instrument and electrical work is approximately 90% complete.

2.5 OFF-GAS FILTER - MK [l
A. N. Smith

The off-gas filter installed in line 522 in March 1966 consisted of a particle trap, or prefilter,

and a charcoal filter (see ORNL-4037). Experience during operations plus hot-cell examination of

the particle trap after removal from the system (see elsewhere, this section) indicated that the
particle trap was too small and that the charcoal filter was unnecessary. Accordingly, the par-
ticle trap and the charcoal filter assembly were replaced with two particle traps in parallel. The

new particle traps, shown in Fig, 2.2, are similar to the old unit except for the following revisions:

1. The trap housing was increased from 4 to 6 in. ID, resulting in an increase in cross-sectional

area of 225% in both the Yorkmesh and Fiberfrax sections.

2. The unit was in effect turned upside down so that the Yorkmesh section is at the top of the
unit and the Fiberfrax section is at the bottom. This change was made to permit heating of the
Yorkmesh section (using beta decay heat and lowering the water level) while still maintaining 2
cooling on the other two sections. Pipe connections were adjusted to compensate for this change,

so that the flow path is now downward through the filter.

3. The disposition of the Yorkmesh was modified to provide incteased frontal area in the

direction normal to the flow.

i ol

4. Only the coarse Feltmetal was used. The original particle trap used a coarse section
(removes 98% of particles <1.4 p) and a fine section (98% <0.1 p) in series. Since the first trap
had shown very little loading in the final section, it was not believed that the fine Feltmetal was

needed.

Ko
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Fig. 2.1. Schematic Diagram — MSRE Off-Gas Sampler.
1 5 The total area of the fllter elements was 1ncreased to 288 in.2. The two new traps, how-

. ever d1ffer in that the No. 1 umt has the support ‘screen on the upstream side of the Feltmetal
resulting in an effective filter area of 30% of the total area. The original particle trap had an ef-

fective filter area of 22 in.2, so that the relative increase is 4x for unit No. 1 and 13x for unit

No. 2.
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6. The depth of the Fiberfrax section was reduced by about 50% (from 63/4 to 31/2 in.), because
examination of the first trap did not show much oil, even in the first Fiberfrax section.

Specific design data are as follows:

Yorkmesh Section

Material 304.SS

Overall size : 6 in, in diam X 4 in, deep
Total weight 0.62 1b

Bulk density 0.16 g/cm3

Wire diam 0.011 in.

Calculated surface area 894 in.?

Feltmetal Section

Material Huyck No. FM 225

Removal rating — gas service 98% <1.4 1

Size of inner element 3 in. in diam X 101/2 in. long
Size of outer element 51/2 in. in diam X 101/2 in. long

Effective surface area
Unit No. 1 (effective area is reduced 85 in.2
by perforated support plate)
Unit No. 2 281 in,?

Fiberfrax Section

Material Carborundum Co. Long Staple Fiberfrax

Mean fiber diam 5u .

Packing density 81/2 to 9 1b/ft3

Total weight 213.5 g

Geometry Six annular compartments; two each at
1/4 in., 1/2 in.,, and 1 in. deep

Efficiency and pressure drop tests were made on the new particle traps prior to installation.

The results were as follows:

Unit No. DOP* Efficiency o Pressure Drop at 15 liters/min

1 99.988 <1 in. H,0

o 99960 R <1in. H,0

*Dioctylphthalate-polydisperse mean particle size, 0.8 p.

2.6 FELTMETAL CAPACITY TEST
A. N. Smith

The particle trap used in the MSRE off-gas system?® (line 522) contains three filter elements -

in series: a loose-knit bundle of stainless wire (Yorkmesh), a porous stainless steel cylinder

3SMSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 74-77.
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(Huyck Feltmetal No. FM 225), and a bed of inorganic fibers (Fiberfrax long staple). Sizing cal-
culations for the unit have been hampered in part by a lack of information as to the loading capacity
of the Feltmetal. Accordingly, a bench test was performed to develop data which might be used to

estimate the life expectancy of the Feltmetal under reactor conditions.

Assumptions

In designing the experiment the following assumptions were made regarding the reactor off-gas
stream: 7 )

1. The character of the suspended particles is variable, ranging from crystalline (noble-gas
daughter product) to tarlikeA(oiI decomposition products), with various intermediate mixtures.

2. The particle size is on the order of 1 p.

3. The concentration of particles in the off-gas stream is such that the rate of accumulation
on the filter is on the order of 1 g/day. This estimate is based on the assumption that salt en-
trainment is negligible, the daughter product deposition rate is ~0.1 g/day (approXirﬁately 1% of
7.5 g of 235U per day), and the pump oil leakage averages 4 g/day, of which 25% is converted to

solids which are deposited on the particle trap.

Experimental Procedure

Particles éuspended in a helium carrier stream were passed through samples of the Feltmetal
(see Fig. 2.3). Ducting upstream and downstream of the filter was glass, permitting direct obser-
vation of the flowing stream. The geometry was such that particles on the order of 5 y and larger ,
could be expected to settle out before reaching the filter element,.

The particles were generated by evaporation of hexane from very fine droplets of hexane solu-
tion containing the solid under study, which was aspirated into the flowing gas stream. The con-
centration of these solutions and the fiow conditions at the aspirator were held constant, such that
the particle size could be expected to be the same for the three solids studied. Déve Moulton of
Reactor Chemistry was responsible for conception and development of the particle generator. The
test was divided into two phases:

1. The change in load capacity as a function of particle character was checked by using three
different solids: naphthalene, stearic acid, and paraffin.

2. Using stearic acid, the effect of support screen position on load capacity was measured.
The support screen, a thin perforated metal sheet, is normally placed on the downstream side of
the Feltmetal to provide mechanical support in the event of excessive pr.essure drop across the
filter. In the MSRE, however, routine backblowing operatio.ns had made excessive pressure drop
in the reverse-flow direction more likely. It was thus desirable to know the effect of providing
mechanical support on the upstream side of the filter. _ ‘

Helium flow during all tests was maintained at 5.3 liters/min. Collection of solids was con-
tinued until the pressure drop across the Feltmetal rose to about 3.5 psi. The quantity of solids

collected was determined by weighing.
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Fig. 2.3. Capacity Test — Feltmetal (Huyck No. FM 225).

Results

The test results ate summarized in Table 2.1. The relative capacity of the Feltmetal for
naphthalene/stearic acid/paraffin was found to be about 1000/5/1. If these figures are applied
to the reactor system at a collection rate of 1 g/day, the life expectancy of the new MSRE particle
trap ( see Sect. 2.5) might be as little as 3 weeks or as much as 70 years, depending on the char-

acter of the materral collected Thrs estlmate is based on a Feltmetal area of 280 in.% and a

. ,”:permrssrble pressure drop of 5 psi.

.. The capacrty of the Feltmetal with the support plate on the upstream side was found to be

e t;about 25% of the capacrty obtained with the support plate on the downstream side. This result is

“in reasonable agreement wrth the calculated value of 30% free area for the support screen.

27 _'E)“("AMINXTlo'NoF‘TH’E MK "\|"oF;=_-‘GAs FlL'l'rE:»R |
Dunlap Scott : A N Smrth

Th. Mark I part1c1e trap 4 whrch had been 1nsta11ed in the fuel’ system off-gas lme in Apnl
1966, was repl d m“September 1966 w1th a new trap of identical desrgn In October 1966 the old

4MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 75.
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Table 2.1. Loading Capacity of Huyck Feltmetal No. FM 2259
Weight Collected Final AP Unit AP
i . . ., —1. 2
Type of Solid (g/in. 2) (psi) (psi g  in.”)
Capacity for Different Types of Solids
Naphthalene 0.96 0.058 0.06
Stearic acid 0.31 3.6 12
Paraffin 0.06 3.9 65
Support Plate Final AP (psi) Weight Collected ( g) 3
-
Capacity vs Support-Plate Position
Upstream 3.6 ) 0.186 : i
) . »
Downstream 3.5 0.73
4Carrier gas was helium at a flow of 5.3 liters/min.

trap was taken to the hot cells for testing and examination. Pressure drop tests were performed,
1 after which disassembly, examination, and sampling were done; the samples were analyzed by the

Analytical Chemistry Division. A description of this work is given below.

Pressure Drop Tests

The setup for the pressure drop tests is shown in Fig. 2.4. Helium was metered to the particle
trap through a calibrated flowmeter at a metering pressure of 10 psig. Flow was controlled at V-1,
and the pressure drop was assumed to be the PI reading, since the gas was vented to the hot cell
(cell pressure controlled at — 1.5 in. H20) . After the total drop through the unit was determined at
various flows, three 1/4-in.-diam holes were drilled through the wall of the trap to permit the flow to & |
short-circuit to the cell without passing through the Fiberfrax section, and the pressure drop meas- ‘
uréments were repeated. The test results are plotted in Fig. 2.5. Also shown in Fig. 2.5 are the
results of the pressure drop measurements made on the clean filter before installation in the MSRE
off-gas system.

The pressure drop data before and after reactor service indicate the following:

1. The pressure drop after service was about 20 times the ‘“clean’’ pressure drop. Assuming
orifice-type flow, this would represent a reduction in flow area of about 80%.

2. The bulk of the pressure drop occurred in the Yorkmesh and Feltmetal sections of the
filter. Thus the Fiberfrax section was essentially clean.

The particle trap was in service in the reactor off-gas line during the operating pe‘riod frc;m ‘
April 1966 thrdugh July 1966. During this time the pressure drop across the particle trap exhibited .

wide fluctuations. Increases were usually, but not necessarily, associated with periods of power

badl.... il o s
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operation. Decreases were sometimes unexplained and at other times were associated with delib-
erate attempts to clear the trap, such as reverse-blowing with helium. Table 2.2 shows steady-
state values for the particle-trap pressure drop at various times during the April to July 1966
‘period. The fluctuations in pressure drop seem to 1nd1cate that material was alternately deposited
and then removed by increased pressure drop or breakdown (such as by thermal or radiation ef-

fects). The maximum pressure drop of 9.7 psi would indicate a flow area reduction of about 95%.

Disassembly

The part1c1e trap was d1sassembled to perrmt exam1nat1on of the three main sectlons of the
trap The cuts were made with a band saw which is part of the hot—cell equipment in the HRLEL.
All operations of handling, cutting, shifting, dlsassemblmg, sampling, weighing, photographmg,

and preparing samples for shlpment were done by the expenenced operators of the HRLEL using

mampulators with direct and periscopic v1ew1ng, and the work suffered very little from the remote
handling requxrement

The first cut was made at section A-A 5 in. above the lower weld (F1g 2.6). This point was
chosen to permit removal of the bellows section of the inlet pipe as well as the upper section of
the coarse and fine filter sections.

A second saw cut was made through the upper filter at section B-B to get a closer look at a

deposit on the lower surface of the upper end flange.

Observations !

Yorkmesh Section, — The area of the Yorkmesh which had been immediately below the inlet

pipe was covered with a blue-gray to black mat which had completely filled the space between

the wires of the mesh (Fig. 2.7). The shape of the mat corresponded to the bottom of the inlet

ORNL-DWG 66-11444R

FINE METALLIC FILTER

FIBERFRAX
COARSE METALLIC FILTER (LONG FIBER)

LOWER WELD SAMPLE 97 "a"

THERMOCOUPLE (TYP)

SAMPLE 3A
5B AND 6
STAINLESS STEEL MESH NICKEL BAFFLE (8)

Fig. 276. Location of Sample Points in Particle Trap.

k

.




[

51

R32824

2




i

52

Table 2.2. Pressure Drop Experience — Particle Trap Mark |

I ) Particle Trap Pressure Drop Reactor Power at
" Date and Time at 4,2 liters of Helium per min Time of Reading
‘ o (psi) o (Mw)
* Before installation ' 0.06
4466 <o.1 0
4866 ‘ 1.1 0o
S 4066 B T 0
’ 4-10-66 2.8 0
5-20-66 ‘ 9.7 i 6
s3166 2.2 0
6-8-66 , 0.8 | o
7.16-66 , 87 | _ 7.1
716:66 | ’ 28 S
9-16-66 | 1.3 -
-~ (2 months after shutdown) _
Hot-cell test » 1.2

pipe, and it is iikely that this material was the major restriction to gas flow during the operation
in the reactor. »

Since the inlet pipe temperature probably increased several hundred degrees during power
operation of’ the reactor, it is believed that this restriction behaved much like a thermal valve.
This could account for the unexpected increase in pressure drop while at power and the decrease
in pressure drop wheﬁ the power was reduced. In laboratory tests® using a sample of the porous
metal to filter an oil mist, a rise in temperature caused a decrease in the pressure drop of a
loaded filter. This predictable result was attributed to boil-off of the oil. »

A radiation survey made around the outside surface of this lower section of the trap gave
readings ranging from 6900 to 8000 r/hr. The probe réad 11,400 r/hr when inser;ced info the
position formerly occupied by the inlet pipe. The radiation level dropped off to 4100 r/hr at the
bottom of the trap. The bottom of the inlet pipe had a deposit of blackish material whichbvcydrre- -
sponded to that in the Yorkmesh. The inside of the inlet pipe at the upper end of the bellows ap?
peared clean and free of deposit. The exterior of the bellows had some of the light;yel'lo‘v‘lvbokwdéry

material on a background of dark brown.

SB. F. Hitch et al,, Tests of Various Particle Filters for Removal of Oil Mists and Hydrocarbon Vapor,
ORNL-TM-1623 (Sept. 7, 1966).

e

i




-

K

s

53

The outer shell of the lower sectron was slrt at the weld, and the Yorkmesh was removed. It
was found that the surface of the outer wrres of the mesh bundle was covered with a thm layer of
amber-colored organrc materral Much of th1s material evaporated from the heat of the floodlamp
used to make the photographs ' ;

As the bundle was unrolled the color of the film on the wire changed from amber to brown to

black near the cente The black materral was thrcker than the wire by a factor of 2 or 3, This

material 1 was brrttle ‘as was the w1re and much of it came loose as the wire was flexed Samples
of thrs mater1a1 desrgnated Nos SB and 6, were taken for examrnatron and chemrcal analysis.
A prece of the wrre covered w1th the black material was removed and mounted for metal-
lographic examrnatron ‘and it was found to be heavily carburized w1th a continuous network of
carbide in the gram boundarres There was no evidence of meltrng of the wire; however, the grain
growth and other changes mdrcated operatrng temperatures of at least 1200°F The nonmetalhc
deposit observed on the wire mesh was apparently of a carbonaceous nature and appeared to have

been deposrted.m layers These “growth rrngs were probably the result of off-gas temperature

and flowrate changes ’ k

» Porous Mefal Secﬂon - The perforated plate of the coarse filter sectlon and the lower flange
of the filter assembly were covered with a stratified scale (view A-A Fig. 2.6). The color varied
from a very light yellow to orange One stratum in the lower flange area appeared gray, almost V
black. A sample (No 9) was taken of the light-colored materral including some of the black.

The perforated plate of the fine filter sectron was covered with a thrn, dark-brown coating, which

seemed to be eve y 1str1buted over the surface of the plate. The inner surface of the outer wall
of the trap was covered w1th a lrght-amber coating, which was also evenly drstrrbuted It is be-
lreved that these coatlngs were deposrted by condensatron and sputtenng of the oil from the adJa-
cent frlter and that the dark-brown color 1nd1cates that the porous metal - screen had operated at a
much hlgher temperature than had the outer wall, The lower surface of the upper flange (view B-B,
Frg 2 6) contamed a deposrt which had the appearance of organrc residue. The deposit was amber

colored “and the fractured edge (Frg "2.8) gave ‘the” impression that the materral was brittle. There

on for formation of this deposit or how it came to be formed 1n th1s partrcular

of the filter readfrom 200 to 360 r/hr A" |

Comparlson of the werghts of the

_any srgnrfrcant accumulatron of materral

An 1nterest1ng observatron relates to the very low radroact1v1ty level in this material, even in
the entrance sectron which is separated only by the Feltmetal filter from an area containing ma-

terial with activity levels of thousands of r/hr. The only detectable activity above the examination
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cell background (4.2 r/hr) was at the discharge end of the Fiberfrax section. It is probable that
this activity resulted from pressure transients which could have carried gaseous decay products
from the charcoal trap back upstream into the particle trap. Even so, the activity level was only

1.8 r/hr above background.

Analytical Results

A total of four samples from three different locations (Fig. 2.6) were subjected to a variety of

analytical tests. The samples were identified as follows:

Sample No. Taken from
3A Coarse section of porous metal filter
9 Scale on lower flange of porous metal section
5B Mat at inlet to Yorkmesh section
6 Mat at inlet to Yorkmesh section

For sections of sample 3A it was found that about the same weight loss (0.2% of sample
weight) resulted from heating to 600°C in helium as from dipping in a trichlorethylene bath. The
material removed by heating was cold trapped and found to be effectively decontaminated; however,
the trichlorethylene wash was contaminated with fission products. '

Samples 5B and 9 were compared for low-temperature volatiles; at 150°C No. 9 lost 5% and
No. 5B lost none, When raised to 600°C, the weight losses were about the same, 35% for sample
5B and 32% for sample 9. Analysis of the carbon content gave none for sample 9 and 9% for
sample 5B. This indicates that sample 9 had not reached as high a temperature as had sample 5B.

The mass spectrographie analysis of sample 6 indicated that there was a very high fraction of
fission products. These are estimated to be 20 wt % Ba, 15 wt % Sr, and 0.2 wt % Y. In the same
analysis the salt cOns'tituents‘Be and Zr were estimated to be 0.01 and 0.05 wt % respectively.

In add1t1on the material in samples 5B and 6 contained small quantities of Cr, Fe, and Ni,

‘ wh11e sample 9 did not. The rel1ab111ty of these values is compromised by d1ff1cult1es caused by
the presence of orgamcs and small sections of wire in the sample,

- The gamma-ray spectrographic work indicated the presence of the following isotopes: 137Cs,

- ,SQSr 1°3Ru or 106Ru 110mAg 95Nb, and 14%La.
» All three samples were chem1cally analyzed for Be and the level was ‘below the detectable

l1m1t of 0 1% Attempts to analyze for Zr were comphcated by the presence of large quant1t1es of
Sr.

The fraction of soluble hydrocarbons was determined using CS ,» and the values were 5B,/ 60%;
6, 73%; and 9, 80%. The extract solutions from samples 5B and 6 were allowed to evaporate, and
a few milligrams of the residue was mounted between salt crystals for infrared analysis. The sam-

ples were identical and were characteristic of long-chain hydrocarbons. There was no evidence of
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any functional groups other than those involving carbon and hydrogen. Nor was there any evidence
suggesting double or triple bonds. There was an indication of a possible mild cross-linkage. It is

likely that there is more cross-linkage of the organic in the gas stream than appeared in these sam-

ples, and the low indication could be due to the insolubility of the cross-linked organic and the

hiéh operating temperatures of the wire mesh, which would cause breakdown of the organic into
elemental carbon and volatiles.

The following conclusions can be drawn from the results of the examination:

1. Since the specfrographic analysis indicated that the concentrations of Be and Zt were very
small compared with those of the fission products Ba and St, the amount of entrained salt mist
carried to the filter was negligible. »

2. The high activity and the large émount of barium and strontium in the inlet section of the
particle trap indicate that a large fraction of the solid daughters of Kr and Xe which decay in the
line is carried down the line with the off-gas stream. '

3. The distribution of activity indicates that entrance areas of the Yorkmesh were unexpectedly
effective in trapping the solid fission products. Decay heat in this area resulted in temperatures
above 1200°F.

4, The collection of hydrocarbon mist on the Yorkmesh had probably enhanced the collecting

efficiency of the mesh for solid particles.

2.8 MIGRATION OF SHORT-LIVED GASEOUS PRODUCTS INTO THE GRAPHITE
R. J. Ked!

The measured concentrations of various fission products in the MSRE graphite samples were
listed as a function of depth in the samples in the previous progress report.® Three of these ma-
terials are daughters of very short-lived noble gases, !*4°Ba from (16-sec) 4°Xe, 14!Ce from
(1.7-sec) '*'Xe, and °'Y from (10-sec) °*Kr. A model has been developed which evaluates the
concentration of ‘‘very short-lived’’ noble gases in the graphite while the reactor is at power. It

can be shown that with the reactor at power,

8

—x\/ €A
c =%\/DS€/DQ e Ve

where

C 6= noble-gas concentration in graphite (atoms per volume of graphite),

Q = noble-gas generation rate in fuel salt (atoms/time, volume of salt),
A = noble-gas decay constant,
D

S

D 6= noble-gas diffusion coefficient in graphite,

€ = graphite void fraction available to gas,

noble-gas diffusion coefficient in molten salt,

SMSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 181—83.
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x = distance in graphite.

The very short-lived noble-gas concentration distribution in gréphite is approached very shortly
after the reactor is brought to power. We can therefore compute the longer-lived daughter product
concentration distribution as a function of time with the reactor at power. Also, the daughter
product concentration can be taken through the period when the reactor is shut down by consider-
ing decay only. This model assumes that once a noble gas decays, its daughter is immediately
adsorbed by graphite and does not migrate. ”

Concentration distributions were computed for '4°Ba, *#1Ce, and °'Y in the MSRE core graph-
ite samples using values of Dg obtained from the slope of the distribution curve. The computed
values of the concentrations at the surface of the sample are shown in Figs. 2.9, 2.10, and 2.11,
together with the measured distributions. For sake of clarity, the computed concentration is shown
only at the surface, but the computed internal distribution would be roughly parallel to the measured

internal distribution.
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2.9 REMOTE MAINTENANCE
R Blumberg

_reactor cell ‘membrane was cut three separate times to ‘carry out
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The reactor shutdown”whxch began in July 1966 extended through October 30 After that the

mamtenance operatrons in the

cell. Durmg this period, power production increased from 7822 Mwhr to 16,277 Mwhr at the

beginning of the last maintenance operation.
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Summary of Remote Maintenance Tasks Performed

August 26, 7822 Mwhr. — A removable section of off-gas line 522 was replaced. This spool

piece was replaced because it was suspected of having a plug of frozen salt. This was the hottest
piece removed from the reactor, approximatély 2000 r/hr. It was removed with blind flanges on

both ends for containment.

September 7, 7822 Mwhr. — Both a control rod and a rod drive from position 3 were replaced.
This was routine from a handling standpoint. The lower end of the rod measured 250 r/hr on v E
contact.

September 9. — The west space cooler that had been removed the previous period for

repair of a water leak was replaced. The assembly had some wipable contamination which was re-

moved at the decontamination facility. There were some local spots of induced radiation of up to

400 mr/hr at 6 in. The leak, which existed in a brazed joint, was rebrazed directly, under Health

Physics supervision,
September 10, October 30. — The sampler withdrawal pipe (line 999, see Sect. 2.1) was

thawed. By using a series of remotely manipulated external heaters, we managed to move the

frozen salt down the pipe to within 3 in. of the end. The final thawing of this line required using
the heat from the circulating flush salt plus that from several small ceramic heaters which had to

be remotely positioned in the complex area around the pump tank and line 999. This was a totally

unanticipated job, and much of the difficulty was due to the crowding of various equipment into

one area.

September 15. — The line 522 particle trap was removed and replaced. The trap which was re- - E
moved was stored in a dry well at the burial ground using blind flanges for containment. This unit
was later retrieved and examined at the HRLEL. %E

September 16, 7822 Mwhr. — We completed installation of the new graphite and Hastelloy N

surveillance samples. This went very smoothly and quickly. (The above operation completed the

shutdown which started in July.)
Movember 5, 10,067 Mwhr. — We installed three external heaters on line 522 at the pump in an
attempt to thaw a salt plug (see Chap. 1). This proved to be ineffective. The radiation level at

open tool penetration in the portable maintenance shield was 70 t/hr. »
November 23, 11,236 Mwhr. — The plug in line 522 was removed by direct means. Extemal
heaters, chisel-type rods, a flexible shaft snake to clear a pipe with two 90° bends,‘ and a
borescope were used on this job. The flexible pipe spool piece was replaced in order to make
sure that this line was open; 70 r/hr at tool penetrations was a definite factor in slowing down
the work. ' ’
December 5, 11,236 Mwhr. — We removed, repaired; and reinstalled valve 960, which controls

the component cooling air., Gamma radiation was significantly lower here than for the job on line

522. Induced radiation in the valve (less than 20 mr/hr) was low enough to allow contact repair

of the valve stem.
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January 16, 16,277 Mwhr. — We replaced 17 “‘snap-tite’’ quick disconnects in lines which
supply air to operate valves. These disconnects had developed leaks due to radiation embrittle-
ment of an elastomer seal. The replacement fitting does not have any elastomers. The work was
started with only three days of decay, and the radiation at open tool holes in the maintenance
shield was 60 r/hr. The difficult part of this job, from a mechanical handling standpoint, con-
sisted in making up a 3/8-in. tubing joint on horizontal tubing at a distance of 20 ft,

While the air lines were being refitted in the reactor cell, a particle trap of improved design
was installed in the off-gas system. In this operation all of the existing parts were removed from
the area of the old trap, leaving only the inlet and outlet flanges. The new assembly was fabri-
cated in jigs to assure that it would fit the existing flanges. During the course of this job the

working area became severely contaminated and had to be cleaned several times.

Radiation Levels

Radiation levels increased significantly in almost every situation. These are described in
Table 2.3, and a plot of in-cell radiation levels vs time is given in Fig. 2,12,

There are several things of interest that one may note from these curves:

1. Both the reactor cell and drain cell radiation levels are increasing as more power is
produced.

2. The radiation level in the reactor cell, with the fuel salt drained, decays at a faster rate
than the radjation level in the drain cell with the fuel in the drain tank.

3. The dramatic increase in radiation level in the drain tanks during the period that the off-gas
was vented through the drain tanks (December 23—January 14) gives some indication of how radio-
actively hot the off-gas is.

4. On December 11 after some 23 days of decay, we find that the radiation level at the north
wall of the reactor cell is down to 250 r/hr from a level of 2000 r/hr on November 18. This is an
indication of the residual radiation effects that may be of consequence in a shutdown involving

handling of major components.

Table 2.3. Description of Radiation Levels That Affect Maintenance

General background just above portable maintenance shield (PMS) when in place.
Usually less than 5 mr/hr; however, over the off-gas line it was 10 to 20 mr/hr.

At an open tool penetration. Up to 100 r/hr recorded. Generally 70 r/hr over the
off-gas line. 60 r/hr on PCV 919 air disconnect work.

High bay levels when two roof blocks are off. The handling of these blocks and
movement of the PMS slide must now be done routinely from the remote maintenance
control room. During this operation, there were readings of 20 mr/hr in the reactor

control room and 40 to 60 mr/hr in the hot change house.

Hot spots on top of reactor cell before removal of lower shield blocks but after removal
of the upper blocks. We have run into local hot spots as high as 400 mr/hr before, but
during the most recent shutdown, there was an area reading 2 r/hr located along the
south edge of block R above the heat exchanger.,

T~ T T i o )
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Contamination

Control of the spread of contamination is becoming more difficult and requires a greater portion
of our time and effort, In the effort to remove the plug of frozen salt in the off-gas line 522 (see
entry for November 23), a number of very contaminated long-handled tools were accumulated.
Rather than risk the spread of contamination in the high bay, these tools were stored in the re-
actor cell in a sheath of 4-in. pipe. During the réplacemeht of the patticle trap in the off-gas sys-
tem (see entry for January 16), airborne contamination required the use of gas masks and many

man-hours of cleanup work.

Conclusion

The work that was accomplished involved the off-gas system and auxiliary valves. Much of
this work was unanticipated, requiring new tools and procedures. In all cases there were tight
schedule demands which were met. One may conclude that the increase in skill and experience

has been at least equalled by an increase in difficulty arising from the radiation and contamination.




3. Pump Development

3.1 MSRE PUMPS
Molten-Salt Pump Operation in the Prototype Pump Test Facility

During the 2631-hr test of the MK-1 prototype pump reported previously,® there was eyidencé
of a restriction in the annulus between the pump shaft and the shield plug at the lower end. Post-
test examination revealed the restriction to be salt of a composition similar to that circulated by
the pump; so it could not have been produced by condensation of salt vapor. We believe that this
salt entered the annulus during a previous loop filling operation. The test loop is filled by pres-
surizing the drain tank with helium to displace salt into the loop through a fill and drain line.
Because there was insufficient salt in the drain tank, the liquid level in the tank dropped to the
fill-line entrance before the loop was filled to the desired level. Gas then passed through the
line into the loop and raised the level in the pump tank high enough to carry salt into the an-
nulus. Some of the salt froze there and remained when the level subsided as the gas entered
the pump tank.

All the loop tests for the MK-1 pump and the testing of spare rotary elements for the MSRE
pumps were completed; so the prototype pump tank was removed from the test facility to make

way for the MK-2 pump tank.
MK-2 Fuel Pump

The MK-2 pump was designed to replace the MSRE fuel pump if the pump tank in the reactor
system were to fail. The MK-2 pump tank has the same diameter as the MK-1 tank but was made
longer to provide the desired expansion volume for salt without an overflow tank below the pump.
The longer pump tank made it necessary to increase the unsupported length of the pump shaft,
Also, some changes were made in the mechanics of contacting salt and cover gas to remove
gaseous fission products from the salt. These and other features of the new pump will be tested
before it is considered suitable for use in the MSRE.

Shaft deflection and critical speed tests were performed on the rotary element for the MK-2
pump. The measured critical frequency was 1860 cpm, which compares favorably with the pre-

dicted value of 1800 cpm. Fabrication of the pump tank? is about 70% complete.

1MSR Program Serhiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 81.
2Ibid., p. 82.
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Stress Tests of Pump Tank Discharge-Nozzle Attachment

The discharge nozzles of the MK-1 and MK-2 pumps penetrate the pump tank in the region of
the junction of the botton; head with the cylindrical side. This unusual configuration greatly
increases the uncertainty in calculation of stresses in the nozzle and the tank wall. Hence we
decided to use the MK-1 pump tank to obtain a simple comparison between calculated and meas-
ured stresses produced by internal pressure and by forces and moments imposed by the discharge
pipe. ’ ' ‘ - ‘

A fixture was designed and fabricated for hoIding the tank and for applying forces and moments
to the d1scharge nozzle. Stress-Coat tests were m1t1ated and a crack in the tank was found in
the heat-affected zone of the weld joining the nozzle to the tank. The Hastelloy N from which the
tank and weldments were made came from early experimental heats which are now known to be
crack sensitive, We believe that microfissures were present in the welds when the pump was new,
and that they enlarged to form a visible crack either under the stresses present during 15,000 hr of
operation at tempeiatures from 1000 to 1500°F or during the initial Stress-Coat test. The crack was
repaired by welding, and exploratory strain measurements are being made to determine whether we

can obtain valid data.

Spare Rotary Elements for MSRE Fuel and Coolant Salt Pumps

We reported previously on the testing of the spare rotary elements for the fuel and coolant
pumps of the MSRE.? The spare element for the coolant pump ran satisfactorily, but the one for
the fuel pump leaked oil excessively through the lower shaft seal. The rotary elements are
identical except for the impellers and the arrangement of service piping, which is installed at
the reactor site. For a time it appeared that replacement of the rotary element of the fuel pump
in the reactor might be necessary to overcome the problems of the off-gas system; so we con-
verted the spare rotary element for the coolant pump into a spare for the fuel pump. It is being
held in standby for the reactor.

The cause for the excesswe seal leakage in the other rotary element was investigated. The
stationary part of the seal has a Graphltar ring supported on a stainless steel bellows, The

Graph1tar ring bears on a carbon steel rmg on the pump shaft. The bellows has a weld down one

. 51de wh1ch mcreases the ‘stiffness of that side. This lack of umformlty and possibly the way in

o wh1ch the seal was assembled caused the seal surfaces to be not qu1te parallel or concentric, and

jthe seal leaked excesswely 'The bellows was adJusted to improve the parallelism and concen-
- tricity of the seal rings, the pump was reassembled' and the testing was completed. The rate of

oil leakage through the lower seal was only 21 cm3/day at reactor operating conditions.

A f1xture for holdmg the stat1onary seal element to attain the required machining precision was

| i des1gned and fabricated and w111 be used for makmg seal assemblies in the future.
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Lubrication System

P

The lubrication pump endurance test? was continued, and the pump has now run for 31,350

hr, circulating oil at 160°F and 70 gpm.
3.2 OTHER MOLTEN-SALT PUMPS g
Fuel-Pump High-Temperature Endurance Test Facility

A hew drive motor rated for 200 hp at 1800 rpm‘ is being purchased for the salt pump.? With the

delivery of the motor, the facility will be ready for operation with molten salt at high temperature.
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4. Instrument Design and Development

4.1 INSTRUMENTATION AND CONTROLS DESIGN

R. L. Moore J. R. Tallackson

Off-Gas Sampler Design
D. G. Davis

The design of instrumentation and controls for the off-gas sampler® was continued. This de-

sign work was temporarily stopped in April 1966 because of uncertainties concerning the chro-
matograph and the possible effects of particulate matter found to be present in the off-gas sys-
tem.? 3 Work on the design of a revised off-gas sampler system was resumed in August and is

now essentially complete.

Changes in the original design which affected instrumentation and control were as follows:

1. The chromatograph system included in the original design was removed.

. A copper oxide scrubber was added for removal of hydrocarbons from the sample gas.

A second thermal conductivity cell was added for checking efficiency of the copper oxide
scrubber.

Revisions to instrumentation and controls included'

1. new heater controls for both the copper ox1de scrubber and the thermal conductivity cell,

: replacmé the srngle-pen Brown recorder with a two-pen recorder for recordrng the outputs of
“two thermal conductrvrty cells

3. addrtlonal thermocouples o

4. changes in power and control w1r1ng and in panel layout.

; = Except for the above changes the 1nstrumentat10n and control for the off gas sampler remains

‘as prevr'usly reported 1'

- Panel fabrrcatron of the new des1gn is approx1mate1y 95% complete and assembly work 1ns1de

v Y'the co tam ent box is approx1mately 75% complete

1MSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, pp. 67—69.
Ibid., pp. 23-27.
3Ibid., pp. 65—67.
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Control System Design

P. G. Hemdon

Control Instrumentation Additions and Modifications. — Further additions to and modifications
of the instrumentation and controls systems were made to provide additional protection, improve
performance, and provide more information for the operators. Fifty-nine requests for changes in
the instrumentation and controls system (or in systems affecting instrumentation and controls)
were received and reviewed during the past report period. Of these, 29 requests resulted in
changes in instrumentation and controls, 1 was canceled, 9 did not require changes in the instru-
mentation or controls, and 7 are active requests for whiéh design revisions are either in progress
or pending. The remaining 13 requests required changes to process switch operating setpoints.
Some examples of these changes follow.

Master Control C.ircuits.. — Two new jumpers and associated circuitry were installed to provide
a bypass around the frozen permissive contacts of freeze valves 105 and 106 in the drain tank
helium supply valve control circuit. This makes it possible for the operator to transfer fuel salt
between drain tanks FD1 and FD2 through the reactor fill lines 105 and 106. To prevent inad-
vertent transfer of fuel salt to the reactor core, the circuits were originally designed to prevent
transfers by this route. Transfers were permitted through the transfer lines only. Operating ex-
perience, however, has proved that direct transfers between tanks FD1 and FD2 are quicker and
less complicated operations under most circumstances than going through the transfer line.?

The design of the jumper board graphic panel was revised to incorporate recent control circuit
changes and a‘ newly devised system. of identification for all jumper plug receptacles and lamps.
Procurement of four new metal-photoengraved graphic panels, required for this revision, is under
way.

Fuel and Coolant Pumps. — The design and installation of circuitry that permits the operators
to override all protective interlocks in the coolant-salt circulating-pump control circuit were com-
pleted. New operating criteria stipulated that preventing salt from freezing in the radiator is more
important than protecting the pump from possible damage resulting from the bypassed interlocks. 5
The design included a manual switch connected directly in the power circuit breaker ‘‘close’’ and
““trip’’ coil circuits. The power distribution system was not altered.

As part of the system revisions made to prevent plugging of the off-gas system, the fuel pump
bowl pressure control valve was removed from the system. The change was made because the de-
sired degree of control can be effected by other means, and the space was needed for installation
of a particle trap. . .

Fuel Off-Gas Systems. — To help overcome the operating difficulties caused by intermittent

plugging in the main reactor off-gas line, a helium gas supply sysfem was installed in the vent

*Memo from P. N. Haubenreich to J. R. Tallackson, August 3, 1966.
5MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 61—62.

&

&




%

2’

} Y

69

house. The instrumentation and controls for this system, which include double-stage pressure
regulation, high-pressure alarms‘ yariable area flowmeters, and several pressure indicators, were
designed to protect the reactor fuel system from the possible applrcatron of overpressure and to
maintain the integrity of primary containment.

A capillary flow element, FE-524B, was designed, fabricated, and installed in the fuel-pump
upper-gas-letdown line 524. This element replaces the matrix type of flow element originally in-
stalled in this line. Efforts to remove foreign matter that was plugging this element were unsuc-
cessful. ’

A bubbler type of level measuring system was installed ln the vent house to indicate the water
level in the charcoal filter pit. By use of valves, this system can also be used to check the water
level in the 522 line filter can. A second 12-point temperature recorder was also installed in the
vent house to record charcoal filter bed temperatures. These thermocouples were originally con-
nected to a single-point indicator through a manual selector switch.

To provide additional inforrr_lation, three thermocouples were installed on the electric heater
used to heat the top of the charcoal-bed filters. -

Load Control. — An instrument system that monitored vibration in the coolant-salt-radiator
cooling-air blowers was designed and installed. The system consists of four self-generating
elements connected to an electronic vibration signal analyzer. One element is mounted on each
bearing of the two large blowers, and each element produces electrical signals proportional to
the velocity of the mechanical vibrations. The vibration signal analyzer indicates the average
velocity and the peak-to-peak disp’lacement of the vibrations. Prior to installation, the system,
including the interconnecting cables ‘was tested on a calibrated shake table in the ORNL engi-
neering mechanics laboratory in the Y- 12 area. All the components, “valued at $2500, were ob-
tained from Reactor D1v1s1on ‘stores and were surplus itemis obtained from CANEL. In addition
to the vibration instruments, a thermocouple was installed in a well drained into each of the four
bearing housmgs and was connected to the data logger through the thermocouple patch panel.

The load setback mterlocks were removed from the load control circuits. This actlon de-

. ‘. 51gned to lower the rad1ator doors under certam condrt1ons, to ‘the 1ntermed1ate or I-Mw output

e pos1t10n was 1neffect1ve because of the d1fference between predlcted and actual loadmg charac- ’

terlstlcs of the radlator system Operatmg expenence has shown that thxs action reduces the

load much less" thanvexpected mamly because the radrator is'so well vent1lated with the doors

closed that the 1-Mw; output pos1t10n is actually at the lowet travel limit of the doors.

s Aulezary Systems - Addrtronal 1nstrumentat1on was prov1ded for ‘the treated coolmg water

wh1ch was modrﬁed to elrmmate radrolytrc gas The newly 1nstalled degassmg tank was’

“eﬂboth ‘ gassing and s g ks, Secondary contamment

was mamtamed by mstallmg two solenoid block valves, one in the purge supply and one in the

e pm—
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‘vent line. A low-air-flow alarm switch was also installed in the vent line to give warning that
" an explosive I'-I2 mixture may exist in the degassing tank. '

' A pressure-actuated switch was installed in line 917 at a point upstream from a newly in-
stalled filter to annunciate high component-coolant-pump discharge pressure.

CA num‘berpf instruments in one safety circuit channel are supplied from the 48-v dc bus
through a 1-kw inverter; a loss of power to these instruments could cause the reactor to drain
unnece}ss‘arily. A circuit was designed and installed that will automatically transfer the load
from the 1-kw inverter to the reliable power distribution panel IPP3 if the inverter should fail.

Four additional thermocouples were added to the sampler surveillance rig.

Secondary Containment. — Just before the January shutdown of the reactor it was becoming
iné;easingly difficult to maintain the proper atmosphere in the reactor cell because of leaks from
the lines supplying air to the in-cell control valves. Several temporary corrective measures such
as installing' flowmeters to locate the leaks and connecting the operators to a nitrogen supply
were taken so that operations could continue until the time for a scheduled shutdown. During the
shutdown it was determined that the neoprene O-ring seals in the remote disconnects had failed

“on some valves. These disconnects were replaced with standard 3/8—ir1. compression-type fittings.
The system is now operating satisfactorily.

A fixed bypass restriction is installed between the operator supply and vent lines to provide
a path for pressures on the valve operator to equalize so that the valve can move to the fail-safe
position when the reactor cell containment block valves close. During normal operations the flow
through these restrictors was large enough to cause a pressure buildup in the vent header which
produced undesirable effects on other valves connected to the same header. To correct this prob-
lem, the vent lines from the reference side of the operators on in-cell control valves P dCV—960A,
HCV-919A, FCV-903, and HCV-919B were disconnected from the common vent header and con-
nected to a containment ventilation duct through separate 1/4-in.—OD tube lines.

During a routine test, one of the two high-level switches in the vapor-suppression tank was
found to be defective. Loss of this switch caused the loss of one channel of information needed
to establish that the water level in the tank was correct. Since a second switch failure might
require that the reactor be shut down until the switches could be repaired, and since the removal
of the ‘switches from the tank is a difficult operation, a bubbler-type level measuring system,
which includes a containment block valve and associated safety circuits in the pvurge‘ supply, was
designed and was installed in the reactor-cell vapor sup;;ression tank. This installation utilized
a dip tube which was included in the original design in anticipation of such need. This new level
system will also enable the operator to check the water level in the tanks as a routine procedure.

Sampling and Enriching Systems. — Except for adjustments to operating switch setpoints and
annunciator revisions, the instrumentation and controls on the fuel sampler-enricher have not
been changed. Increasing leakage, however, from the fuel sampler-enricher operational valve
buffer zone into the sample removal area 1C has made operations difficult with the existing safety

interlock arrangement. Alternate circuit arrangements are now being considered.

ok o

-




£

71

The annunciator circuits for high radiation in the containment areas of the fuel sampler-en-
richer were revised for the convenience of the operator. The existing circuits annunciate high
radiation directly each time it occurs, and frequent annunciations are normal during certain stages
of sampling. The revised circuit operates to block out the annunciator after the first alarm is
silenced until the safety interlock circuits are manually reset. ’

The installation of the fuel processing sampler was completed. Several instrument and control
circuit changes which have improved the operation of the fuel and coolant salt samplers were in-

corporated in this facility.

4.2 MSRE OPERATING EXPERIENCE

C. E. Mathews J. L. Redford - R W. Tucker
Control-System Relays

The coils in four of the 120-v ac relays failed during this period. All the relays were in
freeze-valve control circuits and had been energized continuously for long periods of time.

Replacements were received for all 139 relays that operate from the 48-v dc system. These
relays were overheating and destroying the Bakelite frame due to faulty relay coil design. Twenty

of the relays were replaced, and the rest will be replaced at the next convenient shutdown.

Temperature Scanner System

The oscilloscyopers' on the scanner system that used vacuum tubes were replaced with transis-
torized units. This has resulted in better operation and reduced maintenance of the scanner sys-
tem.

A calibrating system was added to the scanners to permit calibration without making external

connections to instruments.

) Valves k

Control valve PCV-960 for the component coolant pumps stopped operating properly but could

not be repalred untxl it could be removed from the reactor cell. Repairs were effected by cleaning

and lubr1cat1ng the valve stem and packmg
Equahzmg valves were 1nsta11ed on FT-903, which senses cooling-air flow to the pump shroud,

so that tl_us instrument loop can be checked with the reactor operatmg.

: N(:cledr Insfrumen'lation“

A mod1f1ed dr1ve tube umt wh1ch prov1des for controlled cable bends, was mstalled in w1de- v

' "range countln'g charmel 1 after a shott occurred in the cable to the preamphfler

A capacitor was installed in the servo system to prevent noise from a Foxboro converter from

causing the servo to oscillate.
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The fast-trip comparators used in the nuclear system were found to be inoperative if a suf-
ficiently large signal was applied to the input. A diode added to the FTC circuit removed this
possibility and was installed on MSRE FTC modules. .

Operation of the relay matrix in the nuclear system generated. considerable noise, making it
difficult to reset the safety-system channels. The existing resistor-diode combination for damp-
ing the voltage induced by relay operation was replaced by a Zener diode and a diode combination

that was more satisfactory.

Electronic Switches

A capacitor in an Electra-systems module failed, causing a reactor shutdown. All capacitors
in these modules will be tested during the next shutdown. Multiple setpoints were detected on

several modules. These were fixed by changing resistors to compensate for transistor aging.

The zero bias windings in the magnetic amplifiers in four modules were found to be open-circuited.

The magnetic amplifiers were replaced.

Thermocouples

Thermocouple performance has continued to be excellent.

Coolant-Pump Radiation Monitor

Radiation monitor RM 6010 has its output recorded by the data logger. However, the range of
this instrument can be changed by a switch on the front panel. Since the range was not recorded
by the data logger, the actual radiation level recorded was not definite. Additional contacts were.

added to the selector switch to provide the data logger with the necessary range information.

Safety System

Five spurious rod scrams were experienced duringbthe reporting period. None were caused by
malfunction or failure in the reliable rod scram instrumentation. Three of these scrams were the
result of human errors, and the remaining two were caused by equipment failures. One of these
equipment failures was in the radiation monitoring instrumentation, RM-528, on the off-gas line
from the coolant circulating pump. This is a two-channel system, and a failure in either channel
will stop the fuel circulating pump and thereby reduce the rod scram setpoint to 15 kw. At the
time this failure occurred, the reactor was developing over 7 Mw. . The other equipment failure
was in an overvoltage relay in the 60-kva power supply. The resulting momentary loss of power

produced a scram.

T,




PR

e i

g

e S i,

73

4.3 DATA SYSTEM

G. H. Burger C. D. Martin

The reactivity-balance calculation was refined to the point where it now produces meaningful
numbers. In order to maintain system continuity in the event of a shutdown and subsequent re-
start, a program was added that writes information necessary for initialization of the system on
the drum memory once each minute and on magnetic tape once each hour. Certain reactivity-
balance parameters are among these data. In event of a computer malfunction, which causes an
automatic restart of the system, the initialization information last written on the magnetic drum
memory is used to restore the core memory. For restart after shutdowns involving malfunctions
which may have destroyed the drum data, the last information written on magnetic tape is used
to initialize the system. The availability and use of these drum and magnetic-tape data have
made the system easier to use and have given an extra margin of continuity assurance against
system faults.

Several new operator request functions were added to the system, and a number of others were

modified to eliminate some possible conflicts between functions. Functions added included three

demand log-type requests that list those scan points on which alarm functions have been modified

by previous operator requests. Also added was a request function to facilitate updating (when fuel
is added) the numerical quantity of fuel used in the reactiyity-balance calculation. Though no
new analog signals were added to the scan lists, four contact inputs were added to indicate the
range selector switch setting of the electrometer amplifier for the high-level gamma chamber in
the coolant cell (RE-6010). The en;gineering units conversion equation for this signal was mod-
ified to read the selector switch position and convert the analog input signal accordingly. This
change was made to provide the best possible resolution of the instrument reading under all op-
erating conditions, as this radiation level varies from a few milliroentgens per hour to several
hundred roentgens per hour, depending upon the status of the reactor.

The fully implemented Reactor Operator’s Computer Manual was completed and was made

: avallable in one volume The manual contams all of the information requrred for maximum effec-

t1ve utlhzatron of the system in conJunctron w1th reactor operatlons

Dunng the reportlng per1od ‘the system as" used extensrvely for routlne da11y operation and

analysrs of the reactor Tts utrhty was very strongly 1mpressed upon ‘us in December when the
fallure of a bearmg 1n ‘the drum memory umt rendered the system totally useless for several days.
:}W1th the system out of servrce those functrons normally performed automat1ca11y by the computer
‘ had to be done manually - and sometlmes pamfully Replacement of the failed bearing was
: prompt and the drum was qulckly back in service. For some time after the system was restarted
: sporadlc fa11ures of short duratlon were experlenced When the drum failed, all system power was

shut off These sporadrc fa11ures are thought to have or1g1nated with slow changes in the elec-

tronics as the system reestablished thermal and electrical equ111br1um durlng the restart.
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Fig. 4.1. MSRE Data System Service Record from Date of Acceptance Oct. 1, 1965, to Mar. 1, 1967.
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The failures cited above reduced the overall availability of the system (F1g 4.1) from the date

of acceptance to ]ust over 96%, as compared with 97. 31% at the end of the last reporting period.
Although the system is operating satisfactorily, there are still several minor problems, appatently

in the hardware; they act as follows:

1. occasionally cause the system to block out requests from the operatot’s console,
2. cause an automatic restart,

3. cause erroneous, unreadable data to be written on magnetic tape.

These problems are not very serious, and we have devised methods of circumventing them. They

do constitute minor annoyances which we hope to eliminate in the future.

4.4 INSTRUMENT DEVELOPMENT

R. L. Moore G. H. Burger J. W. Krewson
Performance — General

Performance of developmental instrumentation installed on the MSRE continued to be gener-
ally satisf'actory. Although some isolated failures and some deviations from optimum performance
occurred, they were minor in nature and wetre correctable by routine repair and adjustment. No
problems were encountered which required the redesign of any of the developmental instrumenta-
tion presently installed on the MSRE or the initiation of development of new instrumentation.

Since operation of MSRE developmental instrumentation has become routine, the details of
performance are reported in Sect. 4.2. Comments on performance in the following paragraphs are
limited to those associated with the initiation or termination of development efforts. Where no
mention is made of the performance of a developmental instrument, it may be assumed that pei-

formance has been satisfactory and that no modifications or unusual attention has been required.

Tempercfure Scanner

Investrgatron of the feas1b111ty of replacmg ‘the mercury switches used in the temperature

‘Scanner system wrth sohd state multrplexers was contrnued Results of these investigations
:showed that none of the commerc1a11y ‘available devrces consrdered was suitable for use as a

~direct replacement for the MSRE swrtches and that the cost of all was proh1b1t1ve for the in-

tended servrce Several of the devrces however, showed promise for use in more conventional

ftemperature scanmng systems in therr present form or, with further development for use in future

o ;MSRE type systems We have located suffrcrent mercury sw1tch spare parts to satrsfy foresee-

requrrements, and further 1nvest1gat10n of sohd state multiplexers has been indefi-

- mtely postponed

SIbid., p. 84.
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High-Temperature NaK-Filled Differential Pressure Transmitter

No further progress was made in determining the cause of zero and spaﬁ shifts in‘lthe coolant
salt system flow transmitter that failed in service at the MSRE or in the repair and reconditioning
of this instrument.’ '

Negotiations with the manufacturer for repair or replacement of the transmitter ordered for use

as an MSRE spare are continuing.

Ultrasonic Level Probe

Since no salt has been transferred to or from the fuel storage tank during this report period,
there has been no opportunity to check the effectiveness of modifications of probe circuitry previ-
ously teported. ® They were made to eliminate the excessive frequency drift experienced in the

excitation oscillator associated with this probe.

MSRE Fuel Distillation System Level Probe

A conductivity-type level indicator has been developed for use in a fuel distillation system
which will be installed at the MSRE and has been successfully tested in the MSRP level test
facility. This level indicator is similar in operation and construction to the conductivity-type
system used to obtain single-point indication of level in the MSRE drain tanks, ? but differs in
that the probe is smaller in size, and the new system will provide a usable indication of level
changes. The range of this instrument is limited to approximately 30% of the length of the signal
generating section, because the signal becomes increasingly nonlinear with changes in molten-
salt level outside that range (see Fig. 4.2). With the modification described below, it is con-
sidered adequate for use in the fuel distillation system.

A way of reducing the effect of this nonlinearity in the molten-salt level ranges required for
this experiment is to increase the length of the signal generating section so that the bottom 30%
of the probe covers the desired range. This was accomplished, without exceeding the limitations
on overall length of the instrument, by folding the excitation section as shown in Fig. 4.3. The
limitations on overall length were due to the limited space around the still. Preliminary drawings
for this system have been completed and are now being circulated for approval. This level indi-

cator will be constructed of INOR-8.

Ball-Float-Type Level Indicator for the Mark 1l Pump

The design of a float level indicator for the Mark II pump was completed, and fabrication is

under way. This instrument differs from the level indicator now installed on the coolant salt

"Ibid., p. 85.

8

Ibid., pp. 85—-86.

9MSR Program Semiann. Progr. Rept. Jan. 31, 1963, ORNL-3419, pp. 40—-42.
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5 in, Also ‘as prev1ously reported 10 the method of transformer mounting will not perm1t removal
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1OMSR Program Semiann. Progr. Rept. Aug. 31, 1965, ORNL-3872, p. 71.

» pump at the MSRE in that the float is 1n51de the pump bowl, and the range is 7 in. instead of

"\Hfor repa1r or replacement Once 1nsta11ed it must remam on the pump bowl until the pump is re-
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5. MSRE Reactor Analysis

5.1 NEUTRON REACTION RATES IN THE MSRE SPECTRUM

B. E. Prince

Computer programs presently used for reactor physics analysis permit a fairly detailed rep-
resentation of the neutron energy spectrum in the central, or most important, region of the re-
actor core, In the MSRE a small fraction of the total neutron reactions do occur in the regions
which surround the central graphite-moderated region (i.e., the peripheral downcomer and the
lower and npper salt plenums). In these locations the neutron spectrum can differ somewhat
from that in the central region. However, it can be shown that this fraction of the total re-
actions is quite small, and that reaction cross sections averaged over the neutron spectrum
in the graphite-moderated region are accurate enough for estimating important isotopic changes
and their associated reactivity effects during MSRE operation.

Programs which have been used extensively for MSRE physics analysis are the GAM-1I?
and the THERMOS? codes. The former calculates the epithermal energy spectrum of the neu-
tron flux (the flux above energies where thermal motion of the moderator nuclei exerts a
strong influence on the neutron spectrum). The latter calculates the spectrum in the thermal
energy region, together with its dependence on position within the individual cells comprising
the lattice of fuel salt and graphrte In each of these programs the actual energy spectrum is
approximated by a frnrte number of energy groups (99 groups in GAM-II spanning the interval
15 Mev to 0.414 ev, and 30 groups in THERMOS spanning the interval 0 to 0.876 ev). The

programs mtrmsrcally utrlrze lrbrary tapes of neutron cross sections for each nuclide and

‘ '”energy group, wh1ch represent ‘the best current evaluatron ‘of experimental cross- section data.
T:' fThe GAM g program was acquired subsequent to many of the early studies of the nuclear
: characterrstrcs of the MSRE, most of whrch are summanzed in ref. 3. Results of later anal-

iysrs usrng these two programs ‘in conJunctron with few-group diffusion calculatmns have

been found to be in good agreement with expenmental observations in the MSRE. *

1G D Joanou and J S Dudek GAM-II — A B Code for the Calculation of Slowing Down Spectrum and

:Assocrated Multrgroup Constants, GA-4265 (1963)3

2H C. Honeck, THERMOS A Thermalization Transport Theory Code for Reactor Lattice Calcula-

: tzons, BNL-5826 (September 1961).

3p. N. Haubenreich et al., MSRE Design and Operations Report, Part IlI: Nuclear Analysis, ORNL-

- TM-730 (Feb. 3, 1964).

4P. N. Haubenreich et al., MSRE Zero Power Physics Experiments, ORNL-TM (in preparation).
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The energy dependence of the epithermal and the thermal neutron spectra in the MSRE core E
at 1200°F, obtained from calculations with these programs, is shown in Figs. 5.1 and 5.2. In /
3 these calculations the core was represented as a right circular cylinder (R x H = 29 x 78 in.).

This choice ensures that the epithermal neutron leakage calculated in the GAM-II idealized
model closely approximates the actual gross epithermal leakage from the graphite-moderated
region of the MSRE core. For the THERMOS calculations the fuel salt channel and graphite
lattice cell was represented as an idealized one-dimensional cell in cylindrical geometry.
- The control rods were assumed to be withdrawn, and localized perturbations in the spectra

caused by the control-rod thimbles were neglected.

LY

In Fig. 5.1 the epithermal neutron flux spectrum is plotted vs lethargy, a dimensionless

variable proportional to the logérithm of the neutron enetrgy, namely,
lethargy = —1n (energy/10 Mev) . =

In this energy region, where most of the important resonance effects in the neutron reactions

occur, the lethargy variable is used for theoretical and computational convenience. For ease

e p———r

of interpretation of Fig. 5.1, we have included a logarithmic energy scale. The calculated

fluxes per unit lethargy for each group in GAM-II are shown as solid points, with the points’
connected by straight line segments. The flux spectrum in Fig. 5.1 is normalized to one

source neutron produced from fission. In the GAM-II model this flux spectrum corresponds
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to that in a single-region reactor, consisting of a homogeneous mixture of graphite and fuel
salt, in which corrections have been ‘introduced for the fuel channel geometric self-shielding
of the absorption resonances in 238U, The physical neutron spectrum corresponding most
closely to this theoretically calculated flux should be the spectrum within the graphite
stringers. From Fig. 5.1 it may be seen that the flux spectrum above about 0.1 Mev exhibits
the general characteristics of the fission spectrum. At lower energies (increased lethargies),
there is a transition to the spectrum of scattered and moderated neutrons. The irregular de-
pendence on energy of some of the group fluxes in the transition region can be identified with
the effects of neutron resonance scattering in the light elements in the fuel salt (7Li, °Be,
and 19F)

Frgure 5.2 shows the flux spectrum in the energy region below about 1 ev (0.876 ev has

been chosen as the effectlve upper cutoff energy for the thermal group in the MSRE calcula-

£

tions). In th1s energy regron the cross sectxons of the 1mportant nuchdes in the MSRE do
not’ exh1b1t strong resonance effects, and therefore a smooth curve has been drawn through

) e the calculated group fluxes. Compar1son of the curves in Fig. 5. 2 shows that within the fuel

S :salt channel there is a shght depressmn or flux dlsadvantage together w1th an energy ‘‘hard-

: or preferent1a1 removal of 10W~energy neutrons relative to the graph1te This spatlal

is relat1ve1y small from the standpomt of est1mat1ng reactlon rates (max1mum
;depressmn 1n the energy-mtegrated flux is less than 5%, volume averages over the graphrte

~and fuel ; reg1ons less than 3% ). The local flux spectra shown in Fig. 5.2 are normahzed such

: hat the energr mtegrated thermal flux averaged over the total volume of fuel channel and
'assoc1ated>graph1te is unity. R '
Cross sections for the important nuclide constituents in the MSRE, averaged over the

i spectra shown in Figs. 5.1 and 5.2, are listed in Table 5.1. To obtain the effective cross
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Table 5.1. Average Cross Sections for Thermal and Epithermal Neutron Reactions in the MSRE Spectrum - 1
Cross Section Averaged Cross Section Averaged ‘
e Over Thermal Spectrum, Over Epithermal Spectrum, Effective Cross Section 4
Nuclide Energy <0.876 ev Energy > 0.876 ev in Thermal Flux
(barns) (barns) - (barns)
6p.4i° 417.5 17.4 457.6
] Boron® 330.4 13.8 362.4
1496m 3.57 % 10* 90.8 3.6 x 10%
151gm 2.63 x 103 126.7 2.9 x 103
e 1.18 x 10° 84.6 1.18 x 10° R
Nonsaturating® 20.0 (barns/fission) 10.0 (barns /fission) 43.1 (barns/fission) i
fission products
234y 39.7 35.4 121.4 E
235 ,‘
U (abs) 271.9 24.8 329.1 -
235y (v x fission) 555.4 - 37.4 641.8
236y 2.6 ' 17.7 43.5
238y 1.2 9.4 22.9
239
Pu (abs) 1404.0 20.5 1451.3
239py (v x fission) 2411.9 36.7 2496.7
58ped 0.53 0.036 0.61
59¢od 16.3 2.6 22.25

@Cross section for the reaction 6Li(n, a)3H.
bNatural-enrichment boron (19.8% 1OB).

®Estimated from L. L. Bennett, Recommended Fission Product Chains for Use in Reactor Evaluation
Studies, ORNL-TM-1658 (Sept. 26, 1966).

9Used in flux wire monitoring.

sections given in the final column of this table, we have used reactor theory to calculate
the average ratio of integrated epithermal to thermal flux over the moderated region of the

core. These effective cross sections, when multiplied by the magnitude of the thermal

flux, give the total reaction rates per atom for neutrons of all energies in the MSRE spec-
trum. Unless otherwise specified, the cross sections listed in Table 5.1 are for (»n,y) re-
actions. Those nuclide reactions which are of importance in the interpretation of reactivity

changes during operation, plus two nuclide reactions which have been used for thermal-flux

Toraryr

wire monitoring, are listed in Table 5.1.
Certain high-energy reactions, also of interest in interpreting MSRE operations, are listed

in Table 5.2. These include two reactions which have been used for high-energy flux wire

monitoring,v and those reactions which produce isotopic constituents of interest from the stand-

point of fuel-salt chemistry. In general, the reactivity effects of isotopic changes due to re-
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Table 5.2, Average Cross Sections and Fluxes for High-Energy Reactions in the MSRE

Cross Section, Averaged

‘calculated volume-average thermal flux for the entire fuel loop is 6.7 x 10*! neutrons cm™

Eo’ Lower Over Energy Spectrum Total Neutron Flux Above EO’
Nuclide Reaction Energy Cutoff Above .E Averaged Over Core Volume
. : o™ 0 11 -2 -1 -1,
ev) (barns) (10° " neutrons cm sec Mw™ )
%Be n,2n 1.83 0.234 0.750
9Be n, o 1.00 0.0408 1.563
19p n, p 4.50 0.0250 0.0974
19g n, o 3,01 0.0988 0.271
S4pe® n, p 2.02 0.1644 0.629
58y;@ n, p 1.22 0.1262 1.288
238y n 2n 6.06 ' 0.2490 0.0291

"@Used for flux wire monitoring.

actions in this group are quite small compared with those associated with the reactions listed
in Table 5.1.

As indicated in Table 5.2, the cross sections are averaged over that portion of the high-
energy spectrum of Fig. 5.1 for which the magnitude of the cross section is significant. The
lower cutoff energy listed is that value chosen from the GAM-II group structure which corre-
sponds most closely with the physical cut;)ff energy for the particular reaction considered.
The upper cutoff energy is 15 Mev for all reactions. The calculated magnitudes of the neutron
fluxes in these energy intervals, averaged over the volume of the core, are also given in
Table 5.2. |

The effects of isotopic changes due to the reactions considered in Tables 5.1 and 5.2 are

described in the following section.

5.2 ISOTOPIC CHANGES AND ASSOCIATED LONG-TERM REACTIVITY
EFFECTS DURING REACTOR oP ERATION

In the MSRE the rate of depletion of the 235U fuel charge is sufficiently low that some con-
venient first-order approximations can be used in calculating the changes in isotopic composi-
tion of the fuel salt. We have assumed that the magnitude and energy spectrum of the neutron

flux remain constant during operation at a givén power level, and we have used the calculated

effective cross sections hsted in Tables 5. 1 and 5.2. For all 1sotop1c changes occurring in

the fuel salt account has to be taken of the “flux d11ut1on effect of the time the fuel spends

in that part of the c1rcu1at1ng system extemal to the core, out of the neutron flux Thus the
-2

sec—! Mw—!, whereas the average thermal flux over the core region is 2.0 x 10*2 neutrons
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cm~ 2 sec™! Mw— !, Of the isotopic changes being considered here, only the burnout of the

residual 9B in the graphite is determined by the latter flux level.

Rates of production or depletion of important isotopic constituents of the fuel salt, cal-

culated on the basis outlined above, are listed in Table 5.3. The light-element reactions

éxplicitly considered for this tabulation are

19F(n, p) %0 — > (H production) ,
29 sec
5Li(n, o) *H (®Li depletion and °H production) ,
°Be(n, a)®He ———> SLi (°Li production) ,
0.84 sec
19F(n, ) 1°N—— 160 (160 production) .
C 7.4 sec

To a good approximation, all the rates given in Table 5.3 may be assumed constant during a

large fraction of the exposure life of the current fuel charge. For example, after one year’s

operation of the MSRE at 7.5 Mw, the maximum corrections due to saturation effects would

reduce the concentrations of 23°Pu and tritium, calculated according to the linear approxi-

mation, by about 11 and 4% respectively.

Table 5.3. Isotopic Changes |n the Fuel Salt
During Reactor Operation
Rate of Production (+) or Depletion (=)
Nuclide in Fuel-Salt Circulating System®
(g/Mwd)
x +1.3 x 1076
’H +4.1x107*
bri
Depletion -8.3x 107"
Production +0.4 % 10~%
Net depletion ~7.9%x 10™4
160 +2.2x 1074
234y -5.2x107%
235y —1.30
236y +0.26
238y —0.19
239py +0.19

8Calculations based on fuel salt volume of 70.5 ft5.

L]
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N In addition to the burnup of 235U during power operation, the changes in the concentrations
‘ of SLi, 234y, 236U\, 238y, 239Py, and the nonsaturating fission products, all in the salt, and

the residual 1°B in the graphite induce reactivity changes which are important in the analysis
of the nuclearbehavior of the core. We shall exclude 235U from consideration here, since
separate detailed account is taken of its inventory-reactivity changes in the analysis of op-
erations. Most of the remaining effects given above manifest themselves as very slowly de-
veloping ‘positive reactivity changes, dependent on the time integr.al of the power or energy
generated. The exceptions are 235U (for which there is a slight increase in concentration
resulting from radiative capture in 235U) and the buildup of nonsaturating fission product

& poisons.

| As a typical example, reactivity effects at (10,000 Mwhr (the approximate exposure at the

end of MSRE run 8), correkspohding to these isotopic changes, were estimated from reactor

D N
theory. The results are given in Table 5.4. In this group the terms of largest magnitude
were found to arise from the production of 23%Pu and the burnout of the ®Li initially present
in the fuel salt. In addition to the results listed in Table 5.4, an algebraic formula was de-
veloped for the irradiation dependence of all reactivity effects included in this group. This
is being used in the on-line calculations of reactivity changes during MSRE operation.®

SJ. R. Engel and B. E. Prince, The Reactivity Balance in the MSRE, ORNL-TM (in preparation).
Table 5.4, Reactivity Effects Due to Isotopic
Changes in the MSRE

Approximate .Reactivity

Nuclide Effect at 10,000 Mwhr
(% Ak/k)
_ SLi 0.017
o 10ge 0.007
| ) ' 234yb .~ 0.001
236y —0.003

32

238y 0.004
239py 0.051
Nonsaturating l -0.005

fission products ’

Total ’ - 0.072

“The boron concentration present initially in the MSRE
graphite was estimated from MSR Program Semiann.
Progr. Rept. July 31, 1964, ORNL-3708, p. 376. The
calculation of the reactivity effect neglects a correction
factor accounting for the spatial dependence of the boron
burnout in the graphite.

bIncludes reactivity effects of both depletion of 234y
and associated production of 235U.
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5.3 ANALYSIS OF TRANSIENT 135Xe POISONING

Studies were continued with the purpose of correlating the time behavior of the 135Xe -~
poisoning observed in the MSRE with calculations from a theoretical model. The mathematical
model used for this purpose has been previously described in refs. 6 and 7. In the present
section we will give only a qualitative description of the main aspects and éssumptions in

the theoretical moael We will then compare graphically the calculated bulldup and removal

of 135Xe react1v1ty, followmg changes in power level, with some of the experimental re-

activity tran51ents which have been observed from operation to date. Finally, we d1scuss

some tentative conclusions which can be drawn from the currently available ev1dence.

_ The theoretical model is an extension of the steady-state model described in ref 8, to ¥
include the transient behavior of the 135Xe reactivity following a step change in reactor
power level. In the model chosen, we have assumed that all the 1351 produced from fission i €
remains in circulation with the salt. After decay to 135Xe, the xenon migrates to the acces- | F

sible pores of the graphite at the boundaries of the fuel channels and also to minute helium

bubbles distributed through‘ the circulating salt stream. An effective mass transfer coefficient

was used to describe the transfer of xenon from solution in the circulating salt to the interface
between the liquid and the graphite pores at the channel boundaries. Equilibrium Henty’s law
coefficients were used for the mass transfer of xenon between the liquid phase at the interface
~ and the gas phase in the graphite pores. The numerical value used for the mass transfer co-
efficient between the circulating salt and the graphite was based on krypton injection experi-
ments with flush salt circulating in the fuel loop, performed prior to nuclear operation of the
MSRE. 2

Similar considerations were assumed to apply to the mass transfer of xenon from liquid
solution to the gas bubbles. The coefficient of mass transfer from the liquid to a small gas
bubble, of the order of 0.010 in. in diameter, moving through the main paft of a fuel channel,
was estimated from theoretical mass transfer correlations. The equilibrium !35Xe poisoning
was found to be relatively insensitive to the bubble diameter and mass transfer coefficient,
over a reasonable range of uncertainty for these parameters.”’

The computational model provides for different efficiencies of removal by the extemal
stripping api.)aratus of xenon dissolved in the salt and that contained in the gas bubbles.
The efficiency of removal (fraction of xenon removed per unit circulated through the spray
ring) of xenon dissolved in the salt was estimated to be between 10 and 15%, based on some

early mockup experiments to evaluate the performance of the xenon removal apparatus.

SMSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, pp. 82~87.
"MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 13-21.

8R. J. Kedl and H. Houtzeel, Development of a Model for Computing 135 Migration in the MSRE,
ORNL-4069 (in preparation).
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Calculations of the steady-state 135Xe poisoning, reported in ref. 7, indicated that the
low apparent poisoning as a function of power level could be described by a variety of com-
binations of circulating bubble volume fractions and bubble stripping efficiency. One of the
putposes of the transient calculations, therefore, was to attempt to separate those parameter
effects which could not be separated in the steady-state calculations.

A number of transient reactivity curves were calculated, with the aid of an IBM 7090 pro-
gram, based on the theoretical model described above. These calculations were compared with
experimental data logged by the reactor’s BR 340 on-line computer. The apparent transient
135Xe poisoning was determined by subtracting all other known power-dependent reactivity
effects from the reactivity change represented by movement of the regulating rod following a

step change in the power level.

In Figs. 5.3—5.13 we have compared some of the transient reactivity curves obtained from
this analysis with some experimental transients, in the chronological order in which they were
obtained. In each of these figures the solid curves represent the calculated behavior, and the
plotted points show the observed experimental reactivity effect. At this date, only a few rela-
tively clean experimental transients corresponding to step /changes in power level (for which
the 7090 program was devised) have been obtained. However, several characteristics of the
135%e behavior are indicated from these curves. These will be discussed by considering the
figures in order. /

Figure 5.3 shows the calculated and observed xenon transients for a step increase in re-
actor power from 0 to 7.2 Mw. The calculations (solid curves) were made for a variety of
circulating void fractions (a ) to show the effect of this parameter on the xenon poisoning,

A single bubble stripping efficiency (¢€,) of 10% was used for this figure. This relatively
low efficiency is approximately equal to the efficiency estimated for the stripping of xenon
dissolved in the salt; it was considered to be a lower limit and a reasonable first approxima-
tion for this parameter, in the absence of strong evidence for assuming a higher value for the

bubbles. The effect1veness of the crrculatrng gas in reducmg the po1son ‘level is due to the

“\_combmed effects of the large overall gas quurd surface area for mass transfer to the bubbles

‘and of the large xenon storage capablhty of the bubbles (because of the extreme 1nsolub111ty

. of xenon in molten salt) Thus the bubbles compete effectrvely w1th the graphrte for removal

”.of xenon from the liquid, Z:and xenon in the c1rculat1ng fluid is a less effective po1son than’ that )

in the graphite because about two-thirds of the fluid is outside the core at any instant. The

plotted points represent the observed 135%e reactlvrty transient at the begmmng of run 7

‘ (July 1 1966) “The data 1nd1cate that the low apparent xenon po1son1ng can be explained by
‘ ""'a large v01d fract1on (between 0.5 and 1.0 Vol %) and a low bubble strrppmg effrclency Note,

however that the transient bulldup is not closely fitted by these parameter values

In Fig. 5.4 the curves indicate the calculated effect of increasing the bubble strrpping
efficiency for a fixed, relatively small (0.1 vol %) circulating void fraction. The plotted

points are for the same reactor xenon transient shown in Fig. 5.3. A comparlson of Figs.

TR TR T ORGP T e
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5.3 and 5.4 shows that the steady-state xenon poisoning is described as well by a low void
fraétiqn with a high bubble stripping efficiency as it is by a high void fraction with a low
stripping efficiency. However, the shape of the experimental transient poison buildup is de-
scribed more closely by the parameter values in Fig. 5.4.

Figures 5.5 and 5.6 show the calculated and observed transient buildup of !*5Xe poisoning
after a step increase in power from 0 to 5.7>Mw in run 8 (October 1966). The ranges of values
of a, and €, used in these calculations are the same as those used in Figs. 5.3 and 5.4. Again,
one finds that the shape of the observed transient is matched more closely by the calculations
which assume a low void fraction and a high bubblé stripping efficiency.

Figure 5.7 shows the calculated and observed *35Xe reactivity transients for a power re-
duction from 5.7 Mw to 0, with the 135Xe initially at equilibrium. Only the experimental data
for the early part of the transient are shown in this figure, since the reactor was made sub-
critical beforé the complete xenon transient could be recorded. However, the calculated
curves reveal an important characteristic of the transient xenon behavior, which is due to
variations in the overall xenon distribution that result from the choice of values for a, and

€,. If the circulating void fraction is low, most of the poisoning effect is due to xenon in the

gfaphite, and only a small amount of xenon is in the circulating fluid. Xenon that is produced
in the fluid from iodine decay continues to migrate to the graphite for a period of time after the
power (and, hence, the burnout rate in the neutron flux) has been reduced. This produces a shut-
down peak in the xenon poisoning. Eventually, the stripping process reduces the xenon con-
centration in the fluid so that some of the xenon in the graphite can escape and be stripped out.
This results in a more rapid decrease in xenon poisoning than simple radioactive decay. As

the circulating void fraction is increased, a larger fraction of the xenon inventory (or poisoning)
is associated with the bubbles, and there is less xenon migration to the graphite. In this case
the shutdown peak tends to disappear. This characteristic makes the shutdown transients some-
what more sensitive to the values of the bubble parameters and, potentially, more useful in the
analysis of the xenon behavior.

For the same experimental decay transient as that plotted in Fig. 5.7, Figs. 5.8 and 5.9 show
the effect of increasing the bubble stripping efficiency, with the circulating void fraction held
fixed at two representative low values (0.10 and 0.15 vol % respectively). Although the section
of experimental data for this transient is too limited to allow a valid comparison to be made, it
is again seen that the high bubble stripping efficiencies and low circulating void fractions also
provide reasonable representation of the observed data. The lack of any apparent shutdown peak
~ in the experimental data, however, seems to suggest that a larger amount of gas may have been
in circulation at the beginning of the shutdown (termination of run 8) than was apparent at the
beginning of the run (Fig. 5.6).

A second !35Xe stripping out decay transient, somewhat longer than the preceding, was ob-
served during run 9 (November 1966), following reduction in the power level from 7.4 Mw to 0.
This transient is shown in Figs. 5.10 andi5.11, where the calculated curves are again based on

the assumption of relatively high bubble stripping efficiencies and low circulating void fractions.

3
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In this case a slight rise in the apparent poisoning follovﬁng shutdown was indeed observed.
From comparisons of the résults given in these two figures, it appears that, under normal op-
erating conditions, a, and €, might be bracketed between 0.1 and 0.15 vol %, and 50 to 100%
respectively. . ' '

Finally, in Figs. 5.12 and 5.13, we show the most recent shutdown transient obtained at the
termination of run 10 (Jan. 14, 1967). In this case the apparent !35Xe reactivity transient was
recorded for.more than 40 hr after thé reduction in power level. The results are also in good

accord with the conclusions indicated above.

Although substantial progress has been made in interpreting the xenon behavior in the MSRE,

the experimental data which have thus far been accumulated for the transient behavior of the
135Xe poisoning are as yet insufficient for any final conclusions to be drawn conceming the
‘“‘best’” values of the circulating void fraction and bubble stripping efficiency. As one ex-
ample, it should be noted that, if gas bubbles are continuously being ingested into the main
circulating stream as the evidence indicates, the volume of gas in circulation is probably not
constant, but rather is a slowly varying quantity depending on the level of the liquid in the
fuel-pump tank and the transfer rate of salt to the overflow tank. This dependence is as yet
not well understood, and future operation is expected to shed further light in this area.

Other refinements of the model for the xenon behavior may be required as reactor operating
data are accumulated. Theserefinements are not expected to strongly affect the conclusions

indicated in the preceding description.
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: /_:‘.‘tact or near contact w1th the graphlte. Such layers were not found on the smaller

Part 2. Mate‘rviﬁ’dyls Studies

6. Molten-Salt Reactor Program Materials

6.1 MSRE SURVEILLANCE PROGRAM — HASTELLOY N

W. H. Cook H. E. McCoy

Several stringers of Hastelloy N test spec1mens were located in an axial position near the
center line of the MSRE for surveillance purposes. These specrmens were from heats 5085
(cylmdncal vessel) and 5081 (miscellaneous parts). They were removed after 4800 hr at 645 +
10°C, during which the reactor had operated 7612 Mwhr. The peak thermal dose was 1.3 x 102°
nvt, and the peak fast dose (>1.2 Mev) was 3 x 10'° nvt.! The peak-to-minimum thermal flux
over the length of the test specimen array was a factor of 5, but this was not found to be a signif-
icant variable in this evaluation. The details of the removal of the specimens have been de-
scribed previously,? but we want to mention again that there was some bowing at various points
along the surveillance assembly. ‘We used an optical comparator to eliminate those specimens
bowed by more than 0.001 in. over the gage length

The surveillance control specrmens were exposed to MSRE-type fuel salt ‘and duplicated the
thermal hrstory of the m-reactor spec1mens They were also bowed, and the ones bowed by more
than 0 001 1n were not used. ) | '
‘ Samples of both reactor and control specrmens were metallographrcally exammed While the

reactor samples had structures that were dittier than the controls no maJor changes in structure

were found No evrdence of attack or depos1tron was found within the gage lengths of any of the
. samples However all test specunens from heat 5085 (both irradiated and control) were found to

_have a surface layer on the 4-in.-diam portron of the samples on the sides which were in con-

18-1n -diam

gage length of the specrmens Figure 6 1 shows the nature of the surface layer on these samples,

1 Private ‘communication with H. B. Pipe‘r.
2M_SR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 97.
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J Fig. 6.1. Hastelloy N Surface from Exposed MSRE Surveillance Samples. Surface deposit fr&m Hastel-
: loy N in near contact with graphite.

1 Note also the extensive carbide precipitation that has occurred along the grain and twin bound-
aries during the exposure. A similar surface reaction layer was noted on samples from heat 5081

but did not occur as frequently. The 20-mil-thick Hastelloy N straps (heat 5055) that bound the

graphite specimens also had such a reaction product on the sides that contacted the graphite,
These straps showed limited ductility when bent at room temperature. They tended to break
intergranularly in the reaction regibn when bent sharply. Although we have not made a positive
identification of the surface layer, we assume that it is a carbide produced by a reaction be-
tween Hastelloy N and graphite.

Both tensile and creep-rupture tests have been conducted on the surveillance specimens.
The creep-tupture testing is not yet complete, so only\the results of the tensile tests will be

reported.

! is shown as a

The total elongation at fracture when deformed at a strain rate of 0.05 min™
function of temperature in Fig. 6.2. Both heats show some reduction in ductility in the irradiated

condition. Heat 5085 exhibited a slight reduction in ductility when tested unirradiated at room

temperature, while the irradiated specimen of heat 5081 exhibited the same effect. With the ex-
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ception of these values, the ductilities remained essentially constant up to temperatures of
500°C. At temperatures above 500°C, the ductility of the irradiated and the control material
decreases with increasing temperature, with the irradiated material showing a greater loss in
ductility. At temperatures abov"e';v650 to 700°C, the control ﬁaaterial exhibits improved ductility,
whereas the ductility of the irradiated material continues to decrease. ‘

Figure 6.3 compares the properties of the itradiated and control specimens at a lower strain
rate, 0.002 min~?!. Qualitatively; the behavior is very similar to that noted at a strain rate of
0.05 min~!. However, the loss in ductility is magnified at the lower strain rate, The variations
in the properties of the two heats of material have been reduced to where the differences are
minimal.

Figures 6.4 and 6.5 show how the ratio of the irradiated to the unirradiated tensile property
varies for heats 5081 and 5085, respectively, as a function of temperature. For both heats, the
yield strength is unchanged by itradiation. The ultimate tensile stress is reduced about 8% up
to a temperature of about 500°C, where the reduction becomes considérably greater. The reduc-
tion in ductility at room temperature and at elevated temperatures is also clearly demonstrated.

We have compared the irradiated and control surveillance specimens. Let us now look at how
the properties of the control specimens have changed during their 4800 hr of thermal exposure to
molten salt. Table 6.1 shows representative properties of heat 5085 after several different heat
treatments. The first group of tests was run with the material in the as-received condition (mill
annealed 1 hr at 1177°C). Annealing for 600 hr at 650°C had no appreciable effects on the

properties. The MSRE surveillance specimens were g‘iven a 2-hr anneal at 900°C before insertion
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MSRE Surveillance Specimens, Heat 5081.

into the reactor, and the properties of the material in this state are also indicated in Table 6.1,

The properties at 25°C were unchanged, and slight reductions in tensile strength and ductility
were noted at a test temperature of 650°C. After exposure to salt for 4800 hr at 650°C, there

is a further reduction of 10% in the tensile strength and the ductility. Table 6.2 shows that heat
5081 underwent similar changes at elevafed temperatures but did not suffer the reduction in

ductility at 25°C noted for heat 5085.
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Table 6.1, Tensile Properties of Hastelloy N — Heat 5085

Test Strain Yield Ultimate Uniform Total Reduction

Specimen Heat Treatment Temp Rate Stress Stress Elongation Elongation in Area
No. CC) min™!) (psi)  (psi) %) @) (%)
76 As received 25  0.05 52,200 116,400  51.3 52.5 56.3
77 As received 427  0.05 30,700 102,900  57.6 59.4 49.9
284 As received 600  0.02 32,200 85,100  46.6 47.6 40.4
78 As received 650 0.05 28,700 80,700 35.5 36.7 33.2
285 As received 650 0.02 31,900 65,000  25.8  31.8 27.2
283 As received " 650 0,002 30,500 64,300  22.6 24.1 28.8
79 As received 760 0,05 32,100 61,500  24.7 27.0 31.9
80 As received ) 871 0.05 30,700 42,300 9.0 31.8 33.4
81 As received o 982 0.05 23,100 23,100 1.8 40.2 43.9
1339 A.R. +600 hr at 650°C 25  0.05 41,100 115,700  52.5 52.8 41.7
1340 A.R. +600hr at 650°C 650  0.05 33,800 76,000  36.8 37.5 36.4
4295 'AR. +2 hr at 900°C 25 0,05 41,500 120,800  52.3 53.1 42.2
4298 A.R. +2 hr at 900°C 500 0.05 32,600 94,800  51.2 54.1 40.9
4299 "A.R. +2 fr at 900°C 500  0.002 33,500 100,200 52.0 53.3 41.7
4206  “A.R.+2hrat 900°C 650 0.05 29,600 75,800  31.7 33.7 34.6
CFC3 Y R " 25 0.05 45,500 111,200  46.8  46.8 31.5
'DC-19 | A.R.+2hrat 900°C +| 500 0.05 33,600 94,300  48.8 49.3 41.5
DC-26 4800 hr in 500 0.002 33,400 91,700  43.3 44.3 37.8
DC-14 MSRE salt at 650°C 650 0.05 31,800 70,100  25.8 26.8 30.0
DC-25 650  0.002 31,500 62,500  22.8 24.3 27.2
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Table 6.2. Tensile Properties of Hastelloy N — Heat 5081
. Test Strain  Yield Ultimate Uniform Total Reduction
Spe;1men Heat Treatment Temp Rate Stress Stress Elongation Elongation in Area
o CC) min™h) (psi)  (psi) D) @) @)
4300 A.R. +2 hr at 900°C 25 0.05 52,600 125,300 56.7 59.5 50.5
4303 A.R. +2 hr at 900°C 500 0.05 32,000 100,300 57.8 60.7 44.4
4301 A.R. 4+ 2 tr at 900°C 650 0.05 32,200 81,800 31.7 33.9 29.9
4302 A.R. +2 hr at 900°C 650 0.002 32,900 74,900 29.0 29.5 31.8
AC-8 25 0.05 47,700 118,700 55.9 57.6 48.8
AC-19  |A.R. +2 hr at 900°C 500 0.05 35,800 97,800 53.6 56.6 46.2
. BC-9 ) + 4800 hr in 500 0.002 36,200 95,300 46.2 47.0 38.1
AC-27 MSRE salt at 650°C 650 0.05 32,400 68,400 23.8 24.6 23.1
AC-17 650 0.002 33,600 66,700 22.8 23.2 21.6

Some of the test specimens have been examined metallographically. Figure 6.6 shows the
microstructure of control specimen No. AC-8 from heat 5081, which was tested at 25°C. This
specimen exhibitéd good ductility, and this is reflected in the intragranular, shear-type fracture
and the lack of intergranular cracking. Figure 6.7 shows the irradiated specimen from the same
heat that was tested at 25°C. The fracture is largely intergranular, and there are numerous
intergranular cracks. The control and irradiated specimens from heat 5085 tested at 25°C ex-
hibited the same general characteristics as those ilblustrated in Fig. 6.7. The other specimens
examined were tested at 650°C. The failures were all intergranular, with the irradiated speci-
mens exhibiting the typical characteristics of a high-temﬁerature, low-ductility, intergranular
fracture.

We compared the ductilities of the surveillance specimens with those for specimens irradiated
in other experiments without salt present. Heat 5081 had been irradiated previously in the ORR2
The ORR experiment was run at 700°C to a thermal dose of 9 x 10?° nvt, and the material was
in the as-received condition. The MSRE surveillance specimens were run at 650°C to a thermal
dose of 1.3 x 1029 nvt, and the preirradiation anneal was different. However, none of these dif-
ferences are thought to be particularly significant, and the results compare rather well. Figure
6.8 shows that the postirradiation ductilities of heat 5081 after both experiments ate very similar,

The most important question to be answered concerning these data is how they apply to the
operation of the MSRE,

The surveillance specimens were exposed to a thermal dose of 1.3 x 10%° avt. (The MSRE

vessel will reach this dose after about 150,000 Mwhr of operation.) This burned out about 30%

of the 1°B and produced a helium content of about 10~% atom fraction in both heats. The high-
temperature tensile properties are exactly what we would expect for this dose. Our in-cell and
postirradiation creep tests, on several MSRE heats, indicate that the creep ductility will be in

the range of 0.5 to 3%, with the higher values being noted for lower stresses (or longer rupture

3W. R. Martin and J. R. Weir, Nucl. Appl. 1/2, 160 (April 1965).
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Fig. 6.8. Comparative Effects of Irradiation in MSRE and ORR on the Duc-
tility of Hastelloy N, Heat 5081,

lives).* We are reasonably confident that our tests on the surveillance specimens will indicate
a similar behavior. Our work also seems to indicate a saturation in the degree of radiation
damage at a hehum atom fraction of about 10— , and we feel that the properties of the material
will not deteriorate further. The low-temperature ductility reduction was not expected. It is
probably a result of grain;boundary precipitates forming due to the long thermal exposure. Ir-
radiation plays some role in this pr‘ocess'th‘ét is yet undefined. The low-temperature propetties
are not ‘‘brittle’” by any standards but will be monitored closely when future sets of surveil-

\

lance specimens are removed

6 2 MECHANICAL PROPERTIES OF HASTELLOY N
H E McCoy

: Smce the surverllancevassembly holder was deformed it was not possible to remove only
part of the specimens and return the remainder to the MSRE; therefore, all 162 specimens were

temoved. The number of specimens required for actual surveillance purposes was rather small,

- and we used the others for learnmg more about the general radiation damage characteristics of

Hastelloy N. These data are 1nc1uded along w1th other tests in the following discussion.

‘MSR Program Semiann. Progr, Rept. Aug. 31, 1966, ORNL-4037, pp. 118 and 121.
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Table 6.3 shows the postirradiation tensile properties of several heats of Hastelloy N. Heat
5085 shows properties that are very similar to those observed for the surveillance specimeﬁs.
Using a test condition of 650°C and a strain rate of 0.002 min~!, heat 5065 has a total elonga-
tion of 10 to 14% if irradiated cold and about 6% if irradiated hot. This is slightly less than
observed for heats 5085 and 5067. Note that heat 5085 is the only heat irradiated at an elevated
temperature that shows a significant reduction in ductility at 25°C, ‘

Several of the s’pecimens from heat 5081 were tested at various strain rates and temperatures
to determine how the properties varied with these parameters. The variation of the total elonga-
tion with strain rate for the control specimens is shown in Fig. 6.9. The ductilities at 400,

500, 760, and 850°C are reasonably independent of strain rate. At 650°C, the ductility is very
dependent on strain rate down to rates of about 0.05 min~!. Figure 6.10 shows that the ductility

of the irradiated material is only slightly strain-rate-dependent at 400°C. At 500°C (Fig. 6.11),
1

the ductility decreases markedly with decreasing strain rates below values of about 0.05 min™!.

This probably corresponds to the transition from transgranular to intergranular fracture. At
650°C (Fig. 6.12), the ductility depends very heavily upon strain rate, showing a rapid decrease
at rates of 2 min~! and not having reached a constant value at a strain rate of 0.002 min~!. At
760°C (Fig. 6.13), the ductility is a strong function of strain rate down to rates of 0.005 min~?,
where the dependence on strain rate becomes much less. At 850°C (Fig. 6.14), the dﬁctility is
strongly dependent on strain rate down to rates below 0.05 min~!, where it becomes fairly con-
stant. This family of curves will allow one to predict the strain-rate sensitivity of the ductility

of Hastelloy N at a given temperature.
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Table 6.3. Postirradiation Tensile Properties of Several Heats of MSRE Hastelloy N After Irradiation in a Helium Environment

Boron Irradiation nvt, Test Yield Ultimate Uniform Total Reduction
Heat Condition Level Experiment Temp Thermal Temp € Stress Stress Elongation Elongation in Area Specimen
No. (ppm) Ne. Cc) Dose  (°C) @si)  (psi) ) ) @) No-.
x 10%0
5065 A.R. 20 ORR-149 . 43 8.5 25 0.05 102,900 135,100 31.5 35.5 . 52.0 570
5065 A.R. 20 ORR-149 43 8.5 200 0.05 82,300 119,600 36.1 39.2 54.8 571
5065 A.R. 20  ORR-149 43 8.5 650 0.05 44,600 76,900 26.3 27.3 24.5 572
5065 A.R. 20 ORR-149 43 8.5 650 0.002 40,800 57,400 12.2 13.1 21.9 574
5065 A.R. 20 ORR-149 43 8.5 871 0.05 33,500 36,400 1.7 1.8 3.25 573
5065 A.R. 20 ORR-149 43 8.5 871 0.002 23,200 23,400 0.9 1.8 6.07 575
5065 20 ORR-149 43 8.5 25 0.05 101,500 132,200 30.0 33.6 55.2 581
5065 8 hr 20 ORR-149 43 8.5 200 0.05 78,600 118,300 37.3 39.8 45.9 582
5065 at 20 ORR-149 43 8.5 650 0.05 35,100 77,700 25.3 25.8 22.6 583
5065 871°C 20 ORR-149 43 8.5 650 0.002 38,100 66,200 13.7 14.3 17.3 585
5065 20 ORR-149 43 8.5 871 0.05 37,100 38,500 1.7 1.9 2.94 584
5065 20 ORR-149 43 8.5 871 0.002 25,900 25,900 0.8 1.6 5.26 586
5067 A.R. 20 ORR-155 500-700 1.4 25 0.05 59,000 123,700 49.4 51.2 45.4 2289
5067 A.R. 20 ORR-155 500700 1.4 650 0.05 38,400 66,800 14.0 14.0 20.5 2290
5067 A.R. 20 ORR-155 500700 1.4 650 0.002 36,400 59,900 9.6 9.6 16.0 2291
5085 A.R. 38 ORR-155 500700 1.4 25 0.05 46,300 110,600 41.1 41.2 40.3 2285
5085 A.R. 38 ORR-155 500-700 1.4 650 0.05 30,800 64,400 18.0 21.2 19.1 2286
5085 A.R. 38 ORR-155 500-700 1.4 650 0.002 30,200 51,800 9.3 9.9 15.4 2287
5065 A.R. 20 ORR-ISS 500-700 1.4 25 0.05 50,100 117,000 54.4 56.1 53.2 1857
5065 A.R. 20 ORR-155 500-700 1.4 650 0.05 37,400 62,100 12.3 12.4 17.2 1858
5065 A.R. 20 ORR-155 500-700 1.4 650 0.002 34,800 49,100 6.4 6.5 15.3 1859
5065 A.R. 20 ETR-41-31 600 £ 100 3.5 550 0.002 49,100 68,600 9.1 9.4 1273
5065 A.R. 20 ETR-41-31 600 100 3.5 600 0.002 42,200 56,300 8.2 8.5 1276
5065 A.R. 20 ETR-41-31 600 =100 3.5 650 0.05 41,200 59,000 10.8 11.3 1270
5065 A.R. 20 ETR-41-31 600 £ 100 3.5 650 0.002 42,600 51,800 5.9 6.1 1271
5065 A.R. 20 ETR-41-31 600 100 3.5 760 0.002 41,900 46,000 2.8 2.8 1274
5065 A.R. 20 ETR-41-30 <150 5 650 0.05 46,700 76,200 21.6 22.2 28.8 383
5065 A.R. 20 ETR-41-30 <150 5 650 0.002 37,700 53,300 9.3 10.0 10.1 380
5065 A.R. 20 ETR-41-30 <150 5 650 0.002 40,000 57,500 11.4 11.6 17.5 384

SOt
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6.3 PRECURSORS OF MSBR GRAPHITE

W. H. Cook

; Basically, the isotropic graphite sought for molten-salt breeder reactors (MSBR) should have F
‘ these properties: |
i Permeability to helium 1077 t0 1072 cm?/sec k
‘ \ Pore entrance diameter None larger than 1 i ]

Electrical resistivity <1000 microhms cm? cm™ 1 e

Coefficient of thermal expansion Approx 4.5 X 106 (OC)_1

Ash content <150 ppm

Boron <1 ppm

Bulk density >1.86 g/cm3

In addition, it should be a well-crystallized graphite without fillers such as lampblack or carbon

black. Other parameters, such as mechanical properties, probably would follow satisfactorily if

the preceding requirements were met.
Our immediate needs are modest quantities (50 1b) for general evaluations and for the specific
and important radiation damage studies. . »
We have made initial examinations on seven experimental grades of graphite. None satisfy ‘ i

all the basic requirements listed above; however, one shows a good pore spectrum and four ap-

pear to have potential. Two do not show promise.
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The Chemical Engineering Development Department of the Y-12 Plant® has made some ex-
perimental MSBR-type graphite that has a microstructure as shown in Fig. 6.15. This has been
fired to 3000°C and has not had any impregnations to decrease its pore sizes. Except for some
minor flaws, the structure is unusually tight. This is also shown by the pote spectrum shown

in Fig. 6.16, in which the major portion of the pore entrance diameters are less than 0.3 y. The

larger pore entrances shown fnay be the result of the small cracks and voids visible in Fig. 6.15.

It was fabricated as a small piece, 1.6 in. diam x 0.8 in. long, and there are some problems in
fabrication, purity, and high electrical resistivity, but it does look encouraging in these early
stages of dévelopment. It is the only one of the seven different grades that was fabricated
specifically for MSBR requirements. ‘

The other grades are materials that were originally developed for other purposes. As one
might expect, the major problems with these are high gas permeabilities and pores that are too
large. All these had pore entrance diameters as large as 3 p, whether they had uniform or only

surface graphitic impregnations. Four of the grades, which had uniform impregnations through-

- -

5Y-12 Plant, operated by the Union Carbide Corporation for the Atomic Energy Commission, Post
Office Box Y, Oak Ridge, Tenn.

0.0325 INCHES
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Fig. 6.15. An Experimental Isotropic Graphite, Grade B-5-1, Showing Low Porosity and a Few Flaws.
As po|i§hed. 100 x.
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Fig. 6.16. A Pore Spectrum Plot of an Experimental Isotropic Graphite, Grade B-5-1,

out the structure, had sufficient properties to vs}arrant further investigation. Two are being
purchased in 50-1b quantities for irradiation studies and general evaluations.

An interesting feature of six of the grades of graphite above that had pore entrance diameters
as large as 3 p was that the impiegnations appeared to decrease the accessible void volumes
but did not lower the range of the pore entrance diameters.

Decreasing the accessible void volume is helpful, but having the pore entrance diameters
less than 1 p is of greater importance. Both MSBR and impregnation requirements appear to
dictate that the base stock must have the major amount of its accessible voids with pore en-

trance diameters approximately 1 p.

6.4 GRAPHITE IRRADIATIONS
C. R. Kennedy '

Irradiation experiments to demonstrate the ability of graphite to sustain massive neutron ex-
posures have been designed and are being fabricated or are in progress. Graphite of MSBR
quality will be irradiated in the DFR, HFIR, EBR-II, and ORR. The major irradiations will be
obtained from capsules placed in the HFIR. The specimens will be located in two rod assemblies,
which will replace two of the californium production rod assemblies. All the 32 graphite ring
" specimens in the rod assembly are designed to be irradiated at 700 +25°C. After a one-reactor-
cycle expérixﬁent to verify the design temperature, the specimens will be removed, examined, and
recycled alternately every éix months until a total irradiation time of 21/2 years is obtained. At
this time, the total irradiation exposure will range from 5 to 10 x 1022 nvt (E > 0.18 Mev). The
Spécirﬁens will be examined for dimensional stability, gas permeability, and mechanical in-

te gf ity.
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Irradiations in the DFR are essentially backup experiments to the HFIR irradiations. These

irradiations will be used primarily to obtain relative compatisons of experimental grades to more

standard grades. “The exposures in these irradiations will not exceed 5 x 10%* avt (E > 0.18 Mev).

Irradiations in the EBR-II will be restrained growth experiments to confirm the ability of the
MSBR graphite to sustain plastic ereep deformation under irradiation. Again, the exposure ob-
tained will 'be much less than that obtained‘ in HFIR, with a maximum of about 10%2 nvt (E >
0.18 Mev). The maximum tensile strains obtainable from these experiments will be about 3%.

The experimental program in the ORR consists of very closely controlled creep experiments
to obtain quantitative creep coefficients. These data, although obtained at a very low exposure
rate and thus low exposures, are essentrally for a stress analysrs of the graphrte bodies. These
experiments will be very limited in scope in view of the base of exrstrng information available
on the creep behavior of graphite. The current experrment has been constructed and installed
in the ORR.

6.5 BRAZING OF GRAPHITE
W. J. Werner

Studies were continued to develop methods for brazing large graphite pipes ‘to Hastelloy N,
Our current activities consist of work in the following areas: (1) development of a corrosion-
resistant alloy which will readily wet and flow on graphite but which does not suffer from the
transmutation problem associated with gold-containing alloys and (2) devising techniques for
the manufacture of graphite-to-Hastelloy-N assemblies of the size and configuration required for

loop experiments.

Large Graphite-to-Hastel loy-N Assemblies

A vacuum or inert-atmosphere 1nductron brazing furnace for brazing graphite-to-metal as-
sembhes up to 4 in, in drameter by 12 in. long has been designed and is currently under con-
structron Several pleces of graph1te molybdenum and Hastelloy N have been prepared for
brazrng, usrng the tapered-joint des1gn reported prevrously 6 Figure 6.17 shows the size and
confrguratron of the components The graphrte is ATJ grade due to the unavailability of MSRE-

grade materral in the desired size and confrguratron.

- 3 4 6 6 CORROSION RESISTANCE OF GRAPHITE TO- METAL BRAZED JOINTS
W H. Cook

reported that the braze Jornrng grade CGB graphrte to molybdenum d1d not have any

i mrcroscoprcally visible attack after a 5000-hr exposure to LrF-BeF -ZtF, -ThF -UF salts at

SMSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, p. 140.
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Fig. 6.17. As-Machined Components for Graphite-to-Molybdenum-to-Hastelloy-N Tapered Joint.

1300°F (705°C) contained in Hastelloy N.?7 The brazing alloy was 60 Pd—35 Ni—~5 Cr (wt %).
The chemical analyses of the test salt did not show any significant changéé from the analyses
of the as-received salt.

The microstructure of the brazed joint is shown again in Fig. 6.18 for reference purposes.
Electron-probe microanalyses show that molybdenum diffused into the braéing alloy, as was

8 There was some migration of nickel and

deduced by Jones and Werner from its microstructure,
palladium into the molybdenum, along with a slight amount of chromium.
The speckled precipitates in the brazing alloy are primarily Mo, Ni, Cr, and C in descending
quantities. The long, acicular crystals located toward the graphite sides of the brazed joint
are primarily Mo, Cr, Ni, and C in descending quantities. These are believed to be essentially
mixed carbides of molybdenum and chromium. -
The microstructures suggest that this is a well-formed joint that has not been appreciably
altered by the corrosion exposure. A deposit is present on the surface of the braze metal. The
deposit has been identified as pure palladium except for some nickel in the region adjacenf to

the brazing alloy. While it extends slightly over the graphite, it seems to be attached only to

the braze metal. Figure 6.19 shows another view of the deposif with a rough surface and a spotty

MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 115-17.
8
Ibid., p. 113,
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Fig. 6.18. Microstructures of the 60 Pd—35 Ni—~5 Cr (wt %) Brazing Alloy Used to Join Grade CGB Graphite to Molybdenum. (a) After 5000-hr ex-
posure to molten fluoride salts at 1300°F (705°C). Etchant: 10% oxalic acid. 100x. (b) Enlarged microstructure of palladium coating located pri-
marily on the brazing alloy. Etchant: oxalic acid. 500x%.
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Fig. 6.19. External Appearance of Palladium Coating on Brazing Alloy (60 Pd—35 Ni-5 Cr, wt %) of the Grade CGB Graphite Brazed to Molybdenum
After 5000-hr Exposure to Molten Fluoride Salts ot 1300°F (705°C). (a) Elevation view. (b) High magnification (100x) of typical appearance.
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deposit on the molybdenum. No evidence of palladium was found in the fluoride salts or on the
walls of the Hastelloy N container. While the palladium must have been leached from the braze
metal and then redeposited, the mechanism for the transfer is not clear. The thickness of the
coating appears to be dependent on the test time. However, since it was only 0.001 in. thick
after the 5000-hr exposure to the molten fluoride salts at 1300°F (705°C) and seems to be present
only on the braze, it seems valid to say that the braze was essentially unattacked for this period.
An amorphous-appearing, metallic-like coating on the graphite® surfaces exposed to the
molten salts was found to be Cr,C, by x-ray diffraction. Electron-probe microanalyses indicated
that some vanadium is also present. There is no explanation for the presence of vanadium un-
less it came from the salts, because the graphite and Hastelloy N normally contain vanadium in

average quantities of 0.0009 and 0.5% respectively.

6.7 THERMAL CONVECTION LOOPS
A. P, Litman

We are continuing to study the compatibility of structural materials with fuels and coolants
of interest to the Molten-Salt Reactor Program. Natural-circulation loops of the type described

10,11 416 used as the standard test in these studies.

previously
Three loops are now in operation, and details of their service are shown in Table 6.4. The

long-term loops, Nos. 1255 and 1258, fabricated from Hastelloy N and type 304 stainless steel,

Ibid., p. 117.

IOG' M. Adamson, Jr., et al., Interim Report on Corrosion by Zirconium Base Fluorides, ORNL-2338
(Jan. 3, 1961). '

U1 4SR Program Semiann. Progr. Rept. Aug. 31, 1965, ORNL-3872, pp. 81-87.

Table 6.4, Thermal Convection Loop Operation Through February 28, 1967

. : . Maximum
Loop Loop Material Hot-Leg Specimens Heat-Transfer Medium Temp . Ar Hours
No. ’ . o (OF) Operated
e - . . : : CF)
1255 Hastelloy N Hastelloy N + 2% Nb LiF-Ber-ZrF4-UF4- 1300 160 43,024
’ (permanent) ThF4 (70-23-5-1-1
o mole %)
1258 Type 304 L stainless steel Type 304 L stainless LiF-BeF,-ZrF,-UF,- 1250 180 31,749
) ' steel (removable) ThF4 (70-23-5-1-1
» ‘ mole %)
10  Hastelloy N None B NaF-KF-BF 1125 265 6,734
e : ) ) (48-3-49 mole %)
9 Fype 446 .stainless-stee 1- None i LiF-Ber-ZrF‘*-UF4 1400 300 5,2.55a

clad Nb~1% Zr 7 (65-29.1-5-0.9 mole %)

“Loop plugged on 10-1-66.
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1 _ ' tespectively, and circulating MSRE-type fuel salt plus approximately 1 mole % ThF 4 continue V t
" to operate without incident. ' o
Recgntly, we installed specimens in the hot leg of the stainless steel circuit so as to E

generate additional data on that system. It is of interest to compare the compatibility of the
salt which has now reached maturity in the loop with earlier results. To date, the specimen in

the hottest portion of the loop, 1250°F, has experienced iweight losses as shown in Table 6.5.

Interpolation of these results indicates a rate loss of approximétely 3.6 mg cm™? month™?,
3 This is lower than the rate revealed in the previous test.
1 i Table 6.5, Effect of Time on Weight Change of e
Type 304 L Stainless Steel Specimen in
- Contact with LiF-BeF,-ZrF ,-UF ,-ThF,
;?] (70.23-5.1-1 Mole %) at 1250°F o
] ‘ Time Weight Change
(hr) (mg /cm?)
25 ~1.6 ‘
115 —2.1 EJ
|
450 -~2.95
1125 4.4
?i
]
|
:
Loop No. 10, fabricated from Hastelloy N and circulating a fluoroborate mixture, is now 3

scheduled to operate for one year, after which time it will be dismantled and examined. It

continues to circulate without difficulty.

6.8 EVALUATION OF MSRE RADIATOR TUBING CONTAMINATED WITH ALUMINUM

D. A. Canonico D. M. Haseltine ’ E

The failure of the aluminum blower blades at the MSRE site and the resultant damage were
discussed in the last semiannual report.’? It was concluded thaf no damage was visually ob-
served; however, the possibility that some undetected aluminum still might be in intimate con-
tact with the Hastelloy N tubes did exist. An expériment was conducted to determine the effect

of a prolonged exposure to aluminum at 1200°F,

Aluminum pieces from the blower blades and a Hastelloy N tube similar to those used in the

heat exchanger were placed in intimate contact and held for times up to 1000 hr. The results

of the 1000-hr exposure are shown in Fig. 6.20a. For comparative purposes, the 5-hr exposure is

shown in Fig. 6.20b. It is evident that the penetration (approx 0.010 in.) is similar in both

12MSR’ Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL4037, pp. 103-7.
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Fig. 6.20. Metallographic Sections Through Aluminum Cone and Hastelloy N Tube. Samples were held
at 1200°F for (a) 1000 hr and (b) 5 hr.

'photomicrogra_phs. The Hastelloy N tubing has a wall thickness of approximately 1/1 ¢ in. The
penetration after 5 hr was about 16%, and after the 1000-hr exposure it had not increased.

The microstructure seen in the specimen held for 1000 hr is considerably different from that
in the S-hr sample. The extended exposure has allowed the various phases to grow and has re-
sulted in a diffusion couple of 'aluminum-nickel complicated somewhat by the presence of zinc
and other minor elements. ‘

This work supports the conclusions reported previously, that the radiator system is satis-

factory for further operation.




7. Chemistry

7.1 CHEMISTRY OF THE MSRE

Fuel Salt Composition and Purity

R. E Thoma

" Mote than half the total power generated by the MSRE (21,464 Mwhr) was produced duriﬁg the
current report period. Heat balance and nuclear calculations indicate that a total of 1.083 kg of
235y, 0.473% of the original uranium inventory, has now been consumed by. fissjon. Table 7.1
summarizes the results of fuel composition and purity analyses for the MSRE fuel in each of the
power runs, inéluding the three conducted in the last six months, Nos. 8 to 10, and the current
run, No. 11. These data show that the uranium concentration of the fuel salt has decreased
appreciably since power operation began. It should not be inferred, however, that burnup is
evident in the results of chemical analysis for runs 4 to 10, for virtually all the decrease noted
in Table 7.1 is the result of dilutions of the fuel salt by flush salt. Figure 7.1 shows a com-
parison of MSRE inventory values ! with the results of chemical analyses 2 for runs 6 to 10.
Analytical values shown here have been adjusted to compensate for changes in isotopic com-
position of uranium and for those periodic variations in analytical bias as determined by the
Analytical Quality Control Group.®

Step decreases in the inventory values reflect the dilution_'of the fuel salt by residues of
flush salt remaining in the reactor fuel circuit after flushing operations are completed. Fuel
salt is also removed from the fuel circuit by sampling procedures and by transfer of fuel to flush
salt. From the results of analyses of flush salt specimens we have deduced that each drain-
flush-fill sequence results in a net transfer of 7.1 kg of uranium from the fuel to flush salt. The
computation of this value has involved a number of assumptions, such as those concerned with
the precision of uranium analyses in the 100-to-800-ppm concentration range, as well as the
configuration and dimensions of MSRE fuel circuit comf)orients where salt residues may reside.

Figure 7.1 also shows values which should have been obtained in the absence of dilution-transfer

1H. B. Piper, personal communication.

ZCbemical analyses were performed under the supervision of C. E. Lamb, ORNL Analytical Chemistry
Division,

3G. R. Wilson, ORNL Analytical Chemistry Division.
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Table 7.1. Summary of MSRE Fuel Salt Analyses

Number U? Inventory
Run of Concentration (wt %) Values (wt %) Concentration (mole %) Concentration (ppm)
No. v s a —_— 71 s a .

Samples Li Be Zr U % v LiF BeF2 ZrF4 UF4 Fe Cr Ni
4 22 10.51 £0.137 6.55 £0.161 11.14 £0.295 4.642 £0.028 4.622 4.622 63.36 £0.567 30.65 £0.583 5.15 £0.116 0.83 £ 0.011 131 £65 48 £7 40 20
5 1 10.65 6.53 11.45 4.625 4.622 4.622  63.63 30.30 5.25 0.816 68 51 15
6 13 10.51 £0.289 6.54 £0.200 11.31 £0.231 4.630 £0.027 4.622 4.619 63.35 £1.072 30.60 £0.946 5.23 £0.145 0.825 +0.013 111 =44 50 %8 56 +24 E
7 11 10.55 £0.054 6.67 £0.174 11.34 £0.215 4.640 £0.017 4.619 4.614 63.04 £0.495 30.95 +0.580 5.20+0.118 0.819 £0.009 88 %32 48 £6 48 t16
4-7 47 10.523 £0.178 6.572 £0.179 11.239 £0.271 4.638 £0.025 4.622 4.614 63.290 £0.722 30.698 £0.696 5.188 £0.126 0.824 £ 0.011 114 £55 49 £7 46 *t21
8 8 11.78 £1.406 6.53 £0.199 11.16 £0.193 4.632 £0.011 4.601 4.599 65.84 £2.486 28.57 £2.123 4.82 £0.347 0.771 £0.058 122 *45 64 £7 61 +36
9 4 10.99 £0.099 6.63 £0.068 11.15 £0.370 4.603 £0.031 4.587 4.586 64.17 £0.096 30.04 £0.147 4.99 £0.185 0.794 £0.011 150 *17 61 £5 52 120
4-9 59 10.528 £ 0.159 6.570 £0.175 11.222 £0.266 4.635 £0.026 4.622 4.586 63.312 £0.679 30.685 £0.665 5.179 £0.125 0.824 $0.011 118 £52 51 9 48 24
10 10 11.14 £0.079 6.58 £0.188 11.05 £ 0.152 4.609 £0.020 4.575 4.569 64.65 £0.450 29.64 £0.480 4.92 £0.064 0.791 £0.010 150 30 6014 74 135
4-10 69 10.785 £ 0.641 6.571 £0.179 11.197 £0.260 4.631 £0.026 4.622 4.586 63.835 £1.342 30.258 +1.163 5.005 £0.212 0.811 £0.029 122 £51 53 9 52 £27
8-10 22 11.345 £ 0.883 6.569 £0.173 11.106 £0.212 4.616 £0.022 4.601 4.569 64.998 £1.614 29.320 £1.402 4.898 £0.226 0.784 £0.036 140136 6215 65133

a . . sas
Corrected to compensate for isotopic composition.

x.denotes beginning of run; y denotes

end of run.
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Fig. 7.1. Weight Percent of Uranium in MSRE Fuel Salt During Runs
6 to 10.

losses; these values indicate that while chemical analyses were heretofore not sensitive enough
to reflect burnup losses, it may be possible that such losses will be reflected in subsequent

operations with the present fuel salt.

MSRE Fuel Circuit Corrosion
R. E. Thoma

Since oxidative corrosion of the MSRE fuel circuit results in the formation of chromous fluo-
ride, the concentration of chromium in the fuel salt serves as the principal indicator of the extent
of generalized corrosion. The chromium content of the fuel salt has remained very low throughouf
the operating history of the MSRE. In the current report period the chromium concentration of the |
salt has remained at 62 =5 ppm (Table 7.1), corresponding to a uniform removal of chromium from
the walls of the reactor circuit from a maximum depth of about 0.1 mil.

Prior to the removal and replacement of the original metal and graphite surveillance speci-
mens in August 1966, * the average chromium concentration of the fuel salt was 48 +7 ppm (Tablé
7.1), a value whiéh was attained during the first power operations with the reactor. A sample
taken early in October 1966, which followed the change of the surveillance specimens, showed
the chromium content had reached about 62 ppm. All subsequent specimens of fuel salt analyzed

after that time have shown the presence of approximately 62 ppm of chromium, indicatihg the

*MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 97.
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introduction of about 85 g of chromium into the fuel since October 1966. The increase in chro-
mium concentration from 48 to 62 ppm may possibly be assignable to corrosion of the new sur-
veillance assembly. If so, the corrosion sustained by the assembly must be greater than that
previously experienced by the entire fuel circuit from December 1965 up to the present time.

The metal surface exposed to the salt in the surveillance assembly is about 1000 in. 2.

To pro-
duce 85 g of chromium would require the leaching of chromium from this surface, if uniform, to an
implausible depth of about 10 mils.

The MSRE fuel salt contained a very low concentration of U%* at the outset of power oper-
ations, with possibly a maximum of 0.16% of the uranium (366 g, 1.54 gram atoms) in the U%*
form (cf. section entitled ‘‘Extent of UF , Reduction During MSRE Fuel Preparation’). At the
termination of MSRE run 7, fuel burnup had consumed 1.66 gram atoms of uranium. Just how much
oxidizing capacity is produced by fuel burnup is uncertain because it involves unverified infer-
ences as to the final chemical identity of many fission products, but between 0.6 and 1.0 equiva-
lent of oxidizing capacity should result for each gram atom of 23U fissioned. If 1.0 equivalent
was produced, the fuel salt would have become slightly oxidizing by the end of run 7. No such
conclusion is justified,‘howev'er, from the results of chromium analyses. These results indicate
rather that oxidation corrosion ceased before the MSRE had generated a total of 1 Mwhr of power.
Absence of cotrosion in runs 4 to 7 should probably be attributed at the beginning to the presence
of U%* and perhaps subsequently to the deposition of noble-metal fission product films. At the
termination of run 7 (7800 Mwhr) a uniform film formed by the deposition of all the Mo, Nb, and
Ru produced would have a thickness of approximately 150 A.

The current experiment with the MSRE is scheduled to be terminated at the end of 30,000
Mwhr of operation. At that time the present surveillance specimens will be removed for inspection
and testing. It will be of considerable value to learn whether the present assembly has sustained

the amount of corrosion which has been observed in the fuel samples since last October.

‘Exfent,of UF, Reduction During MSRE Fuel Preparation
B. F. Hitch C. F. Baes, Jr.

Uranium was added to the barren fue; salt of the MSRE as a binary mixture of 27 mole % UF ,

in 7L1F ;Thvis ftielnycohrcentrété had firsbtfbe en purified by the usual sparging with an HF-H,

mixture to remove oxide, followed by spatging with hydrogen alone to complete the reduction of

structural me;tél f_ludrides such as NiF2 and FeF ,. 5.6 During this final reduction step, a small

- portibn of the UF 4 should also have been reduced, the amount depending upon the duration of the

treatment and the equilibrium constant for the reaction

. T ' '
UF (d) +§H2(g) = UF,(d) + HF(g)/.

SJ. H. Shaffer et al., Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1965, ORNL-3789, pp. 99—109.
GJ. H. Shaffer, MSR Program Semiann. Progr. Rept. July 31, 1964, ORNL-3708, pp. 288—303.
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The exact amount of UF , thus introduced into the MSRE fuel has become a matter of special
interest with continued operation of the MSRE owing to evidence that significant amounts of

some fission pfoducts are fa£ more oxidized than would seem compatible with the presence of
significant amounts of UF, in the MSRE fuel. Consequently, the data collected by Shaffer et al.”

during the purification of the fuel salt concentrate at the production facility recently has been

? examined in detail in an attempt to determine the equilibrium quotient for the above reaction: '}
1. - Pyg Xyr
4 Q - 3
1/2 ’
g - P H, Xur .
:‘? . and to determinewt\he extent of UF , reduction in the LiF-UF , mixture. %
i 'For small amounts of reduction, the UF3/UF4 ratio may be related to Q and the volume (V) of
ﬂ H, passed per mole of UF, '(nU) by ® &
_ (nUFs/nU)"’ = ZQPI:I/ZZ (V/nyRT) + (H%Fs/nU)2 ,
i provided equilibrium conditions are maintained during spatging. The last term on the right is the
" i age .
1 initial nUF3/nU ratio. Replacing nUFS/“U by QPI}{/;/PHF , E‘
1 2 < v > 1
= + .
2 1/2 0 2
Py QPH2 nyRT)  (Pyg)
In accord with this equation, plots of 1/Pl:_zIF vs V, based on data collected at 700°C during the f
purification of the various batches of fuel concentrate, were found to be linear. All plots could /

be fitted reasonably well with lines of slopes corresponding to Q ~ 0.9 x 10~% atm!/2  From

the final value of Py, knowing Q and Py , the average amount of uranium reduction at the end
2

of the hydrogen treatment was estimated to be 0.16%.

In an attempt to confirm this estimate of Q and the amount of reduced uranium present initially

in the MSRE fuel, an 11.4-kg portion of unused fuel concentrate was studied further in the lab-

7Unpublished data, supplied by J. H. Shaffer. 114
8Combination of ' 3

and

__ Aury Pyp
1/2
U nUFs PH2

to eliminate PHF’ followed by integration, gives
14 1
[r+ln(1—r)]+C,

1/2
nURT QPH2

where r = nUFs/nU' For small values of r this simplifies to the equation in the text.
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oratory. Hydrogen sparging was initiated at 510°C. At this relatively low temperature, no sig-

nificant reduction of U**to U3* should occur; however, HF evolution was detected immediately

-and continued at a significant level until 250 liters of H, had passed and 0.0019 mole of HF per

mole of uranium had been evolved. This indicated that inadvertent exposure of the salt to oxi-
dizing impurities such as water or oxygen had occurred during prior storage, during transfer of
the sample to the reaction vessel, or in later handling. Since the presence of HF at this tempera-
ture in the amounts seen should have quickly oxidized the UF , present, it was not possible to
confirm the amount of UF ; initially present in the fuel concentrate. In two subsequent H,
sparging runs at 700°C, however, data were obtained which permitted improved estimates of Q

from plots of 1/ me vs V. The resulting values of Q are about twice that estimated from the

H Flow
Temperature (ml m|2n 1 kg™ l) Q ((:1*m.l /2)
Run 1 , 707 53 1.74 x 1078
Run 2 705 35 1.85 x 10~

salt production data. It is not reasonable to attribute this discrepancy entirely to the differences
in temperature since, judgihg from Long’s measurements of the temperature dependence of Q in
LiF-BeF2 melts, ® more than a 30°C difference would be required. It seems more likely that the
discrepancy is due partly to nonequilibrium sparging conditions in the production treatment. The
present value of Q = 1.8 x 1076 atm!/? determined for the fuel concentrate is somewhat lower
than the value ~4 x 10~ atm®/? which may be estimated for the MSRE fuel salt at 700°C from
Long’s measurements. This indicates that UF, is not as easily reduced in the fuel concentrate
as in the fuel salt.

Even though equilibrium conditions lnlght not'have prevailed duri’ng purification of the fuel
concentrate, 0.16% reduction of UF4 temains a valid estimate since, in effect, it is based upon
the integrated amount of HF evolved by reduction which, in turn, is related by material balance

to the amount of UF3 formed.

Adjustment of the UF/é Concentration in the MSRE Fuel Salt
W. R. Grimes R. E. Thoma

The fission product 1sotopes of molybdenum moblum technetxum ruthemum and tellurium
were expected to appear pnn(*lpally in their elemental forms in the MSRE system While some
mlght be carried as suspended metal or even in solution as moderately unstable fluondes of low
valence state they were expected to prec1p1tate in large part on the metalhc portlons of the
reactor Although thlS suggested behav1or has 1ndeed taken place in the MSRE apprec1able quan-

tities of molybdenum, ruthemum and tellurium (and probably technetium and niobium) have also

%G. Long, Reactor Chem. Div. Ann. Progr. Rept. July 31, 1965, ORNL-3789, pp. 68—72.
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been observed in the cover gas in the MSRE pump bowl. Substantial fractions of the fission prod-

. uct ﬁiobium, molybdenum, tellurium, and ruthenium have been found on or in the MSRE moderator
graphite. 1°} The presence of these materials as gas-phase species suggested that the fuel salt
contained, at the outset and until this year, much less uranium trifluoride than intended and very
much less than is tolerable.

The fuel as charged into the MSRE for start of the power operation probably had NUF4 at very
near 9 x 10~ % mole fraction and, at most, NUF3 at 1.4 x 105 mole fraction, which corresponds to
0.16% of the uranium being UF,. The UF, content of the MSRE fuel was determined!?! after ap-
proximately 11,000 Mwhr of operation by study of the equilibrium corresponding to

1
UF (d) + > H,(@) = UF () + HF(@) .

The result showed that the concentration of UF3 corresponded to less than 0.05% of the total
uranium and probably to less than 0.02%. The MSRE fuel salt was considered to be far more oxi-
dizing than was necessary or desirable and certain to become more so as additional power was
‘produced unless adjustment was made in the UF3 concentration. A program was therefore ini-
tiated to reduce 1% of the 228.5-kg inventory of U**, or 9.64 gram atoms, to U3* by the addition
of small quantities of beryllium metal to the circulating salt. Initially, 4 g of beryllium was intro-
duced into the fuel salt by melting a mixture of 7LiF-BeF‘2 carrier salt and powdered beryllium in
‘the MSRE pump bowl sampler cage. Subsequently, three additions have been made by suspending
specimens of 3/8—in. beryllium rods in the salt in the pump bowl. The capsules used for adding
beryllium were similar in size and construction to those used for sampling for oxide analysis but
were penetrated with numerous holes to permit reasonable flow of fuel salt. The beryllium rods
have reacted with the fuel salt at a steady rate, dissolving at approximately 1.5 g/hr. To date,
27.94 g of beryllium has been introduced into the MSRE fuel salt, a quantity corresponding to the

conversion of 0.65% of the U** to U3*.

7.2 FISSION PRODUCT BEHAVIOR IN THE MSRE
S. S. Kirslis F. F. Blankenship

The initial results of tests on the chemical behavior of fission products in the MSRE were
reported previously,!! with descriptions of the experimental facilities used and a discussion of
the objectives of this wotk. Most fission products behaved as expected, with the excepfion of
the noble metals, which showed an unexpected tendency to volatilize and to deposit on metal sur-
faces and in graphite. This observation, implying that the fuel salt was more oxidizing than was

desirable, contributed to the decision to reduce the fuel by repeated small additions of beryllium

105 s. Kirslis, MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 165.
A, s, Meyer, ““Hydrogen Reduction of MSRE Fuel,’’ Intra-Laboratory Correspondence, Jan. 3, 1967.
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metal. The special pump bow! tests in this report period were mainly directed toward following
the effect of beryllium additions on the volatilization and deposition behavior of the noble metals.
Also completed in the period were the radiochemical analyses on the first set of long-term surveil-

lance specimens of graphite and Hastelloy N exposed in the MSRE core.

Long-Term Surveillance Specimens

The bulk of the radiochemical analyses were reported previously'? on the graphite and Hastel-
loy N specimens exposed in the MSRE core for 7800 Mwhr of power operation. Further analyses
were made on selected graphite samples for 95Zr, 95Nb, 141Ce, 144Ce, and 137Cs to provide a
more complete picture of the behévior of tﬁese isotopes. A few samples were also analyzed for
'47Nd and °'Y because of the interest in rare-earth-type isotopes themselves, as well as in their
rare-gas precursors. The new data are tabulated, along with previous results on these elements,
in Tables 7.2—7.4. In a few cases, the previous results were slightly corrected on final evalu-
ation of the counting data. (Similar corrections for the other previously reported fission products
seldom exceeded the 10% analytical error; the revised values will not be reported here.)

The new data generally followed the indications from previous results. The flat profile of
957y in the intetior of the middle graphite bar, at a level 100 times that of the blanks, suggests
a slight volatility of zirconium, since ?5Zr has no long-lived gaseous precursor. Some of the
95Nb in the interior may have arisen from the decay of ?5Zr, but this correction is negligible for
the first two surface samples. Even in the interior, the concentration of °5Nb in a given layer
was always higher than that of 95Zr, whereas the reverse would have been true if most of the
95Nb had been formed in place from ®5Zr. Thus the observed high concentrations of °Nb in the
graphite may not be ascribed to precursor behavior.

The additional data on 141Ce, 1*4Ce, °1Y, and **’Nd confirmed the previous conclusion that
the distribution of the rare earths and alkaline earths in graphite reflects the diffusion behavior
of the precursor rare gas. The species with short-lived gaseous precursors showed steep concen-
tration gradients, whereas those whose gaseous precursors had half-lives of several minutes
showed ‘revlativ'ely flat interior concentration profiles. A diffusion model has been developed®®
which satisfactd;ily accounts for the 'obs'érved disfributidns of the fission products with rare-gas
precursors. ‘

The very flat interior concentration profile of 137Cs in graphite was confirmed by the new
results in Table 7.2. A distribution similar to that of 89Sr was expected on the basis of precursor
behavior. The data suggest a mobility of 137Cs itself, in accord with the known volatility of ele-
mental cesium over cesium carbide. 14 .

Since 29Tc is the worst neutron poison after 2°Mo in the noble-metal fission product group,

radiochemical analysis for it was atfempted on several graphite samples. It proved extremely

12ySR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 165—91.
l?’R. J. Kedl, unpublished communication.
14MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, pp. 165-91.
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Table 7.2. Radiochemical Analyses of Middle Graphite Bar

Weight Depth Disintegrations per Minute per Gram of Graphite
Sample of Cut
(g) 95 95 144 141 137 147 91
(mils) Zr Nb Ce Ce Cs Nd Y
Wide Face Exposed to Circulating Fuel
1 08463 6.02 1.12x10'° 6.93x10'" 3.08x10° 3.17x10'® 1.53x10° 5.71x 10° 1.90x 101°
4 1.2737  9.27 1.37x10% 0.16x10° 8.43x 107 6.53x10° 2.02x107 <1x10° 1.83x10%
7 0.9814 7.50 1.16x10%° 7.76x10% 3.80x107 1.43x10° 1.98x107 <4x10%® 3.12x10°
11 0.9145 6.94 8.20x107 2.94x10% 2.22x107 7.33x10% 2.17x107 8.9%x10°% 2.07 x 10°
14 08062 6.98 1.51x10% 4.28x10° 4.07x107 555x10®° 1.86x107 5.1x107 3.33x10’
17 1.0372 8.25 3.16 x 10°  2.46 x 107 3.00x10® 1.96 x 107 4.26 x 107 2.66 X 10"
23 0.8176 6.64 1.09'x 10
Side Face Exposed to Circulating Fuel

2 0.7583 7.68 8.33x 101! 2.48x10° 3.38x10% 1.27 x 107 3.82 x10% 2.46x10'°
6  0.9720 10.10 1.52 % 10%% 2.41 x 107 7.26 x10° 5.12x10°

8  0.5139 5.43 4.87x10%  3.00x 107 2.50x10°
12 0.3395  3.65
15 0.6976 7.61 2.54x 167 8.39 x 108
18 0.3737 4.15 ‘ :

Other Side Face Exposed to Circulating Fuel

3 06135 6.21 6.36 x 1011 2.45x10% 3.35x 10'% 8.58x 107 2.59x 10% 1.60x 10%°
5  0.7543 7.84 2.89x 10'% 1.08x10% 7.76x10° 1.99 x 107

9  0.6198 6.55 2.3¢x10° 2.18x 107 3.01 x 10°

13 1.1652 12.53
16  0.8469 9.24 2.04x 107 3.77 x 10°
19 0.9406 10.45

Face in Contact with Graphite
20  1.1381 9.23 6.68x10° 1.04x10'! 1.56x107 2.15x10'° 4.8 x 1010
Unexposed Graphite Blanks
10 4.48x10° 2.46x10° 1.07x10° 1.41x10° 2.90x10* <1x10® 1.97x10°
24 1.31x10° 3.28x10%® 8.06 x10%° 6.38x10° <8.3x10* <3x10% 1.41x10°
Notes: The samples are arranged in order of successive cuts on each face (see Fig. 7.22 of Ref. 25, p. 179).

The sample weights given here have been corrected for the average 4.5% loss during milling.

1
2
3. The depths of cut were calculated from the sample weights and areas and the known graphite density.
4. The activities tabulated are corrected to the time of shutdown, 11:00 AM, July 17, 1966.
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Table 7.3. Radiochemical Analyses of Top Graphite Bar

Weight Depth Disintegrations per Minute per Gram of Graphite
Sample of Cut
() 95 95 144 141 137 147 91
(mils) Zr Nb Ce Ce Cs Nd Y
Wide Face Exposed to Circulating Fuel
25  0.3602 6.23 1.28x10° 1.56x10'! 4.06 x10® 8.60x10° 2.24x107 <1x10° 3.59x10'°
20  0.4355 7.93 1.06 x 10° 1.22x107 <2x107 5.72%10°
58  0.5260 9.94 0.54x10% 4.73x10% 1.87x10%® 1.57x107
60  0.2916 5.51 1.49 x 107
62  1.0783 20.38 1.11 x10% 3.54x 107 1.49x 107
Side Face Exposed to Circulating Fuel
26  0.4615 11.41 5.97x10° 2.38 x 10® 4.94 x 10°
31 0.4564 11.88 2.50x 10%  5.22x10% 2.13x10%
Other Side Face Exposed to Circulating Fuel
28  0.6703 17.11 5.20x10'% 2.46x 10% 5.38x10°
33 0.5404 14.43 8.62 x 107
Wide Face in Contact with Graphite
27 0.6422 11.32 1.24x10° 5.50x 101 2.57x10% 4.03x10° 2.50x10” 1.85%x10% 1.55x10'°
32 0.5375 9.95 2.28 x 108 1.0x 107 <ax10” 2.79x 107
50 0.3154 5.96 6.25x 108 1.05x 107 2.56x10° 1.87 x 107
61  0.5835 11.03
63 07310 13.82 2.04x10° 2.17x107 9.93 x 108
Notes: 1. The samples are arranged in order of successive cuts on each face (see Fig. 7.22 of Ref. 25, p. 179).
2. The sample weights given have been corrected for the average 18.9% weight loss during milling.
3. The depths of cut were calculated from the sample weights and areas and the known graphite den51ty.
4.

The act1v1t1es tabulated are corrected to the trme of shutdown 11:00 AM, July 17, 1966.

difficult to punfy 99Tc from contammatmg activities sufflc1ent1y well to provide an accurate

“count of th1s low-spec1f1c actw1ty 1sotope The results indicated qual1tat1ve1y amounts of °°Tc

" to'be expected ‘from the decay of the determined amounts of its parent °°Mo. In view of this test

and the chemical s1m11ar1ty of Tc and Mo, it is falrly safe to calculate ?°Tc concentrations from

, observed 99Mo concentratlons on the assumptmn that 99Tc will remain where the °°Mo was found.

The nature of the drstnbutlon of vanous fission products in the graphite surveillance speci-

" mens 1s shown graphlcally in F1g 7.2. The linés are rough averages obtained by visually drawing

smooth curves through individual points, often w1de1y scattered, representing all of the available

data. The steepness of the concentration gradients of the noble metals and the very different gra-

dients of species with noble-gas precursors (1*°Ba and 8°Sr) are strikingly apparent.
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Table 7.4. Radiochemical Analyses of Bottom Grapvhite'Bur

:
!

Weight Depth Disintegrations per Minute per Gram of Graphite 7
Sample of Cut
. (&) (mits) 95, 95N 1440, 141 1370 14704 91y
Wide Face Exposed to Circulating Fuel
34 08032 15.04 2.40x10° 3.34x10'! 6.05x10° 8.11x10° 280x10" <3x10® 1.20x10°
38 05079 11.64 2.49x 10° "~ 1.09x 107 '
64 0.2323  4.68 3.12x10%  8.40x10° 6.92x10°
66 0.3120 6.28
69 0.7183 14.49 7.63 X 105 1.84 X 108
Side Face Exﬁosed to Cvilrculaf—ing Fuel
35 0.3904 10.70 2.63x 10! 7.89x10% 1.04 x10° 7.27 %107 3.69x 10°
39 0.4480 12.98 9.00x10% 1.090x 107 2.29x 10°
Other Side Face Exposed to Circulating Fuel
37 0.5480 15.39 3.05x10'! 5.81x10% 9.19x10°
41 0.3520 9.62 4.49%x10% 3.05x10° 7.25x10°
Wide Face in Contact with Graphite
36 0.4810 9.12 3.47x10° 4.20x10'' 9.05x10® 1.07 x10'° 1.12x10% 5.10x10°
40  0.5936 11.77 2.50 x 10° <3x10® 7.69x10’
65  0.4756  9.58 3.07x10%  2.72x10° 1.10x 108 '
67 0.4025 8.10
68  0.6260 12.61 4.09 % 10° 1.03 x 10%
Notes: 1. The samples are arranged in order of successive cuts on each face (see Fig. 7.22 of Ref. 25, p. 179).
2. The sample weights given have been corrected for the average 9.1% weight loss during milling.
3. The depths of cut were calculated from the sample weights and areas and the known graphite density.
4, The activities tabulated are corrected to the time of shutdown, 11:00 AM, July 17, 1966.

Uranium Analyses of Graphite Specimens

Since appreciable quantities of uranium had been found in graphite from previous in-pile tests

in which the fuel was allowed to cool and radiolyze, a number of the milled graphite samples were

analyzed for uranium by a chemical fluorometric method and by delayed-neutron counting. The

chemical method on dissolved samples showed only that the uranium concentrations were less

than 30 ppm by weight. The very sensitive delayed-neutron counting method gave the results
shown in Table 7.5.

The very low surface and volume concentrations of 235U shown in Table 7.5, corresponding

to about 1 g in the complete graphite core, could have no discemible nuclear or chemical effect
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DISTANCE FROM SURFACE OF GRAPHITE ({miis)

Fig. 7.2. Distribution Profile of Fission Products in
Graphite from MSRE Core.

on the operation of the reactor. The interior uranium concentrations in the top and bottom graphite
were near the blank graphite value, but those in the middle graphite bar were distinctly higher and
exhibited no concentration gradient. ;

It is interesting to compare the'deposition of uranium and molybdenum in’ tﬁe fifst layer of
graphité. The average value for uranium from Table 7.'5‘is 0.072 pg of 2357 or 0.22 pg of total
uranium per 'square centimeter, » The ave‘rage amount of ,99Mo on the graphite surfaces at the time
of ‘reactork:sh_utdowril was 0039 pg of ?9Mo per square centimeter. Assuming that °°Mo indicates
the deposition behaviof of the stable mollybdenun‘n’f‘ission products, there must have been nearly
2 pg of total molyf;denum per squéré centimeter of graphite after 7800 Mwhr of reactor operation.
Thus the weight of total molybdenum depositing in the first layer of graphite was nearly ten times
that of total uranium.

The amounts of séven fission produé’ts deposited on top, middle, and bottom samples of Hastel-

loy N from the surveillance assembly were previously reported, I3 In addition, the following val-

151pid., p. 53.
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Table 7.5. Uranium in Graphite Surveillance Specimens

Micrograms Micrograms
Sample Milled of 235y of 235y
No. _ " Graphite Bar Layer per Gram per Square
' of Graphite Centimeter
25 Top 1 2.72% 0.080
29 2 0.15
58 3 0.16
60 4 0.36
1 Middle 1 3.56% 0.090
4 2 1.26
7 3 1.07
11 , 4 0.87
23 6 1.18
34 Bottom 1 0.66° : 0.047
38 2 0.06
64 3 0.07
66 4 0.11
Graphite <0.082
blank -

®Average of duplicate samples which agfeed within about 10%.

ues were obtained for 25Nb deposition: top, 2.68 x 101° dis min~! cm~?2; middle, 2.74 x 101° dis
min—! em~2; and bottom, 3.79 x 10'° dis min—! cm—2. If the niobium were distributed uniformly
over the 1.2 x 10% cm? of Hastelloy surface in the MSRE, these values correspond to 42, 43, and
90%, respectively, of the calculated total ®5Nb present at reactor shutdown in the reactor system.
Thus, on the average, about half the °5Nb produced was deposited on the reactor metal walls. -
A similar average for the deposition of 95Nb on graphite was nearly half the total present. Cor-
respondingly, analysés for ®5Nb in recent fuel salt samples, after correction for ®5Zr decay
since sampling, indicated that only a low fraction of the total present remained in the salt.

The Hastelloy N samples were also analyzed for $°Co, **Mn, Co, and Fe. The thermal
and fast fluxes calculated from these values agreed satisfactorily with values from the analysis
of dosimeter wires included in the surveillance package. For °5Nb, as for the fission products
prev'idusly”r'epo'rted, there was no correlation between flux and the amount deposited on Hastel-

loy N.

Fuel Salt Samples

Six additional 10-g samples of circulating molten fuel, taken primarily in connection with

recent pump bowl tests to assess the effect of beryllium metal additions on the volatilization

33
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and plating behavior of noble-metal fission products, wete analyzed radiochemically for the 13
isotopes listed in Table 7.6. The data from the last of the previous five samples, FP7-12, are

included in Table 7.6 for comparison. The noble-metal activities are plotted in Fig. 7.3.

Effect of Operating Conditions

In the period of reactor operation covered by the seven tabulated samples, there were four
reactor drains and a aumber of shutdowns, the longer of which lasted 83.5 days, 14.5 days, and
14.1 days. Sample FP8-5 was taken to test the effect of reactor drain and long shutdown (83.5
days) on the concentrations of fission products. The activities were calculated back to the time
of shutdown (July 17, 1966) and should thus be comparable with the results of sample FP7-12,
taken a few days before the shutdown. It is seen that the concentrations of alkaline earths, rare
earths, and 95Zr were not significantly altered. The small rise in 3] concentration is attributed
to a slight contamination of the sample, which would have a large apparent effect when multiplied
by the large correction factor for decay for more than ten half-lives. There were, however, sig-
nificant decreases by a factor of 4 in the concentrations of °3Ru, '°®Ru, and 1297e, suggesting
a slow deposition of these species on the metal walls of the drain tank. Similarly, the noble-
metal concentrations were lower in sample FP11-22, taken 3.2 days after shutdown, than in the
previous sample FP11-12, taken during power operation. The other species increased in concen-

tration due to the 16 days of power operation between the two samples.

Effect of Beryllium Additions

It is difficult to conclude from the data in Table 7.6 that there was a significant effect of
fuel reduction on the noble-metal concentrations in the fuel. The concentrations frequently;‘;'fose
rather than fell, as expected, after adding beryllium. It was interesting that the °%Mo, !°3Ru,
106Ry, and !32Te showed parallel rises and falls. The 9o results were impossibly high for
samples FP11-8 and FP11-12. The high values were checked by reruns on fresh samples. Ifé.a‘ll
the °%Mo produced by fission remained umformly distributed in the fuel, the calculated concen—

tration would be 1.4 x 101! d1s min~' gl A sxmple calculation shows that if all the 9°Mo

: produced by neutron act1vat1on of the °®Mo in the first 0. l-mm thickness of the Hastelloy N
e reactor contamment vessel diffused 1nstantaneously into the fuel melt, the increase in 9°Mo
: concentratlon would be only dbout 10° dls/mm pet gram of fuel. It thus appears that a mechamsm
_'1s requ1red wh1ch either concentrates f1ssmn-produced 99Mo and other noble metals in the pump
s bowl or results 1n large temporal and spat1a1 var1at1ons in their concentrations. Dissolved °°Mo

: would undoubtedly be umformly d1str1buted It the noble metals circulated as a suspens1on of

o 1nsolub1e metal part1cles 1t is conce1vab1e that they mlght concentrate in the pump bowl or vary
“in concentratloniwﬂ:h pump bowl level cover gas pressure and other operatmg Var1ables S1nce

clean metal surfaces are not wet by the fuel salt, there might also be a tendency for metal pat-

ticles to collect around helium bubbles, which are probably most numerous in the pump bowl. The

froth or flotation hypothesis can be checked experimentally in several ways.
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Table 7.6. Analyses of Fuel Salt Samples

Experiment FP7-12 FP8-5 FP10-12 FP10-20 FP11-8 FP11-12 FP11-22
Sampling date 7-13-66 10-8-66 12-28-66 1-9.67 2.13.67 2-21-67 3-9-67
Operating time, days?® 4.1 off, 11.9 on 11.9 on, 83.5 off 14.5 off, 13.2 on 14.5 off, 25.4 on 14 off, 16.1 on 14 off, 24.1 on 40 on, 3.2 off
Nominal power, Mw 7.2 0 7.4 7.4 7.4 7.4 0
Accumulated Mwhr 7200 7800 13,800 15,800 19,000 20,400 22,400
Be addition, g 5.5 10.65 11.65
Isotope Fission Disintegrations per Minute per Gram of Saltb
Yield (%)
9.6 hr 2lsr 5.81 1.32 x 101 1.28 x 101! 1.31 x 10*1 1.33x 1011 1.53 x 101!
51 day %% 4.79 3.96 x 1010 3.70 x 1010 3.83 x 1010 4.70x 1010 4.78 x 1010 6.50x 1019 7,93 x 1010
33 day '*lce 6.0 6.88 x 1019 7.20 % 1019 4.63 x 1010 4.11 x 1010 9.23 x 1010 1.10 x 101!
285 day 1*%Ce 6.0 1.91 x 10%° 1.79 x 1010 2.43 x 1010 2,68 x 1019
66 hr %Mo 6.06 3.15x 1019 3.56 x 1010 4,77 x 1019 3.20x% 101 2.54 x 10112 9,00 x 1010
39.7 day %°Ru 3.0 7.14 x 109 1.42 x 10° 8.02 x 108 6.08 x 108 5,22 x 10° 5.33 x 10° 3.66 x 10°
1.01 year 9%Ry 0.9 2.13 x 1087 5.00 x 107 ~4,0x% 107 2.78 x 107 1.62 x 108 ~1.9% 108 1.46 x 108
77 hr 132Te 4.7 3.81 x 1019 1.56 x 1019 2,04 x 1010 5.50x 1010 3.76 x 1010 2.80x 1010
33 day !29mTe 0.35 4.94 x 108 1.38 x 108 1.49 x 108 ~3.1x 108
8.05 day ‘3l 3.1 5.36 x 10*° 7.94 x 1010 5.46 x 1010 7.16 x 1010 4.96 x 101° 7.55% 101¢  8.30x 1010
35 day ?5Nb 6.2 2.45x 1012 4,77 x 1019 6.73 x 10° 2.36 x 1019 1,14 x 10° 1.21 x 10197
65 day °%zr 6.2 6.55 x 1010 6.01 x 1010 5.42 x 1010 5.21 x 1010 9.34 x 1010 9.25x 100  1.12 x 10!!
12.8 day !*%Ba 6.32 1.42 x 101! 9.00 x 1010 9.97 x 1010 1.30x 101Y 2,74 x 10117 -
30 year '37Cs 6.0 3.13 x 108 4.04 x 108

“Duration of previous shutdown and of continuous operating time just before sample was taken; vice versa for the two samples taken during

shutdown.

PCalculated to the time of sampling or to the previous shutdown.
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The ?5Nb concentrations in Table 7.6 varied erratically and did not parallel the behavior of
the other noble metals. This is ascribed to analyticél difficulties, which are being further in-
vestigated. An unavoidable difficulty is that a large correction for ®5Zr decay must be made for
each salt analysis.

The other fission products (°*Sr, 89r, 14!Ce, 14%Ce, 131, °5Z:, and 14°Ba) generally
showed approximately the expected yields in the salt phase within analytical error. It was re-
ported previously '® that reactor power levels calculated from the observed concentrations of
elements like strontium and cerium, which ren{ain in the fuel phase, were consistently about 20%
lower than the power levels calculated from coolant heat balances. This discrepancy has per-
sisted in the analyses of the new fuel salt samples. To date there have been several dozen

radiochemical analyses, all of which indicate lower than nominal power levels.

Pump Bowl Volatilization and Plating Tests

Six pump bowl tests were run in this report period in which metal specimens were exposed to
the gas phase and the fuel phase of the pump bowl for 10 min. The previous technique 17 was
modified slightly in that the coils of silver and Hastelloy N were attached beside the capsule
cables rather than being wound on them. This facilitated sample disassembly in the hot cell
and furnished an additional specimen of stainless steel cable in the gas phase. Each of the
four gas-phase specimens (Hastelloy N, silver, nickel-plated key, and stainless steel cable) and
the single fuel-immersed specimen (stainless steel cable) were leached or dissolved, and the
solutions were analyzed for at least nine fission products and for 235U.

The gross features of fission product behavior in these runs were similar to those reported
previously, with heavy deposition of the noble-metal fission products on all specimens and light
contamination by ?5Zr, rare earths, and alkaline earths. All the analytical data obtained will
not be presented since the mass of detail would be confusing. However, to make clear the effect
of the three beryllium additions, the depositions on the Hastelloy N specimens in the gas phase
and the stainless steel samples in the fuel phase are presented in detail in Tables 7.7 and 7.8.
The results on the other gas-phase specimens were generally qualitatively similar to those on the
Hastelloy N samples.

It is seen from Table 7.7 that noble-metal volatilization usually increased after the first and
third beryllium additions and decreased as expected only after the second addition. Neverthe-
less, the average deposition on the gas-phase specimens was slightly lower after the three ad-
ditions than it had been previously. Much larger decreases in volatilization followed reactor
shutdown. Experiment FP8-5 was run just before power operation was resumed after an 83.5-day
shutdown, and FP11-12 after a 3.2-day shutdown. In each case, activities were calculated back

to the time of shutdown. The deposition on the gas-phase specimens of elements with stable

16rpid., p. 168.
rbid., p. 69.
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B Table 7.7. Fission Product Deposition on Hastelloy N
Experiment FP7-12 FP8-5 FP10-12 FP10-20 FP11-8 FP11-12 FP11-22
Sampling date 7.13-66 10-8-66 12-28-66 1-9-67 2413467 221-67 3-9.67
Operating time, days?® 4.1 off, 11.9 on 11.9 on, 83.5 off 14.5 off, 13.2 on 14.5 off, 25.4 on 14 off, 16.1 on 14 off, 24.1 on 40 on, 3.2 off
Nominal power, Mw 7.2 0 7.4 7.4 7.4 7.4 0
Accumulated Mwhr 7200 7800 13,800 15,800 19,000 20,400 22,400
Be addition, g 5.5 10.65 11.66
Isotope Fission Disintegrations per Minute on Total Specimenb
Yield (%)
66 hr *Mo 6.06 3.35 x 1010 4.00x 1010 1.36 x 101! 5.61x10'%  1.51x10'!  2.49x10%°
39.7 day '%3Ru 3.0 2.14 x 10° 1.51 x 108 3.60 x 108 1.03 x 10° 4.71 x 108 2.25 x 10° 1.14 x 10° —
10 7 6 7 7 7 o
1.01 year 1%%Rq 0.9 ~7.2 % 10 4,86 x 108 ~7.0x 10 3.63x 10 1.5x 10 7.1x 10 "
77 hr 13%1e 4.7 3.67 x 1011 1.55 x 1011 3.36 x 1011 1.20x 101! 1.56 x 101! 2.74 x 1019
33 day 129mTe 0.35 2.40 x 108 8.79 x 108 2.5 % 10°
8.05 day 1311 3.1 2.71 x 1010 1.77 x 1010 1.01 x 101° 5.77 x 10° 7.58 x 10° 9.68 x 108
35 day 95Nb 6.2 3.91 x 10° $1.1x 107
65 day 9%zr 6.2 7.49 x 10° <3.6 x 10° <4.0x 10° $4.5x 108 £3.2%x10%  ~6.54x 10°
12.8 day **°Ba 6.32 1.84 x 108 2.73 x 108 1.72 x 108 1.35x 108 7.40 x 107
235y, ug total 2.63 0.64 0.91 0.423 1.88 1.79

“Duration of previous shutdown and of continuous operating time just before sample was taken; vice versa for the two samples taken during

shutdown.

PCalculated to the time of sampling or of previous shutdown.




Table 7.8. Fission Product Deposition from Fuel on Stainless Steel

Experiment FP7-12 FP8-5 FP10-12 FP10-20 FP11-8 FP11-12 FPi1-22
Sampling date 7.13-66 10-8-66 12-28-66 1-9-67 21367 22167 3.9.67
Operating time, days? 4.1 off, 11.9 on 11.9 on, 83.5 off 14.5 off, 13.2 on 14.5 off, 25.4 on 14 off, 16.1 on 14 off, 24.1 on 40 on, 3.2 off
Nominal power, Mw 7.2 0 7.4 7.4 7.4 ’ 7.4 0
Accumulated Mwhr 7200 7800 13,800 15,800 19,000 20,400 22,400
Be addition, g 5.5 10.65 11.66
Isotope Fission Disintegrations per Minute per Specimenb
Yield (%)
66 hr °°Mo 6.06 1.30x 101! 2.23 x 1011 3.13x 101! 7.28 x 101 420x 10" 7.13 x10°
39.7 day '%°Ru 3.0 3.10x 10° 5.90 x 108 2.24 x 10° 9.50 x 10° 1.88x 10%  1.38 x 107 =
106 7 7 7 o
1.01 year ‘%°Ru 0.9 6.60x 10 1.77 x 10 ~9.2 x 107 2.96 x 108 5.6 x 109? 4.04 x 10
77 hr 132Te 4.7 2.21 x 1011 3.59 x 1011 1.96 x 1011 3.84%x 1019  3.67x10'° 2.17x10'°
33 day !29mTe 0.35 3.17 x 108 1.09 x 108 1.34 x 10°
8.05 day 131 3.1 3.85 x 1010 1.23 x 10° 1.71 x 1019 1.19x 1010 3.38 x 10° 2.15 x 10° 2.63 x 10°
35 day 25Nb 6.2 7.87 x 1010 S1.7x107
65 day °5zr 6.2 2.84 x 107 <6.5 x 10° <1.2 % 107 S1x107 ~6.3 x 10° 7.2 x 10°
12.8 day '*%Ba 6.32 4.81 x 108 1.71x 108 4.34 x 107 3.25x 107 3.61x107
235y, ug total 24 17.6 1.65 3.57

“Duration of previous shutdown and of continuous operating time just before sample was taken; vice versa for the two samples taken during
shutdown. '

bCalculated to the time of sampling or of previous shutdown.
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fluorides was not affected either by fuel reduction or reactor shutdown. The fact that noble-
metal fission products volatilized to a considerable degree after reactor shutdown indicated that

the process of fission was not directly related to the volatilizing process.

As in previous runs, it was observed that deposition on the four different metal specimens
was of similar magnitude for all species. Less reaction of noble-metal fluorides with silver in
particular was expected since AgF is relatively unstablé. In experiment FP11-22 a gold wire
coil was substituted for the silvet one, and it picked up as much of the noble metals as the other
metal specimens. This lack of chemical discrimination is puzzling and casts some doubt on the
supposition that the noble-metal fission products leave the fuel phase as high-valent fluorides.
To eliminate the possibility that the observed deposition was due to reaction with oxide films on
the metal specimens, experiments are planned in which the specimens will be reduced before in-
sertion into the pump bowl. These observations of deposition indicate the value of laboratory
experiments to identify the chemical nature of the noble-metal species that volatilize from radio-
active fuel salt. Such experiments appear to be feasible using either mass spectrometric or gas

chromatographic techniques.

The data in Table 7.8 show that the average deposition of noble metals was heavier on the
stainless steel cable immersed in fuel than on Hastelloy N in the gas phase, although contami-
nation by salt, as indicated by °5Zr, 14%Ba, etc., was no greater. It was interesting that the
plating behavior generally paralleled the volatilization behavior. Thus on the average, the amount
of noble metals plated decreased after the second beryllium addition but increased after the first
and third additions, as did deposition on the gas-phase specimens. Also, the amount plated was
distinctly lower in the two runs made after reactor shutdown. This parallelism is consistent with
the theory that high-valent noble-metal species in the fuel take part in both the plating and vol-
atilization processes. More information on the nature of the high-valent species in the fuel may
be obtained by immersing specimens of other metals besides stainless steel in future pump bowl

tests.
Because of the practxcal mterest in the behavior of the molybdenum and ?99Tc fission prod-

ucts the results of these pump bowl tests for 99Mo are glven in detail in Table 7.9. The ques-

tlonable effect of fuel reductlon and the def1n1te effect of reactor shutdown are shown clearly.

o It is seen that deposmon on the ruckel-plated key was relatxvely heavy, as observed prev1ously,

E wh11e dep051t10ns on the other spec1mens were of s1m11ar lower magmtudes The larger size of

the nickel specxmen probably accounts for the larger total amount depos1ted The heavy deposit
on the key suggests the truly gaseous nature of the %°Mo species, since the key is surrounded
by the latch and only its bottom t1p pro;ects into the pump bowl space. The quahtatwe nature of
these tests 1s shown by the data in Table 7.9. It mlght be concluded from Table 7.9 that depo-
sition of ; 99Mo on silver was umformly h1gher than on Hastelloy N. This is not borne out by
previous data', nor by the behavior of the other noble metals. Individual values are probably
reproducible only within a factor of about 4. On this basis, only sizable changes in deposition,

such as between the last two runs, are to be considered significant.
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Table 7.9. Deposition of 9%Mo on Pump Bowl! Specimens

Experiment FP7-12 FP10-12 FP10-20 FP11-8 FP11-12 FP11-22
Sampling date 7-13-66 12-28-66 1-9-67 © 0 2-13-67 © 22167 '3-9-67
Operating time, days? 11.9/4.1 13.2/14.5 25.4/14.5 16.1/14 24.1/14 40/3.2
Nominal power, Mw 7.2 7.4 7.4 7.4 7.4 _ 0
Accumulated Mwhr 7200 13,800 15,800 19,000 20,400 22,400
Be addition, g 5.5 10.65 11.66 '
Sample Disintegrations per Minute per Specimenb

% 1010 x 1010 x 1010 x 1010 x 1010 x 1010
Hastelloy N 3.35 4.00 13.6 5.61 15.1 2.49
Silver 12.7 67.0? 16.2 18.2 29.3 ' 2.82 (Au)
$sG° 9.57 12.7 8.90 20.2 1.83
Nickel? 17.6 141 105 26.7 54.6 14.4
ssL® 13.0 22.3 31.3 72.8 42.0 0.71
Fuel, dis min~! g~ 1f 3.15 3.56 4.77 32.0? 25.4? 9.09

#The slash separates the durations of the previous shutdown and of continuous opefating time jilst before the
sample was taken; vice versa for sample FP11-22, taken during shutdown.

PCalculated to the time of sampling or of previous shutdown.
°Stainless steel cable in gas phase.
dNickel-plated key.

®Stainless steel cable immersed in fuel phase.

[99Mo activity in fuel sample taken simultaneously.

Uranium on Pump Bowl Metal Specimens

Also recorded in Tables 7.7 and 7.8 are the quantities of 235U determined by delayed-neutron
counting in the leaches of the metal specimens exposed in the MSRE pump bowl. The reported
results varied from 0.4 to 24 ug of 235U per sample. Of the total of 25 samples run, only five
exceeded 5 pug of 235U, with the remainder averaging 2 pg of 235U. No correlation was apparent
between the deposition of uranium and that of fission products; thus the uranium found did not
me/rely represent contamination of the samples by fuel salt. It is not surprising that uranium
shows different chemical behavior from the noble metals. What is difficult to explain chemically
is that it volatilizes or plates at all. Fortunately the extent of uranium volatilization and plating
is small (as shown more conclusively in the examination of the long-term surveillance specimens)

and is of negligible practical concern.

Freeze Valve Capsule Experiments

Although valuable qualitative information was derived from the tests in which metal specimens
were exposed in the pump bowl, these tests suffered from the drawback that the results could not
be interpreted quantitatively. Therefore, a capsule was designed to take a pump bow! gas sample

of known volume from whose analysis the gaseous concentrations of fission product species

i
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could be calculated. It was required that the sampling device be small enough to pass freely
through the bends of the 1 1/Z-in.-diam sampling pipe and that it should operate automatically when
it reached the pump bowl.

The device shown in Fig. 7.4 operated satisfactorily to furnish 20-cc samples of pump bowl
gas. The capsulé is evacﬁated and heated to 600°C, then cooled under vacuum to allow the

Li,BeF, in the seal to freeze. The double seal prevents loss of Li ,BeF , from the capsule

‘during sampling. The weighed, evacuated capsule is lowered into the pump bowl through the

salt-sampling pipe and positioned with the bottom of the capsule 1 in. above the fuel salt level
for 10 min. The freeze seal melts at the 600°C pump bowl temperature, and pump bowl gas fills
the 20-cc volume. The capsule is then withdrawn to 2 ft above the pump bow!, and the capsule
is allowed to cool. There is a slight ‘‘breathing’’ action of the capsule when the initial sample
is partially exhaled as the capsule warms from the Li BeF , liquidus temperature (457°C) to
600°C. As the capsule cools from 600 to 457°C in the sampling pipe, additional gas is drawn

into the capsule. The double freeze seal prevents loss of the salt seal during the exhalation.

ORNL-DWG 67-4784

STAINLESS STEEL

CABLE
3/4~in. OD NICKEL
VOLUME il
ZOcc\\
LioBeF, |~ NCKEL caPILLARY

Fig. 7.4. Freeze Valve Capsule.
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It is thought that the reactive fission product gases first inhaled react rapidly with the interior
metal (nickel or stainless steel) walls of the capsule, so that correction need not be made for
loss during the exhalation. The final inhalation is 2 ft up the pipe, where the atmosphere should
be relatively pure helium. '

The cooled resealed capsule is withdrawn from the sampling pipe and transported in a carrier
to the analytical hot cells. Here a Teflon plug is placed over the protruding capillary and the

exterior of the capsule is thoroughly leached free of fission product activities. The top of the

capsule is cut off, and the interior metal surface is leached with basic and acid solutions for 1 hr.

The bottom of the capsule is then cut at two levels to expose the bottom chamber of the capsule.
The four capsule pieces are placed in a beaker and thoroughly leached with 8 ¥ HNO, until the )

temaining activity is less than 01% of the original activity. The three leach solutions are radio-
chemically analyzed for the activities shown in Table 7.10 and for 235U by delayed-neutron

counting.

Table 7.10 gives the total activities in the leach solutions for the freeze valve capsule runs ’

made before and after the first 5.5-g beryllium addition to the fuel. The runs made after the next
two beryllium additions failed since the capsules were lowered a little two far into the pump bowl
and withdrew salt samples. In the two successful runs, the final leach of the segmented capsule
contained about niné-tenths of the total of each of the activities. The activities either were
trapped by the sealing salt or reacted very rapidly with the walls of the bottom chamber or the
capillaries. |
The results of Table 7.10 generally confirmed the qualitative indications from the pump bowl
tests. For comparison, Table 7.10 includes the analysis of fuel salt sample FP10-20, which was
taken between the two freeze valve capsule runs. It is seen that the 20-cc gas samples con-
tained more °°Mo, !%3Ru, !9%Ru, and !3?Te than were contained per gram of fuel salt. The
slight decrease in most of these activities after adding 5.5 g of beryllium is probably within
analytical error. The °°Nb activities were relatively low and may reflect the analytical diffi-
culties wi’.ch this isotope. On the other hand, the °5Zr and !*%Ba activities were very low,
indicating that less than 0.5 mg of fuel salt had entered the capsules. The small amounts
of these activities found may have been due to the slight volatility of ZrF , and to the 16-sec
140xe precursor of 14%Ba. The quantities of ?3°U found were low, but higher than expected.
Alfhough 0.5 mg of fuel salt would more than account for the amount of 23°U found, this ex-
~ planation is difficult to accept since the values for °*Zr and !#%Ba were lower in the sample
for which the 35U value was higher. Tentatively, the 235( values are taken as representing
volatilization of uranium. The sharp drop in the uranium value after adding> 5.5 g of beryllium
metal was not reflected in the amounts of uranium found on the metal specimens of the corre-
sponding pump bowl tests (see Table 7.7). This correspondence will be examined in future tests.
The known volume of the gas sambles permits us to calculate quantitatively the molar gas-
eous concéntrations of the noble metals and of uranium in the helium cover gas, also given in
Table 7.10. It is seen that the gaseous concentrations represent significant partial pressures

“of uranium, molybdenum, ruthenium, and tellurium. The concentrations for 99Mo multiplied by the
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Table 7.10. Freeze Valve Capsule Results

Experiment FP10-11 FP10-22 FP10-20
Sampling date 12-27-66 1-11-67 1-9-67
Operating time, days® 14.5 off, 12.6 on 14.5 off, 27.7 on 14.5 off, 25.4 on
Nominal power, Mw 7.4 7.4 7.4
Accumulated Mwhr 13,600 16,200 15,800
Be addition, g 5.5
Fission Before B After B
Isotope Yield eeor = ° erb ° Fuel Salt b
(%) Dis/min Total Ppm Dis/min Total . Ppm (dis min~1 g‘l)

66 ar 2°Mo 6.06 - 2.04 x 10"? 5.4 1.36 x 10! 3.6 4.77 x 1010
39.7 day '°3Ru 3.0 3.80%x 10° 1.4 2.63 % 10° 1.0 6.08 x 10°
1.01 year '9%Ru 0.9 ~6.7 %107 ~0.24 7.74% 107 0.27 2.78 X 107
77 ar 13216 4.7 5.73 x 10 1.7 5.08 x 1019 1.6 2.04 x 1010
8.05 day 1311 3.1 9.75 x 10° 0.75 2.03 x 107 0.18 7.16 x 100
35 day °°Nb 6.2 $3.26 x 107 2.00 x 10% 2.36 x 10*°
65 day °5zr 6.2 <2.9% 10° <0.0018 S$2.2x107 £0.012 5.21x 1010
12.8 day '*%Ba 6.32 2.75 x 10° 0.034 3.48 x 10° 0.042 9.00x 10%°
235y 3.86 ug 46 0.55 g 6.5 14,000 pg/g

“Duration of previous shutdown and of continuous operating time just before sample was taken.

bDisintegrations per minute calculated to the time of sampling or of previous shutdown.

total cover gas flow (5000 liters/day) correspond to more than half the total °°Mo produced per

day. Since previous material balances indicated that the bulk of the ?°Mo should deposit on the

Hastelloy N surfaces or remain in the salt, it is suspected that the gas concentration in the

sampling volume surrounded by the ‘mist shield is higher than in the remainder of the pump bowl

gas phase. A similar calculation for the gas sample before beryllium addition indicates that

more than 2 g of uranium per day would be swept out by the cover gas. The next gas sample

indicated much lower uranium loss. Clearly, more analyses of freeze valve capsule samples

are needed to determine more accurately the volatilization of uranium,

Special Pump Bowl! Tests

‘A special capsule has been designed (Fig. 7.5) to determine the concentrations of hydro-

catbons and volatile fluorides in the pump bow! gas. A known volume of the sample gas is

made to pass through a weighable stainless steel cloth container containing CuO. From the

'Wéightg ch'a;ri‘ge‘ and:t:}ie'flﬁbridia‘énalysis of the C'uol, the gaséou's concentrations of hydrocarbons
and volatile fluorides can be calculated. A single test of this type with flush salt in the reactor
has been successfully run and showed detectable amounts of hydrocarbons and HF. Quantitative

results will be reported when results are available on several tests.

g Py
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Fig. 7.5. Hydrocarbon Analyzer.

The above test can be run only with the reactor fuel pump turned off. A variation is being

developed which can be run with the reactor at power and the fuel circulating.

Another special capsule has been designed for exposing graphite specimens to both the fuel

phase and the gas phase of the MSRE pump bowl. This test will permit the evaluation of noble-

metal deposition on graphite under various specific short-term operating conditions.

General Discussion of Fission Product Behavior

Additional qualitative pump bowl tests and new quantitative freeze valve capsule tests have
confirmed the previously reported tendency of the noble-metal fission products to leave the fuel
by volatilization and by plating on Hastelloy N. The observed behavior was difficult to interpret
thermodynamically, as discussed previously. These difficulties were compounded by the currently
reported observations that uranium also volatilized and that the behavior of noble metals was not

significantly affected by the addition of 27.8 g of beryllium metal to the fuel, sufficient to reduce
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0.65% of the U** content to U3*, Analyses of the reduced salt for U by a recently developed |
method indicated that the U**/U3" ratio was far too low to produce the observed partial pressures
of volatile high-valent fluorides of noble metals and uranium.

In order to retain the volatile fluoride hypothesis, recourse must be had to kinetic explana-
tions. It may be postulated that sizable steady-state stoichiometrically equivalent concentrations
of US* and U3* are produced radiolytically in the fuel melt. This postulate implies that the oxi-
dized and reduced speci\es do not undergo back reaction fast enough for their concentrations to
fall to very low values. In the radiolysis of water at high temperatures, steady-state concentra-
tions of H, and O, are produced and maintained analogously. U3* and US" are logical choices
for the surviving oxidized and reduced species, since U*" is the bulk fuel constituent that is
most easily reduced and most easily oxidized. Now the US* can oxidize the noble-metal fission
products to high-valent volatile states. Bubbles of helium known to be circulating with the salt
can act as kinetic traps to preserve the oxidized species from reaction with U3*. The probability
of reduction is much poorer in the dilute gas phase. The oxidized fluorides may in this way be
delivered to the pump bowl and swept out.

A difficulty With‘ this theory, aside from its several assumptions, is that noble-metal volatili-
zatjon was nearly as great three days and 83.5 days after reactor shutdown (Table 7.7) as during
reactor operation, wheréas the radioactivity of the fuel melt and consequently its rate of radioly-
sis had changed by several orders of magnitude. A very strong dependence of the rate of back
reaction of U3* and US* on their concentrations would be required to reconcile this fact to the
theory.

An alterate theory postulates that the noble metals circulate as metal sols in the fuel melt.
Since the fuel melt does not wet cleaq metals, the sol would tend to accumulate at the interfaces
of the fuel with the gas phase, such as helium bubbles. When the helium bubbles go through the
spray ring and burst, some of the metal sol may be sprayed into the gas phase as a gaseous sus-
pension, which would act like a volatile species. '

Difficult to explam by this theory are the volatlhzatlon of uranium and the apprec1able pene-
tration of noble metals 1nto the surfaces of the graphlte survelllance specimens.

It is clear that information is needed on the nature of the volatilizing uranium and noble-metal
species before a credibie account of their behaviof can be given. Experim‘ents in this direction
are planned. . ‘ - -

The reduction of the fuel melt by adding beryilium metal will be continued until at least 1%
of the U** has been converted to U3*. This additional reduction may have some effect on noble- -
metal vblétiliza‘ti'on The addition of a little hydrogen to the helium cover gas vmay be effective

if Volatlle fluondes are involved. The effectlveness of hydrogen in reducing noble-metal volatili-

‘zatlon may be tested in the hot cell by measuring the volatilization from a large sample of molten

MSRE salt during sparging with helium and with hydrogen.
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7.3 PHYSICAL CHEMISTRY OF FLUORIDE MELTS
The Oxide Chemistry of LiF-BeF,-Z¢F, Mixtures
B. F. Hitch C. F. Baes, Jr.

Previously described measurements!8+19 of the solubility o.f BeO in LiF-BeF, mixtures and of
the solubility of Z:O , in simulated MSRE fuel-salt—flush-salt mixtures have been completed. The
results, which have been reported more fully elsewhere,?? may be summarized by the following
expressions: k .

In LiF-BeF, saturated with BeO at 500 to 700°C,

log on_ = —0.901 + 1.547XBeFZ — 2625/T .
In (2LiF-BeF2) + ZiF saturated with Z1O, at 500 to 700°C,
a
X =+ KX )32,
0%~ 1/2 ZrF,
(XZrF4)

wherein
log a = —1.,530 - 2970/T ,
log b= -1.195 — 2055/T .
In these expressions, the mole fraction is defined
n,

X _ 1
;= : .
Ay ip + nBeF2 + ”ZrF4

ZrO2 replaces BeO as the least soluble oxide when X, . exceeds 0.0008. This correéponds to
4

1.6 wt % fuel salt in flush salt. With further increases in the amount of fuel salt, the oxide

tolerance decreases at a given temperature, passes through a minimum at X, - approximately
4

equal to 0.01, corresponding to approximately 20 wt % fuel salt, and then increases (Fig. 7.6).

Solubilities of SmF; and NdF, in Molten LiF-BeF, (66-34 Mole %)
F. A. Doss F. F. Blankenship J. H. Shaffer
Measurements of rare-earth fluoride solubilities in molten LiF-BeF ) mixtures have been re-

sumed to supplement earlier data on rare-earth trifluoride solubility behavior in molten fluoride

systems.?! This experimental program will examine the behavior of those rare earths which are

2(1)8(:‘ F. Baes, Jr., and B. F. Hitch, Reactor Chem. Div. Ann. Progr. Rept. Dec. 31, 1965, ORNL-3913,
p. 20.

194SR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, p. 133.

1;0B. F. Hitch and C. F. Baes, Jr., Reactor Chem. Div. Ann. Progr. Rept. Dec. 31, 1966, ORNL-4076,
p. 19.

21R’eactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p. 77.
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Fig. 7.6. Estimated Oxide Tolerance in MSRE Salt
Mixtures. (1) Flush salt saturated with BeO, (2) flush-

salt—-fuel-salt mixture of minimum oxide tolerance, and

(3) fuel salt.

of interest to fuel reprocessing studies for the reference design MSBR and whose solubilities in
the proposed MSBR fuel solvent have not been p‘revieusly measured. The solubility of SmF3 in
LiF-BeF, (66-34 mole %) was determined for comparison with previous data in a similar fluoride
solvent and with anticipated measurements of SmF, solubilities in the same solvent.

“The expenmental method essentially duphcated that of the earlier investigation. Filtered
samples of the saturated solvent were withdrawn at 50° temperature intervals while heating and
coohng the molten mixture between 550 and 800°C. Rare-earth concentrations in the filtered sam-

ples were determined by radiochemical techmques In the current study rare earths were labeled

" in situ with an appropnate rad1o1sotope at temperatures in excess of that required for complete

dissolution of the added rare-earth fluoride. Earlier studies incorporated the radiotracer during the
preparatmn of the rare-earth tr1f1uor1de. ’
Expenmental values of the solub111ty of SmF in LiF-BeF, (66-34 mole %) at 600, 700, and

800°C were 0. 013 0.024, and 0.040 mole fractlon respectwely Solubilities of NdF, in the same

solvent were 0.010, 0.019, and 0.035 mole fraction at 600, 700, and 800°C respectwely. Heats of
solution of 10.5 kcal/mole for SmF, and 11.5 kcal/mole for NdF , were calculated from the linear
dependence of the logarithm of the solubility values on the reciprocal of the absolute temperature,

as shown in Fig. 7.7.
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Fig. 7.7. Temperature Dependence of the Solubility of SmF3 and NdF3 in
Molten LiF-BeF, (66-34 Mole %).

Current solubility values for SmF 5 coincide with those obtained previously in the solvent LiF-
Ber-UF4 (62.8-36.4-0.8 mole % respectively) only at 650°C. The heat of solution of SmF, by
the previous data is about 13.9 kcal/mole. Although no discrepancies in the two experimental

procedures are apparent, further studies would be required to resolve possible solvent effects.

The blanket salt proposed in the MSBR reference design report is an "LiF-BeF 2-ThF4 mixture
(71-2-27 mole %), whose liquidus temperature is 1040°F (560°C). Alternate compositions of

"'LiF-BeF2-ThF4 may appear to be attractive as blanket salts if the advantages of lower liquidus
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temperatures are not offset by the attendant reduction of thotium concentration. (The concentra-
tions of BeF, are not sufficient to affect the viscosity adversely.) Mixtures of 7LiF-BeF2-ThF4

whose compositions lie along the even-reaction boundary curve

L == 3LiF. ThF4(ss) + 7LiF - 6ThF,

appear to qualify as the best blanket 'salts from phase behavior considerations. The ThF 4'con-
centration o‘f these mixtures varies from 6.5 to 29 mole % as LiF concentrations change from 63 to
71 mole %. Liquidus temperatures for this range of compositions vaty from 448°C (838°F) to
568°C (1044°F). In the molten sfate these mixtures contain thorium concentrations ranging‘ from
850 to 2868 g/liter at approximately 600°C. These data are summarized in Figs. 7.8 and 7.9 and
in Table 7.11. Optimization of thorium concentration and liquidus temperatures may be made with
the aid of Fig. 7.8; if 2000 g/liter of thorium is adequate to achieve good breeding géin, the
composition containing 17.5 mole % ThF‘4 may be used, and the liquidus temperature of this mix-

ture is 516°C (960°F).

ORNL~LR-DWG 37420R2

The, 4“4t
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Fig. 7.8. Phase Diagram of the System LiF-Ber-ThF4.
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Table 7.11. MSBR Blanket Compositions

Thorium Concentration Liquidus Temperature Composition (mole %)
(g/liter) Degrees C Degrees F ThF4 LiF BeF2
863 450 842 7 63 30
1207 469 876 10 66 24
1828 500 932 16 69 15
2419 550 1022 22.5 71 6.5
2868 568 1054 29 71
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7.4 SEPARATIONS IN MOLTEN FLUORIDES
Removal of Rare Earths from Molten Fluorides by Precipitation on Solid UF,

F. A. Doss H. F. McDuffie J. H. Shaffer

Studies of the pfecipitation. of raré—ééfth trifluorides from solution in LiF-BeF, (66-34 mole %)
on solid UF, have continued.?2 This program is concerned with the retention of rare-earth fission
products on a bed of solid UF, as a possible method for reprocessing the fuel solvent of the
reference design MSBR. Experiments conducted thus far have examined the removal of selected
rare eafths from the simulated fuel solvent upon addition of solid UF,. Results obtained for the

removal of NdF, are illustrated in Fig. 7.10. Material balance calculations of the system indicate

" that the composition of the solid phase varied from 0.54 to 0.22 mole % NdF, in UF, as UF was

added to the salt mixture. Subsequent changes in the concentration of NdF3 and UF, in the salt
mixture, as the temperature was varied from 550 to 800°C, corresponded to a constant solid

composition of 0.22 mole % NdF3 in UF, over the temperature region.

22)/SR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 145.
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Precipitation on Solid UF3.
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Extraction of Protactinium from Molten Fluorides into Molten Metals E

D. M. Moulton ' W. R. Grimes ‘
F. F. Blankenship J. H. Shaffer

Studies of the extraction of protactinium from the MSBR blanket salt (73LiF42BeF2-25ThF4)
by reduction with thorium-bismuth amélgams have continued. In an experimént at 650°C in which

the salt originaily contained about 600 ppm UF , and a trace of PéF4, thorium was added to the

bismuth in several successive small increments, and after equilibration the concentrations of Li, -

U, Th, and Pa in the bismuth and U and Pa in the salt were meésured ‘(Li anAd“Th in the salt E
L)

- stayed constant). . i

Letting X and X _ denote mole fractions in the metal and salt phases and with activity

coefficients of unity, we can define a half-cell voltage for each metal:

RT X
=8 o __In_™m, 1)
° a3 X (
where 8(1) is a constant to be evaluated later. Plotting In (X _ /X ) for each of the four metals vs

the amount of added thorium gave four parallel lines. This was taken to mean that the metals were

indeed in equilibrium; therefore, all the £’s were set equal to each other, requiring that the 8(1) be
adjusted to fit. ’

The standard half-cell potential 80 of a metal is normally defined for the reaction M = M?* + ne™,
where M is the pure metal in the physical state appropriate to the temperature and M2 " is the ion in
solution referred to some standard state. Baes?® has tabulated 80 for a number of elements, using
as the standard state of the ion a hypothetical unit mole fraction solution in the MSBR fuel solvent
{extrapolated from dilute solution), except for Li and Be, for which the standard state is the Li BeF,
mixture. These values are for the Li,BeF, fuel salt but are taken here as a reasonable approxi-
mation of the Li-Th-Be blanket salt. Any variation in the concentration of the ion in the salt can

be accounted for by writing

, (2)

where y_ is the activity coefficient in the salt; thus 80 = € at unit ion activity Y Xs=1, andy, =
1 at low concentrations, so 80 is, as stated, the voltage at an extrapolated hypothetical unit mole

fraction solution.

Highly electropositive metals dissolved in bismuth do not form ideal solutions at all, even at

low concentration; these are intermetallic compounds formed with substantial free energies. Never-

theless, preserving the form of Eq. (2), we can write

RT X

g.8 _2 ptmlm 3)
0 nd ySX
S

23C. F. Baes, Jr., Themodynamics, pp. 409—33, IAEA, Vienna, 1966.
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Here y << 1 even in very dilute solutions.

At this point an alternative choice of standard states is useful. In the extraction process we
do not deal with pure metals but with amalgams exclusivély, and we are concerned not with ac-
tivities but with concentrations. If we write (3) in the form of (1) having Xm/Xs , the measured

quantity, as the independent variable, we find

g.¢ _—1n—--5~1n m_ (39

Since we are dealing with solutions of constant composition (Li and Th in the salt) or dilute (all
the othérs) , all of the y’s may be taken as constant with composition. Then we can define an

alternate standard potential & o

RT vy
1
I .

and substituting this into (3”) we obtain (1). We see at once that 8(1) is the voltage of the half-
cell when X =X . Here the standard states or hypotheﬁcal unit mole fraction solutions have the
propetrties corresponding to infinite dilution. To evaluate the 8(1)’5 we need know 80 and y_/y, for
one of the four metals and just the ratio .Xm/XS for the others. This will enable us to construct an
electromotive series for the system amalgam-salt which will include protactinium, for which we do
not know y or 8 . It should be stressed that VY and 81 are alternate ways of accounting for the
same phenomenon the formation of intermetallic compounds with bismuth.

For lithium we have y = 9.8 x 10~ 5,24 Assuming that this salt acts like Li BeF ,, we say

4’
that y = 2.2 [ extrapolating from (1)], which gives 81 (Li) = 1.803. Now we may use this to find

the other 81’3 which are shown in the accompanying table.

: ' Oyry @ ’ 1b c
M ~&  (923°K) - &l Vo
Li 2.601 ' 1.80 9.8'x 105
Th S 1772 , 147 4x 1077
Pa ; ) ’ 1.32
10} 1.368 ; 1.28 4x 103

6—80 (v) at 923°K is half-céll potential for pure metal » ién at hypothetical unit molé fraction in
LizBeF4 (except to 0.67 mole fraction for Li).
b_8(1) (v) at 923°K is half-cell potential for amalgam - ion in LiZBeF4 at Xm = Xs .

cym is activity coefficient used to describe activity when referred to standard state described by 80.

‘ Vaiués‘bf Vs can be estimated for Th and U. The salt concentration of uranium is low, so Vs

" may be set equal to 1. A rather crude approximation to ¥, for Th is an extrapolation of y_for U in

2451ightly changed from ORNL internal memorandum of D. G. Hill to W. R. Grimes, June 20, 1966.

e
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Li2BeF4,23 giving y_ = 7.5, Using these and the tabulated values of 80 , we find y_ as shown.
Interpolation of values obtained at Brookhaven?’ gives y_ for Th and U as 10~7 and 1.7 x 10~*
respectively. An error of an order of magnitude in y,_/y, for Li gives four orders of error in y for

Th and U, so considering the approximations in the calculations, the agreement is reasonable. On

the other hand, 8(1) changes by the same amount for all valences, so that the difference in 8;, which

is the quantity most ditectly related to the extraction efficiency, is not affected by errors in Y
Therefore, although the absolute values should not bé taken too seriously, they indicate fairly

well the relative ease of extraction of the four elements into bismuth.

Extraction of Rare Earths from Molten Fluorides into Molten Metals

D. M. Moulton W. R. Grimes
F. F. Blankenship J. H. Shaffer

As pért of the program of removing lanthanide fission products from MSBR fuel solvent by re-

ductive extraction into liquid metal, the study of the activity of lithium in bismuth amalgams has

been continued. The method used has been the equilibration of amélgam-salt systems with metallic

beryllium, which is insoluble in bismuth and thus has a known unit activity. An analysis of data
reported earlier?® reveals that, regardless of whether the amalgam was prepared by adding Li ot
Be to the bismuth-salt system, only about two-thirds of the reductant metal appeared as amalga-
mated lithium. Because of the difficulty in accurately measuring very small changes in salt com-
position, mass balances were made on the basis of the metal phase only, so that it was not pos-
sible to tell whether the missing one-third was due to some systematic experimental error or
represented an actual reduction process.

The use of barium as a reductant has allowed both salt and metal phases to be analyzed ac-
curately. In this experiment Ba was added on top of the salt, through which it sank and dissolved
in the bismuth. A similar procedure had been used for Be (which floats, however), while Li had
been added through a dip leg directly to the bismuth. Here again it was found that only about 60%
of the Ba could be accounted for by Ba and Li in the bismuth. Now, however, the lost barium all
appeared in the salt phase, with the mass balance generally 95 to 105%. It is clear, therefore,
that some unexpected reduction process was going on.

The equilibrium constant for the reaction
Ba(m) + 2Li* = Ba?* + 2Li(m)

is found to be 0.016, corresponding to a AF° of +7.14 kcal/mole [ assuming y(Li+) = 1.4,

Cy(Ba?t) =11. 8(1) for the reaction Ba(m) = Ba2?* + 2e~ is —1.63 v, using 8; of Li as —1.80.

All of these values are based on the amalgamated metal at unit mole fraction as the standard and

25Brookhaven National Laboratory Nuclear Engineering Progress Report, July—September 1958, January—~
April 1959; Annual Report, July 1, 1956.

26J. H. Shaffer et al., MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 142,
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not on the pure element.. By comparison, 80 for Be is —1.72,23 and 80 for Ba is probably about
—2.2 to —2.3.

The only reducible material present in sufficient quantities to explain this behavior is beryl-
lium ion. Excluding for the present the possibilities of Bet and Be® dissolved in the salt, metal-
lic beryllium can be present only at unit activity. Thus, at equilibrium a lithium amalgam mole
fraction of about 0.18 can be reached before any beryllium is formed, while Ba amalgam should not
reduce Be2"* at all. However, one can imagine the formation of Be either by the metallic Ba sink-
ing through the salt or by Li amalgam at locally high concentration before it is thoroughly mixed..
If, then, any Be so formed, or Be introduced as such, should be physically disposed in such a way
that it no longer can be made to contact the bismuth by agitation, it will never come to a true
equilibrium. For instance, since Be floats, it may splash onto the container walls and not drain
back. It is intended to test this explanation by trying to observe beryllium on the container walls,
but this had not been done at the time of this writing, At least, it can be shown that the amount
of lost reductant is roughly proportional to the amount added, which would be expected if this is
the case. Unfortunately, some other old wotk, in which, when salt was contacted with an already

equilibrated amalgam, more Li disappeared,?® is still not explained.

Protactinium Studies in the High-Alpha Molten-Salt Laboratory

C. J. Barton - H. H. Stone

Data given in the previous progress report?’? showed that a large fraction of the protactinium
dissolved in molten LiF-ThF (73-27 mole %) is converted by exposure to solid thorium to a form
that does not pass through a s 1ntered copper filter. However, more than half the reduced protac-
tinium remained suspended in the molten salt. It was also reported that efforts to convert the dis-
solved protactinium into a more readily recovetable form by electrolytic reduction had been un-
successful. Further studies of the reduction process and other potential recovery methods are

briefly summarized here.

Electrolyflc Reduction. — Three experrments were performed in an effort to transfer protactinium
from molten L1F-ThF (73-27 mole %) to l1qu1d brsmuth by electrolys1s. The fraction of the prot-

actinium reduced to'a form that would not pass through a sintered copper filter varied from 0.5 to

-0.95. In all three cases, analys1s of samples of the b1smuth layer that had passed through sintered

5 stamless steel frlters 1ndrcated that only a few percent of the orlgrnal protact1n1um content of the

salt phase was drssolved in the molten metal Because of lack of encouraging results we have

,temporarrly drscontmued the electrolytrc approach to protactmrum recovery

Thorlum Reduchon ina Blsmuth Contmmng Melt - An experrment was performed to determme

whether transfer of reduced protactrnlum from the salt phase to brsmuth would be 1mproved by

carrymg out the reductron in the presence of dissolved bismuth. This expenment was carried out

27¢. 3. Barton and H. H. Stone, MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 156.
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in a niobium-lined nickel pot equipped with a niobium dip leg. The 23!Pa, 233Pa (in irradiated
§ . LiF-ThF ), and 0.55 g of Bi O, were mixed with LiF-ThF (73-27 mole %) and given a 30-min
treatment with mixed HF and H,. After adding bismuth metal to the molten salt, the salt phase

was exposed to a ffeshly cleaned thorium rod, approximately 1/4 in. in diameter, for three consec-
utive 45-min periods. After the third exposure the protactinium concentration had been reduced to
about 12% of the initial value,

The crusts collected from the three thorium rods used in this experiment (13.0 g total) con- ’ k
tained approximately 6.5 g of bismuth, far more than could be accounted for by the change in
biémuth content of the filtered samples. The bismuth recovered as a separate phase weighed 51 g, ﬁ
as compared with the calculated value of 89 g. Further experiméntatidn will be required to provide o
a satisfactory explanation of these observations.

Thorium Reduction in the Presence of Iron Surface (Brillo Process) . — Shaffer reported?® that

when a tracer quantity of 233Pa precipitated from molten LiF-BeF -ThF, (73-2-25 mole %) in the 3

i, bl o 16 st

presence of a large amount of iron surface in the form of steel wool (Brillo), most of the 233Pa

activity remained with the steel wool when the salt drained away. We have performed a series of

experiments that confirm Shaffer's finding with 23!Pa concentrations in the approximate range 30
to 100 ppm of 23!Pa, ;
The experiments were performed in three steps. A weighed quantity of previously purified !
LiF-ThF, (73-27 mole %) was mixed with 3!Pa and 233Pa in a nickel vessel, treated with mixed
HF and H, to remove oxides, and then treated with H, to reduce NiF, to metal and PaF_ to PaF4.
A weighed amount of grade 00 steel wool (0.068 m?2/g surface area) was placed in a mild steel
liner which was enclosed in a welded nickel vessel equipped with a stainless steel dip leg. A
stream of purified hydrogén flowed through the vessel while it was heated to 800 to 820°C for

about 4-hr and then cooled in flowing helium. The dip legs of the two vessels were then con-

nected by a short transfer line and heated to about 650°C. Helium pressure applied to the salt

vessel transferred the salt to the steel-lined vessel, and helium continued to flow through both
vessels to provide mixing of the molten salt. A thorium rod, attached to a 1/8-in. nickel rod, was
inserted in the salt with its lower end about 1/4 in. above the bed of steel wool. After the thorium
was exposed in the salt for the desired length of time, it was withdrawn, and a filtered sample of

the salt was obtained with a sintered copper filter stick. This procedure was repeated, usually

with a clean thorium rod, until a gross gamma count of 233Pg4 in the filtered.sample showed that
most of the protactinium had been removed from solution. The vessel connections were then re-
versed to transfer the salt back to the nickel vessel. Both vessels were cooled with helium flowing
through them.

After it had reached room temperature, the steel-lined vessel was cut through with a small saw
and the contents of the liner, consisting primarily of a ball of salt enclosing the steel wool, were -

removed and weighed. This material was crushed and, in some experiments, separated into mag-

28_]. H. Shaffer, ORNL internal memorandum to W. R. Grimes, Nov. 15, 1965.
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netic and nonmagnetic fractions by use of a small magnet. A sample of the unfiltered salt in the
ﬁickel vessel was also removed for analysis, Alpha pulse-height analysis was used to determine
the 231Pa content of all samples.

‘We found that thorium exposure of 1.5 to 2.2 hr reduced 95 to 99% of the protactinium to a form
that would not pass through the sintered copper filter medium. From 93 to 98% of the protactinium
temained with the steel wool, along with about 20% of the salt initially present in the experiment.
A surprisingly large amount of iron was found in the filteréd salt samples before the salt was ex-
posed to the steel wool. The source of this iron has not been determined, but analysis of the
filtered samples indicated that, in general, the iron content of the salt decreased as the protactin-
ium was reduced by exposure to thorium. This suggested the possibility that iron coprecipitated
with the reduced protactinium was cartying the protactinium to the surface of the steel wool. We
performed a pair of experiments to test this theory in which we attempted to hold all the variables
constant except the iron/protactinium ratio. The results were not conclusive because repeated
analyses of the salt samples have shown such a large scatter in the iron values that it was dif-
ficult to calculate reliable iron/protactinium ratios. We are currently conducting experiments with
59Fe tracer in an effort to establish the role'of dissolved or colloidal iron in the retention of re-
duced protactinium by steel wool and to test the reliability of the currently used analytical pro-
cedure for the determination of iron in fluoride samples. Additional experiments will be required
to establish the important variables in the Brillo protactinium recovery process and to explore
modifications that would make it more readily adaptable to a large-scale process.

Conclusions. — The results of our efforts to transfer protactinium from a molten breeder blanket
mixture to liquid bismuth, either by electrolytic reduction or by exposure of the salt to thorium
metal, have not been favorable in the small-scale glove-box experiments conducted to date.
Nevertheless, the encouraging results obtained in tracer-level experiments with protactinium and

rare earths suggest that continued studies are desirable.

Preliminary Study of the System LiF-ThF ,-PaF ,

C.]J. Barton H. H. Stone G. D. Brunton

In tile protactinium recovery studies described in the preceding section of this report, it has
been generally assumed that protactinium is present in the LiF-ThF , (73 mole % LiF) melts as
PaF . This assumption has seemed plausible since the melts have, in every case, received a
treatment with HZ‘ at temperatures near 650°C, and H, is known to reduce pure PaF  to PaF at
much lower fe'mperétﬁres (The Pa*" state seems to be the lowest known in fluoride systems.)
We have, however, conducted a few preliminary experiments to test this assumpt1on and to see if
the phase behavior of PaF is similar to that of ThF, in mixtures with LiF.

About ‘100 mg of 231F’aF4 was prepared by evaporating a measured portion of purified stock
solution (9 M in HF) to dryness in platinum and heating the residue to 600°C in flowing HF-H,
mixture. Conversion to PaF, was confirmed by weight and by the brown color of the material. A

portion of this material was mixed with LiF-ThF (73 mole % LiF) to yield a mix with 68 mole %
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LiF and 32 mole % (Th,Pa) F,. Another portion was mixed with Lif‘ and the LiF-ThF4 miéture to
yield a mix with 73 mole % LiF and 27 mole % (Th,Pa) F,. Both mixtures were admixed with
ammonium bifluoride (whose decomposition products on heating help to minimize possible
hydrolysis), heated to 650°C, and cooled slowly.

Examination of the slowly cooled melts showed that segregation of PaF ,-rich phases from the
bulk of the LiF-ThF , material occurred in both cases. Material from the mixture with 68 mole %
LiF is believed to be a solid solution of LiPan in LiTth. One of the phases from the sample
with 73 mole % LiF is believed, because of its similarity to the analogous uranium compound, to

be Li PaF . The PaF, does not appear isomorphous with ThF ; the LiF-PaF , system may, in

.fact, be more like the LiF-UF, than the LiF-ThF , system. Itis obvious that study of the binary

LiF-PaF  system is needed before attempting further deductions conceming phase relations in
the ternary system LiF—ThF4—PaF4.

A portion of the LiF-ThF“-PaF4 mixture with 73 mole % LiF was transferred to a small thorium
crucible and heated to 650°C in a helium atmosphere. Examination of the material with the polar-
izing microscope revealed some LisThF7, but a large part of the mixtﬁre was in the form of opaque
angular fragments, which are probably protactinium metal. X-ray examination will be required to

confirm this conclusion.

7.5 DEVELOPMENT AND EVALUATION OF ANALYTICAL METHODS
FOR MOLTEN-SALT REACTORS

Determinations of Oxide in MSRE Salts

R. F. Apple J. M. Dale A. S. Meyer

The analyses of oxide in radioactive salt samples from the MSRE are summarized in Table

7.12.

Table 7.12. Oxide Concentrations of MSRE Fuel-Salt Samples

. Oxide Concentration
Sample Date Received

(ppm)
FP-6-1 4-7-66 49
FP-6-4 4-1466 55
FP-6-12 5-10-66 50
FP-6-18 5-25-66 47
FP.7-5 6-22-66 ' 66
FP-7-9 7-4-66 59 |
FP-7-13 7-15-66 66
FP-7-16 7-22-66 56
FP-8-7 10-14-66 44

FP-9-2 11-9-66 44
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The abrupt decrease in concentration between samples FP-7-16 and FP-8-7 coincided with the
change from copper to nickel sampling ladles and may reflect an oxide blank of about 15 ppm. The
overall standard deviation of these results, 8 ppm absolute, includes any variation in the oxide
content of the fuel in the reactor and in oxide contamination during sampling and transfer. The
results of standardization with SnO, samples??® performed during this period indicate that the pre-
cision of measurement of the water evolved by hydrofluorination is about 3 to 4 ppm absolute.

During the last week of December the oxide apparatus became inoperative. Because of hy-
drogen reduction expetiments being performed in the same hot cell, it was not possible to enter the
cell and investigate the equipment until early Februaty. It was found that the electrolytic moisture -
monitor cell was not functioning, and it was removed from the apparatus. With the current MSRE
sampling schedules it should be possible to install anew cell with an improved coating®? and re-
sume oxide determinations of radioactive salt samples during the month of March.

This replacement will be the first major maintenance required for the hot-cell apparatus since
its installation in February 1966. The moisture-monitor cell had been in operation for several
additional months during laboratory tests of the apparatus. This one-year operation represents a
reasonable service life for a moisture-monitor cell, even under normal operating conditions in a
nonradioactive environment.

During the period when the hot-cell equipment was inoperable, the oxide development apparatus
in Building 4500S was reactivated., Several samples of nonradioactive fuel and solvent salt from
the second ORR molten-salt loop were analyzed for oxide content. The results of these analyses
are summarized in Table 7.13.

It is probable that the high oxide levels found in the third and fourth samples were in part due
to the contamination during the brief period of exposure when the crushed samples were transferred

to the hydrofluorinator. When possible, future samples from this source will be melted into a nickel

ladle in a dry box.

294/SR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 192.
30,,.
Ibid., p. 193.

.“Table 7.13. Oxide Concentrations of Fuel and Solvent Salt Samples from the
Second ORR Molten-Salt Loop

- L "'Salt Condition ‘Sample Weight Oxide Concentration

Sample Designation as Received (@ ) (ppm)
02066 ' Pellets 104 200
10-17-66 Pellets 10.1 220
11-21-66 ' Crushed 18.8 420
F-104 Crushed 18.4 820
Solvent salt batch No. 2 Fused into ladle 48.4 115
Solvent salt batch No. 17 Fu#ed into ladle 13,1 520

S R - -
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The increase in oxide between the last two samples represents the oxide pickup when the flush

salt was circulated in the loop.

Determination of U3*/U%* Ratios in Radioactive Fﬁel by a Hydrogen Reduction Method

J. M. Dale R. F. Apple A. S. Meyer

A proposed explanation of the unexpécted distribution of certain fission products in the MSRE
system is that the fuel had become sufficiently oxidizing to produce significant partial pressures
of volatile fission prdduct fluorides such as MoF , TeFG; and RuF , which then migrated into the
graphite and the blanket gas. Because the accumulation of fission products in graphite is vitally
important to breeder reactors, a method for the determination of U3*/U** ratios in the radioactive
fuel samples was needed.

The possibility that a significant fraction of the iron and nickel is present in the fuel as
colloidal metal.particles®! precluded any adaptation of the hydrogen evolution method for U3 .+,.
because thesé metallic components would also yield hydrogen on acidic dissolution. An alternate
approach, suggested by C. F. Baes, is based on a transpiration method in which a safnple of the

molten fuel is sparged with hydrogen to reduce oxidized species according to the reaction

n—m

MFH + Hz—% MF_ + (n - m)HF ,
in which MF  may be UF, NiF , FeF, , CtF , or UF in order of their observed reduction po-
tentials. The rate of production of HF is a function of the ratio of oxidized to reduced species in
the melt.
Some components of the oxide apparatus3? were adapted for the transpiration measurement on

’ is connected to a source of

radioactive fuel samples. The inlet of a modified ‘‘hydrofluorinator’
thoroughly dried hydrogen and helium (see Fig. 7.11), and the outlet is connected to a heated
manifold fitted with six liquid-nitrogen-cooled NaF traps. This arrangement permits the collection
of the HF from four successive reduction steps with hydrogen and two blank spargings with helium
on the same 50-g fuel sample. When the transpiration run is completed, the traps are disconnected
from the manifold and removed from the hot cell for desorption and titration of the collected HF.
Interpretation of these titrations in terms of U3*/U** ratios in the samples is made by com-

paring the HF yields for the reduction steps with those calculated for hypothetical salt compo-

"sitions. If U** is the only reducible species in the melt, a derivation based on a material

balance and the hydrogen reduction equilibrium yields the rather simple relationship for U3*
as a function of hydrogen exposure:

U 3+
Uln _'U___IJTF - U =Bt, (1)

3IMSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, p. 162.
321bid., pp. 154—62.
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ORNL-DWG. 67-226

ACCESS AREA N HOT CELL
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HEATED MANIFOLD

® OO0 0 606

UUUUUU

NaF TRAPS FOR COLLECTING HF MEASUREMENT

HYDROGENATOR

LIQUID
e  NITROGEN N
TRAPS

Fig. 7.11. Diagram of the Hydrogenation Apparatus for Determination of
u3*/U** Ratios in MSRE Fuel.

in which
U, U3* are concentrations of total and trivalent uranium expressed as mole fractions,
t is the reduction time from 0’ U3* concentration, min,
1/2
~ KPH2 VG
I Smme—

SRT

where

P = partial pressure of H,, atm,
) 2

PHF = partial pressure of HF, atm,

VG = purge flow, liters/min,
S = quantity of fuel sarnple moles
R = gas constant, liters atm (°K)"1 mole‘l
T = temperatore at which the sparge flow is measured, °K.

When corrosmn products (M2 ) are present, the relatlonshlp assumes a different form as each

corrosion product ion successively undergoes reduction to the metal:

o " (U-aU izm g2 /1y |
U =0+ Uln (=i ) + 4 K % — =) =Bt 2
. . : n

ji=1

in which
a, = 1
T o1+ (Ky /K 212
J

H
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M].2+ = concentration, mole fraction, of the jth corrosion product in otder of reduction, at

1 ‘ L ta=0,

t,, min, is measured from the instant reduction of the nth corrosion product starts,

K Pur . ’ 4

M =
j 2ty1/2 p1/2
(MP 2 Py

The yield of HF from any reduction step is calculated from the initial and final concentrations

of U3* and corrosion products as follows:

; . ‘ j=n

] micromoles of HF =4 (UZT~U2") +2 ¥ {(M]?*)i - (Mf*)f} $ x 106 . ®
c i=1

The feIationéhip of Eqgs. (1) and (2) is illustrated in Fig. 7.12, in which the yield of HF is

plotted as a function of Bt for an oxidized fuel containing U** and Fe? in concentrations ap-

proximating the elemental analyses of the MSRE fuel. On a logarithmic plot the accumulated HF

yield follows a near-linear relationship [ Eq. (1)] derived for an iron-free melt until a critical
U3*/U%* ratio is reached and reduction of Fe2* starts. The reduction of Fe?* then predominates,
with the rate of change of U3* reduced in accordance with Eq. (2) until substantially all of the

iron is reduced and the HF yield approaches that derived from uranium reduction alone.

A computer program is being developed by the Mathematics Division to calculate HF yields

for any preselected reduction steps on any melt composition. This will permit optimization of
reduction steps for best distinction of U3 */U** tatios. In the absence of such a program it was

possible to select four reduction steps on the criteria that the first two steps at 496°C would re-

duce at least 99.9% of the Fe?* and Ni?* without materially affecting the U3* concentration and
that the last two steps at 596°C would reduce U3 * without reducing Cr? *. The latter reductions
thus serve as an indication of the ‘‘oxidation state’’ of the fuel. Hydrogen fluoride yields from
sample FP-9-4 and from various hypothetical initial fuel compositions are plotted in Fig. 7.13.

Broken lines connect calculated yield points, and a solid line connects the experimentally measured

HF yields from the sample. The relatively low yields of HF in the first two steps are in agreement £
with earlier experimental evidence®! that only a small fraction of the iron and nickel is present in ' E
the ionic state. The high yields in the last two steps indicate that the fuel is in oxidizing or near- »«
oxidizing condition. On the basis of the HF yield of step III and in consideration of estimated ex-
perimental errors, a ratio of U*/U** of 0.000 to 0.001 was assigned. Sample FP-10-25, taken after
the addition of sufficient beryllium metal to increase the U3* /U%™ ratio by 0.0037, was analyzed
similarly, and the HF yield at step III corresponded to an approximate U3*/U* * ratio of 0.005.

This represents an increase of 0.004 tob 0.005 over sample FP-9-4, in reasonable agreement with
that calculated from the beryllium reduction. Hydrogen fluoride yields from sample FP-11-5, taken
after a possible exposure of the fuel to air, agreed within estimated éxperimental error with sample
FP-10-25.
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ORNL -DWG, 67-122

STEP DESIGNATION (sparge time, min ofm"z; melt temperature)
H, Flow, 200 cc/min at 27°C, 1atm

Fig. 7.12. Calculated Yields of HF fl;Om the Hydro-

genation of a 50-g Fue! Sample at 1000°K.
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Fig. 7.13. Calculated and Observed Yields of HF from MSRE Fuel

Sample FP-9-4.
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A sample (IPSL-21) taken from the second ORR molten-salt loop has also been analyzed and E
found to contain about 1% of the uranium as U3*. Because the composition of this sample is in
the region in which Cr? *is also reduced, a more‘ accuraté estimaﬁon of U3t/U*" ratios must be
deferred until the computer program is available.

Although tentative analyses by fhis technique are being reported, it should be recognized that
the method is still in the developmental state, and adjustment of the reported values may be hec-
essary as experience is gained. The agreement in the observed increase in U3 */U*" ratios with
that predicted from the beryllium addition supports the validity of the method. Preliminary calcu-
lations indicate that it may be possible to apply the method to continuous in-line analysis of the
fuel for the determination of both U3¥/U*? ratios and significant ionic concentrations of corrosion ) =

products.

EMF Measurements on the Nickel-Nickel(ll) Couple in Molten Fluorides

" D. L. Manning H. W. Jenkins®33 Gleb Mamantov3*

This study was initiated to evaluate, by potentiometric measurements on concentration-type
cells, several metal—metal-ion couples for use as possible reference electrodes in molten fluo-
rides. The approach is similar in principle to the utilization by Laitinen and Lui3% of the Pt/Pt2*
couple as a reference electrode in molten chlorides.

The apparatus used to contain the melt is a small vacuum dry box (24 in. long, 20 in. deep,
and 15 in. high) which is outfitted with a furnace, vacuum and controlled atmosphere facilities,
and a moisture monitor. Utmost care is exercised to protect the molten fluorides from moisture
contamination because of the affinity of the molten fluorides to moisture and the resultant pre-
cipitation of oxides. The melt (~400 ml) is contained in a graphite cell; a spiral nickel electrode,
platinum stirrer, Pt—10% Rh thermocouple, and the inner electrode compartment are positioned in
the melt. The inner compartment of the cell consists of a thin-walled boron nitride compartment
which contains the same fluoride melt and a fixed concentration of dissolved NiF . A nickel
electrode is inserted into this compartment, Hot-pressed boron nitride is an insulator in molten
fluorides but is slowly penetrated by them. As a result of this effect, BN can be utilized to
separate the two half-cells and yet achieve electrical contact, because such contact is made when

the BN becomes wetted by the melt. For molten LiF-NaF-KF, penetration of the BN (% -in. wall

thickness) .occurs within a day or so; however, it is much slower for LiF-BeF2-ZrF4 melts, Ap-
"proximately a week is required for the resistance through the BN to drop to ~~1000 ohms or less.
With stirring, weighed portions of NiF, were added to the melt. After each addifion, emf
measurements were made and a sample withdrawn for nickel analysis. From the equation AE =

(RT/2.3nF) log (X1/X2) and plots of AE vs log X, , it was demonstrated that the nickel system

33University of Tennessee, Knoxville.
34

Consultant, Department of Chemistry, University of Tennessee, Knoxville.
35 ces .

H. A. Laitinen and C. H. Lui, J. Am. Chem. Soc. 80, 1015 (1958).
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v exhibits reasonable Nernstian behavior at 500°C. The concentration of nickel varied from approxi-

mately 10~5 to 10~2 mole fraction. From the standpoint of Nemstian reversibility, therefore, the
nickel couple‘appears to be a good choice for a reference electrode in molten fluorides.

Stability studies conducted so far are encouraging. For a run in molten LiF-NaF-KF, the emf
remained constant to within +2 mv over a two-week period. These studies are continuing, and

longer stability tests are planned.

Studies of the Anodic Uranium Wave in Molten LiF-Ber-ZrF4

D. L. Manning

Additional observations were made of the anodic wave at ~ +1.4 v vs a platinum quasi-
reference electrode in fluoride melts that contain U**. It is tentatively postuiated that the wave
is due to the anodic oxidation of U** to US*, The reduction of U** to U3* is observed at ap-
proximately — 1.2 v. For simple charge-transfer processes, the wave heights for the two electrode

reactions should be the same for the same rate of voltage scan. The anodic wave, however, is

* larger than the cathodic wave when a platinum—10% rhodium electrode is used. This suggests

that the anodic wave may be a charge transfer followed by a catalytic reaction, that is, dis-
proportionation of U® *. The observations, however, were not the same when the waves were
recotded at a Pt—40% Rh electrode. At this electrode, the anodic and cathodic wave heights were
about the same. It would thus appear that the electrode material itself may be influencing the
magnitude of the anodic wave, that is, acting as a catalyst for the disproportionation of US™.
Also, the possibility that the products of the electrode reaction (US*, U¢?, etc.) are attacking the
electrode should not be overlooked. These studies are continuing, and it is planned to test other

electrode materials.

Spectrophotometric Studies of Molten-Salt Reactor Fuels

. ]. P. Young

The determ1nat10n of changes in the ppm concentration level of U3 in molten fluoride fuel
salts which contain U*" is one of the expected apphcatmns of the proposed in-line spectropho-
tometer36 for the MSBR In cooperation with F. L. Whiting®? and Gleb Mamantov,3* the volta-

+
metric generation and simultaneous spectrophotometr1c observation of ppm concentrations of U3

“are be1ng 1nvest1gated in LiF- BeF ZrF melts wh1ch contain 2% w/w U**. Such studies are

carried out in a nickel capt1ve-11qu1d cell37 which was modified to include a three-electrode
voltametnc system. The cell is desxgned So that spectrophotometric measurements can be made

in the 1mmed1ate region of the indicator electrode during the time that a redox reaction is occurring,

‘The cell holds about 1 ml of molten fluoride salt solution. A prehmmary description of the cell

36MSR Program Semiann. Progr. Rept. Aug. 31, 1965, ORNL-3872, p. 145.
375, P. Young, Anal. Chem. 36, 390 (1964).

!
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and its operation has been published.®® The results obtained have demonstrated that changes of
50 ppm in the U3 concentration could be easily seen in a 1-cm path length of molten salt which
contains 2% w/w U*¥ and up to ca. 500 ppm U3*. This does not imply tha;c the method would not
work at higher concentration levels of U3¥; rather, this is the highest concentration level that was
studied experimentally. |

' Several spectrophotometric determinations of U*tin LiF-BeF, and LiF-BeF, containing ca.
4% w/w ZiF , or ThF have been carried out using the very sensitive U** absorption peak at 235
nm.3° Transparency of fluoride solvents in the region around 235 nm is a necessaty requirement
for this type of determination; therefore, the optical behavior of fluoride solvents of interest is
under study. Moderate absorbance has béen observed in the region of 235 nm in LiF-BeF, melts
which contain ca. 10% w/w ThF,. It is believed, however, that this absorbance is caused by a
contaminant in the ThF4 that was added.

The study of the spectra of solute species which might interfere with the proposed spectropho-

‘tometric determination of U37 in molten fluoride salts was continued. The spectra of several

trivalent rare-earth ions in molten LiF-BeF , at 550°C were recorded. Although Er3* and Sm3*?
exhibit absorption peaks at 377 and 400 nm respectively, in the vicinity of the U3 absorption at
360 nm, the molar absorptivity of these absorptions is under 10 and no interference would be ex-
pected. The spectrum 6f Ho3%in LiF-BeF, was also obtained. This solute species likewise
exhibits relatively weak absorbance; the molar absorptivity of its most intense absotption peak,
452 nm, is less than 10. All of the absorption peaks observed for these three rare-earth ions,
over the wavelength range of 250 to 2000 nm, are transitions within the f orbitals and would be

expected to be relatively weak.

7.6 ANALYTICAL CHEMISTRY ANALYSES OF RADIOACTIVE MSRE FUELS

F. K. Heacker C. E. Lamb L. T. Corbin

The remote apparatus for determining the oxide content of MSRE salt samples was modified to
permit measurement of the oxidation state of 50-g fuel samples. The method is based on the

equation:

n-—m

MEF  +

n

H,— MF_ + (n — m)HF ,

where MF | may be UF, NiF , FeF,, or UF4. The reaction is driven to the right by sparging the
molten sample with hydrogen. The liberated HF is collected on NaF traps cooled by liquid nitro-
gen, After the HF from the hydrogenation steps is collected; the traps are removed from the hot

cell, and the HF is desorbed at 300°C and titrated. The oxidation-state measurements were made
in conjunction with beryllium additions to the MSRE fuel salt. To date, three samples have been

analyzed.

38J. P. Young, Gleb Mamantov, and F. L. Whiting, J. Phys. Chem. 71, in press.
3gMSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 195.
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Sample Analyses

In addition to the oxidation-state samples, several other special samples were analyzed. These

_included MSRE off-gas samples, beryllium addition samples, and six highly purified LiF. BeF,

samples.

For the past two years, beryllium determinations made on radioactive MSRE fuel-salt samples
have exhibited a 2% positive bias from book values. In an attempt to locate the source of the
bias, six highly purified LiF . BeF, samples were submitted to the High~-Radiation-Level Analytical
Laboratory. Three of the samples were fused at 700°C to simulate the conditions of the fuel salt.

The results obtained on these samples are shown in Table 7.14.

Table 7.14. Results Obtained on Analysis of Highly Purified Lithium-Beryllium

Fluoride Samples

Weight Percent Beryllium

Sample Difference (%)
True Found?
LB 1 ~ 3.05 3,07 +0.66
LB 2 6.98 7.01 +0.43
LB 3 10.19 10.11 —-0.79
RT 1° 13.76 13.74 ~0.15
RT 2° 15.13 15.10 —0.20
RT 3° 18.06 17.95 —0.61

2Values listed as found are average values calculated from approximately 20 determinations.
bSamples fused at 700°C.

Although the individual determinations exhibited a £2% spread, no significant bias is evident

from the data shown in Table 7.14. In addition to the above results, determinations made on syn-

_thetic solutions similar to dissolved MSRE fuel-salt samples show no appreciable bias in the

method.
From July 1, 1966, through December 31, 1966, 48 routine salt samples were'analyzed as shown
in Table 7.15, Several of the MSRE fuel-salt samples were submitted with silver and INOR-8 wires

coiled éround the st'éinless steel cable bétween the latch and ladle. The latch, Wirés, and cable

‘were separated and prepared for radiochemical analyses.

Quality Control Program

A sﬁmmary of the MSRE control results for the third and fourth quarters of 1966 is shown in
Tables 7.16 and 7.17. The values shown in Tables 7.16 and 7.17 are a composite of the values

obtained by four different groups of shift personnel.
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Table 7.15. Analysis of Radioactive MSRE Fuel Samples from July 1, 1966,
Through December 31, 1966

Number of Analyses Made

_ . RCA? msa®? .
U_ , Zr Cr Be F Fe Ni Mo Li ’ Prep Prep Oxide
i 38 38 38 38 38 38 38 2 38 38 8 6

4Radiochemical analysis.
bMass spectrographic analysis.

®Two 50-g oxide samples are being held for future analysis, and two were lost due to a malfunction in
the oxide apparatus moisture monitor.

Table 7.16. Summary of Control Results for July, August, and September 1966

Determination and Determinations 25 (%) Bias
Method Made Fixed Found (%)
Be photoneutron V 21 5.0 2.75 +0.43
Cr amperometric 35 15.0 - 14.69
Fe spectrophotometric 33 15.0 6.65
Ni spectrophotometric 33 15.0 8.89 +5.21
% U coulometric 24 1.0 1.90
‘ Zr amperomefric 26 5.0 4.47
Table 7.17. Summary of Control Results for October, November, and December 1966 Tgt]_
Determination and Determinations 25 (%) Bias
Method Made Fixed Found (%)
Be photoneutron 146 5.0 1.77 —-0.28
Cr amperometric 86 15.0 8.06 —4.33 ]
; Fe spectrophotometric 60 15.0 5.43 C4+2.28
‘ Ni spectrophotometric 54 15.0 5.71 +1.80
U coulometric 172 1.0 0.66 +0.36 5
Zr amperometric 77 5.0 3.21 +1.35 :
; - * 3
i :
4
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8. Molten-Salt ’C'onvelctionw Loops in the ORR

.H. C. Savage E. L. Compere
J. M. Baker M. J. Kelly
E. G. Bohlmann

Irradiation of the first mblten-salt convection loop experiment in the Oak Ridge Research Re-
actor beam hole HN-1 was terminated on August 8, 1966, after development of 1.1 x 10*® fissions/cc
(0.27% 235U bumup) in the 7LiF-BeF2-ZrF4-UF4 (65.16-28.57-4.90-1.36 mole %) fuel. Average
fuel power densities up to 105 w per cc of salt were attained in the fuel channels of the core of
MSRE—grade graphite. ‘

-Successful operation of the major heating, cooling, temperature control, and sampling systems
was demonstrated; however, leaks deve_ldped in two of the four cooling systems. The experiment
was terminated after radioactivity was detected in the éecondary containment syétem as a result of
fuel leakage from a break in the sample line near the loop. ‘

Irradiation of a second loop, modified to eliminate causes of failures encountered in the first,
was begun in January 1967. Fueled operation began January 30, 1967. Operation is continuing at

an average core fuel power density estimated at 160 w per cc of salt.

8.1 OBJECTIVES AND DESCRIPTION

The loop is designed to irradiate a representative molten-salt fuel circulating in contact with
graphite and Hastelloy N at typical temperature differences and at a core power density of 200
w/cc. In particular, it allows us to study the interaction of fission products with graphite, metal,
and fuel and gas phases, and the chemistry of the fuel salt at high levels of burnup. Provisions
for sampling and replacement of both gas and salt permit conditions in the loop to be determined

and to be altered during operation.!~*

LMSR Program Semiann, Progr, Rept. Aug. 31, 1965, ORNL-3872, pp. 10610,
2MSR Program Semiann. Progr. Rept. Feb, 28, 1966, ORNL-3936, pp. 15254,
3Reactor Chem. Div. Ann. Progr. Rept. Dec, 31, 1965, ORNL-3913, pp. 34--35.
4Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1965, ORNL-3789, pp. 45-48.
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8.2 FIRST LOOP EXPERIMENT

; In-Pile lrradiation Assembly

The core of the first loop consisted of a 2-in.-diam by 6-in.-long cylinder of graphite obtained
from MSRE stock. Eight vertical 1/4-in. holes for salt flow were bored through the core in an octag-

onal pattern with centers % in. from the graphite center line., A horizontal gas separation tank con-

(]
nected the top of the core through a return line to the core bottom, completing the loop. These, and
the core shell, were fabricated of Hastelloy N. The heaters, and the cooling tubes in the core and
3 : return line, were embedded in sprayed-on nickel, as was the 12-ft sample tube leading from the

loop to the sample station in the equipment chamber at the ORR shield face.

&L oo

Operations

' The loop was operated with MSRE solvent salt for 187 hr at Y-12, and several salt samples
were taken. It was inserted in beam hole HN-1 of the ORR on June 9, 1966, and operated 1100 hr

with solvent salt; during this period the equipment was calibrated and tested, and its performance

bl S ek i i

was evaluated. The loop was advanced to the position nearest the reactor lattice on July 21, and

water injection into the air streams to the tubular core coolers and the jacket around the gas

separation tank was tested. One of the two core coolers leaked and was plugged off. Water in-
jection was discontinued until after uranium was added.

On July 27, after sampling, eutectic 7LiF-UF4 (93% enriched) fuel salt was added to develop a

uranium concentration of 1.36 mole %. At this time a capillary tube in the sample removal system
broke, precluding further sampling. An associated in-leakage of air impelled solvent salt to a cold

spot in the gas sample line, thereby plugging it.

During subsequent operation the fission heating rate was determined. Water was released into
the loop container during this period from what proved to be a leak in the cooling jacket around the
gas separation tank. After a short reactor shutdown on August 8 to permit removal of water accu-~ 14
mulated in the container, the irradiation was resumed. That evening, release of substantial radio-

activity into the loop container indicated fuel leakage. The loop temperature was lowered to freeze

the salt, and the loop was retracted to 2% flux. It was removed to hot cells for disassembly and

examination on August 11, 1966.

Chemical Analysis of Salt

Samples of solvent salt taken prior to irradiation and after 1100 hr in-pile, and of irradiated
fueled salt obtained after dismantling, were analyzed chemically and radiochemically. A sample
of salt found between the metal core shell and the graphite was also analyzed. Results are given

in Table 8.1 and discussed below.
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Corrosion

The level of corrosion products, particularly chromium and nickel, in the salt increased in the
successive samples. This was possibly due to uptake of moisture by the solvent salt prior to
loading, with consequent corrosion of the Hastelloy N. The corrosion appeats to have occurred in
the addition tank, since a sample which was taken directly from the addition tank, without entering

the loop, showed similar levels of corrosion products.
Fission Products

Fission products were counted in a fuel sample after 110 days of cooling, and concentrations
are given below as a percentage of the amount produced, calculated on the basis of observed fis-
sion heat (4.8 x 107 fissions/g).

Cerium-144 and -141 (77, 64%) and 8°Zr (65%) were somewhat below the calculated production.
Cesium-137 (41%) and %9Sr (42%), both with noble-gas precursors of ~3 min half-life, were still
lower and could thereby have been lost to the gas space or graphite voids. Tellurium-127 was
present in 10% of the amount produced in the salt. Ruthenium-103 and -106, which were expected

to deposit on Hastelloy N surfaces, were not detected (<0.03%) in the salt.

Nuclear Heat and Neutron Flux

Nuclear heat was measured at various loop insertion positions by comparing electrical heat
requirements under similar conditions with the reactor at zero and at full power. Reactor gamma
heat with the loop fully inserted was 2900 w (with unfueled sialt) . With fuel containing 1.36 mole %
uranium (93% enriched), fission heat in the fully inserted position was 5800 w. The corresponding
overall average fission heat density was 80 w per cc of salt at 650°C, and in the graphite core the
average fission heat density was 105 w per cc of fuel salt.

The average effective thermal neutron flux in the salt was estimated independently from the
nuclear heat, from activation of solvent salt zirconium, from cobalt monitors on the loop ekterior,
and by neutron transport calculation. The results agreed well, ranging between 0.9 and 1.2 x 1013

-1

neutrons cm™? sec
Hot-Cell Examination of Components

Affgr sep‘ayr'ation from other parts of t‘heupackage, the loop proper was kept for approximatély

-three months in a furnace at 300°C to prevent fluorine evolution by fission product radiolysis of the

salt. At this time it was removed for detailed’examination.

The tubular core cooler, type 304 stainless steel, was found to have broken entirely loose with-

‘out :ductil:ity at its outlet end as it left the core near a tack weld to the core shell. Intergranular

cracks originated on the outer circumference of the coiled tube,




Table 8.1. Loading and Samples from First In-Pile Molten-Salt Convection Looﬁ . ’

(analyses as mg/g or mole %)

"Li Be Zs u? F Cr Fe Ni Mo
Composition as loaded
Solvent salt
Composition as manufactured (mole %) b (64.78)  (30.06) (5.16)
(mg/g) 114.5 68.4 118.9 698.2 ~™0.020 ~™~0.020 ~0.100
Fuel, eutectic (mole %) (72.46) (27.54)
(me/g) 48.5 619.6 331.9
Fueled loop mixture (caled) (mole %) (65.16)  (28.57) (4.90) (1.36)
(mg/g) 106.5 60.2 104.5 74.8 654.0
Hastelloy N — representative analysisc (mg/g) 70.400 46.000 696.200 161.000
—
~3 -
Analyses of loop samples (mg/g) e
Hours Hours of  Sample
Molten Radiation No.
120 0 1 (solvent salt) 98.0 66.5 119.5 683 0.310 0.275 0.137 n.d.
166 0 3 (solvent salt) 97.5 66.1 122.0 673 0.355 0.285 0.455 n.d.
1260 208 6 (solvent salt) 116.5 69.1 120.0 704 0.670d 0.092 0,540 n.d.
After shutdown
1578 329 9 (fueled mixture) 113 58.5 99.4 71.5 0.780 0.258 0.555 <0.,015
Graphite—Hastelloy N annulus specimen S-1 105 56.1 101.5 71.7 3.250 3.800 25.300 4,740
292.96% 233u. .
bJ. H. Shaffer, MSR Program Semiann. Progr, Rept. Feb, 28, 1965, ORNL-3812, pp. 150—52.
“Heat SP-19 for comparison.
d
51¢r activation gave a Cr concentration of 0.990 mg per g of salt.
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The cooling jacket on the gas separation tank leaked at a weld. The fuel leak resulted from a
nonductile break in the Hastelloy N sample line tubing near the attachment to the core bottom. The
sprayed nickel was also cracked m this region.

Fuel salt in the form of a scale a few mils thick was found on the interior of the core shell,
between it and the closely vfi‘tting graphite core. The analysis in Table 8.1 indicates that the scale
is a mixture of fuel salt and Hastelloy N (probably metal debris from cutup operation) .

Hot-cell metallurgical examination of the interior surfaces of the Hastelloy N comprising the
core bottom and core shell wall revealed no evidence of any interaction with salt or carbon, or other

change.

8.3 EVALUATION OF SYSTEM PERFORMANCE
Heaters

The molten-salt loop package'used 21 continuous or intermittent heaters, all 1/g-in.-OD Inconel
sheathed, MgO insulated, with Nichrome V elements designed for continuous operation at 870°C.

No failures occurred.

Coolers

The heat removal rate of the loop coolers was entirely adequate to remove the 8.8 kw of fis-
sion and gamma heat, even after the loss (described earlier) of one of the two cooling coils around
the loop core section. The air plus water-injection technique appears adequate and responsive.
The use of water injection was not necessarily the cause of failure of the two cooling units, but

only made the failures evident.

Temperature Control

The response of the heating and cooling systems to rapid changes in the nuclear heat could be
tested only under full fission conditions in-pile. Since this was regarded as important, reactor set-
back tests were conducted. Temperature control system response was adequate to maintain the salt
molten durmg a reactor setback with resultant loss of 8.8 kw of nuclear heat, and to return the loop

to normal operating condition during a rapid (11-min) return to full power.

Sqmpling and Addition

\ The samplmg and addrtlon system and operatmg procedures wete adequate to perrmt several
addrtlons and removals of molten salt while operating the loop m-prle, and to transport shielded
samples under mert gas atmo >phere to the analytrcal laboratory A broken caprllary connectrng

tube prevented add1trona1 samplmg




xé‘ ‘

172

Salt Circulation E

Convective salt circulation, at rates of 5 to 10 cc/min, was achieved by caﬁsing the return Iine

to operate at temperatures below the core temperature. Flow stoppages occurred from time to time.

i

These were attributed to bubble formatlon resultmg from different solubility of the argon cover gas
at the vaned temperatures around the loop Salt flow was reestabhshed by evacuation and readdi-

tion ‘of cover gas. Loss of flow had no adverse effect on loop operation.

8.4 SECOND IN-PILE IRRADIATION ASSEMBLY

A second in-pile molten-salt convection loop, essentially identical to the first convection lloop v
experiment,® was constructed, and in-pile irradiation began early in January 1967. Problems en-
countered in the first convection loop experiment and information from subsequent postirradiation
hot-cell examinations led to modifications to the second loop to eliminate these problems.

" The coolant tubes embedded in sprayed-on nickel around the core section are now 1/4--in.-OD X

0.035-in.-wall Inconel tubing instead of the 14-ir1.-OD x 0.035-in.-wall type 304 stainless steel used

on the first loop. The stainless steel tubing should have been entirely adequate for the service,
and no reason for the failure observed has been uncovered; but Inconel is the preferred material for
exposure to the high-temperature steam-air mixture (~400°C) generated when air-water mixtures are
used as coolant, Since the rupture of one of the core coolant tubes occurred adjacent to a point

where the tube was tack welded to the core wall, the tack weld was eliminated in favor of a mechan-

ical strap attachment. An expansion loop to relieve stresses has also been included in each of the
coolant outlet lines. A mockup of the modified cooling coil was operated at temperature with air-
water mixtureé for more tl;an 400 hr, including 120 thermal shock cycles (600 to 310°C), with no
sign of difficulty. Thermal cycling occurs during a reactor setback and startup, and it is estimated
that no more than about 20 such thermal cycles will occur during a year of operation.

The two failures which occurred in the capillary tubing (0.100 in. OD x 0.050 in. ID) used in

the salt transfer system appear to have resulted from excessive mechanical stress. Consequently,
the wall thickness of this line has been increased to 0.050 in., and additional meehanical support
has been added such that there is now no part of the salt sample line which is unsupported — con-
traty to the case in the first loop assembly.

The cooling jacket of Y _-in.-thick stainless steel surrounding the reservoir tank has been re-
g ] » g

placed by an Inconel tube wrapped around the outside of the tank and attached by means of sprayed-
on nickel metal, as is done on the core section and cold leg. Also, provisions for use of an air-
water mixture as coolant have been added, since it was found that air alone did not provide suffi-
cient cooling in the first experiment. ‘

Continuous salt circilation by thermal convection was not maintained in the first experiment,.
It was concluded that loss of circulation was caused by gas accumulation in the top of the core
section. Accordingly, the salt flow channels at the top and bottom of the eight 1/4-in. holes for salt

‘ flow in the graphite core were redesigned to provide better flow conditions at the inlets and exits of
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the vertical holes. Further, the top and bottom of the core section, horizontally oriented on the first
loop, were inclined at 5° to minimize trapping of gas.

~

Operation

The loop was placed under irradiation in beam hole HN-1 of the ORR on January 16, 1967, after
325 hr of satisfactory preirradiation test operation. Preirradiation operation included complete re-
moval and replacement of an original flush charge of solvent salt, providing a good demonstration
of the operability of the sampling and addition system.

The loop operated satisfactorily under irradiation at 650°C with MSRE solvent salt (7LiF-BeF2-
ZiF,, 64.8, 30.1, 5.1 mole %) during checkout and calibration measurements.

On January 27, 1967, samples of irradiated solvent salt were taken and submitted for chemical
and radiochemical analyses.

On January 30, 1967, 7LiF—UF4 (63-27 mole %) eutectic fuel (93% 23°U) was added, along with
additional solvent salt, resulting in a fuel composition of 7LiF-Ber-ZrI<‘4-UF4 of 65.26-28.17-
4.84-1.73 mole %. Irradiation began January 30, 1967, with the experiment in a relatively low flux
position. Convective circulation was established at an estimated rate of 30 to 50 cc/min (™2 min
circuit time), and the loop was operated in several flux positions. Controls were tested and ad-
justed, and nuclear heat was determined as a function of position. Samples of fuel salt were with-
drawn February 6, 1967.

Operation in the fully inserted, highest flux position was achieved February 21, 1967, and has
since been maintained. The average flux effective in all the salt is estimated to be slightly above
1 x 1013, The average power density in the fuel salt in the core is estimated to be about 160 w/cc.
The total fission heat generation is about 9 kw; with a gamma heat of about 4 kw, the system heat
generation is about 13 kw. The loop is operating satisfactorily.

Sampling and addition systems have operated reliably and without difficulty in all cases. Itis
anticipated that additional samples will be taken and fuel and solvent salt additions made from time

to time during the course of the experiment.
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Part 3. Breeder Reactor Design Studies

9. Molten-Salt Breeder Reactor Design Studies

4 E. S. Bettis

i C. E. Bettis D. A. Dyslin  G. H. Llewellyn  W. Terry

i R. ]J. Braatz H. F. Kerr T. W. Pickel L. V. Wilson

i | :
9.1 GENERAL

The Breeder Reactor design!~—?2 has been considerably narrowed in scope during this period,

A modular concept has been adopted as the basic design, and our effort has been concentrated on

more clearly defining the features of one 250-Mw (electrical) module. No work has been done on

overall plant design during this period, and no attention has been given to the steam system.
With minor exceptions, all design effort has been concerned with components and layout

within the reactor cell. A layout was made of the drain tanks with interconnecting piping for all

three salt circuits. Figure 9.1 is a plan view of the general arrangement. This preliminary lay-

out was made to get an idea of the magnitude of the ‘‘tank farm’’ problem, and it appears that a
satisfactory solution to this question will not be overly difficult.
Again, in order to get a preliminary evaluation of the nature of the communication problem

between reactor plant and chemical processing plant, one method of effecting this intercon-

nection was developed. Basically this plan involves a batch transfer between plants, the
batches being moved between the two plants by gas pressure. Transfer to and from the chem-
ical plant is in control of the reactor plant operater. Although the system ef communication
between reactor and chemical plant has not been worked out in any detail, it appears that the
communication scheme can be done with certainty and safety.

We believe that the optimization of the reactor is now accurate enough to warrant serious

detailing of the design. A basic concept of fuel cell, blanket, plenum chambers, and reflector

'MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 207.
2Desigrz Studies of 1000-Mw (e) Molten-Salt Breeder Reactors, ORNL-3996.
3MSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936, p. 172.
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thickness for a reactor with an average powei' density of approximately 40 kw/liter has reached

a firm status. It is this module which will receive detailed attention. For comparison purposes

a module of equal power but having twice the average power density was calculated. Table 9.1
shows the comparison between these two reactors regarding petformance and economy.

. The blanket and fuel heat exchangers are also considered to be in a sufficiently firm design
to justify detailing of thése components. Bbth heat exchangers have undergone significant é

changes in physical arrangement and will be discussed in some detail later.

Table 9.1. Comparison of the Effects of Core Power Density on the Characteristics
‘of a 250-Mw (Electrical) Molten-Salt Breeder Reactor

Average core power density, kw/liter

78

39
Power, Mw 556 556
Vessel diameter, ft 11.4 12
Vessel height, ft ~12 17
Core diameter, ft 6.34 8
Core height, ft 8 10
Core volume, ft° 252 503
Fraction of fuel in core 0.164 0.165
Fraction of blanket in core 0.05 0.06
Fraction of graphite in core 0.786 0.775
Blanket thickness, ft 2 1.5
Fraction of salt in blanket 0.65 0.60
Breeding ratio 1.06 1.07 ;
Fuel yield, %/year 6.79 6.02
Fuel cycle cost, mills/kwhr 0.42 0.43
Fissile inventory, kg 175 218
Fertile inventory, 1000 kg . 41 43 : x R_‘
Specific power, Mw (therﬁxal)/kg 7 3.18 2.55
Number of core elements 336 336
Velocity of fuel in core, fps 9.7 6
Average flux, e > 100 kev 2.9 x 1014 1.5 x 1014
Fuel volume, £t 3
Reactor core 41.3 83.0
Plena 10.0 24.0
Entrance nipples 5.6 8.5 k
Heat exchangers and piping 102.0 105.0 3
Processing 10.5 8.8
Total 169.4 231.3
Radial peak average flux ratio 1.58
Axial peak average flux ratio 1.51
4 ;
|
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The arrangement of components in the reactor cell as previously reported posed some very
difficult stress problems. A new arrangement of these components appears to have removed or
greatly lessened these problems. Analyses are currently in progress which will indicate whether

or not further changes are required.

Operational experience with the MSRE has indicated clearly that the handling of fission
gases from a molten-salt reactor requires very carefﬁl design. The gas system for the breeder
reactor is a most important part of the plant, and a start has been made in the design of this
system. A flowsheet which seems to describe this system has been developed. Also, analyt-
ical studies of gas stripping efficienéiés and parameters which determine or define the nature

of the gas sparging system have been initiated.

Associated with the gas handling problem is the matter of draining the reactor in the event
of a pump stoppage. Modifications in the primary heat exchanger indicated by the sparge gas
handling and core drainage influenced us to put an overflow line frorﬁ the sump tank of the pump
into a fuel dump tank. These changes in the primary heat exchanger have been rather extensive,

although the basic heat exchanger remains very much as the original concept.

9.2 FLOWSHEET

Since the reference design is based on the modular reactor concept, the flowsheet of Fig.
9.2 is for one module. The number of the various components in this module is shown. The
steam system is shown very sketchily for the 1000-Mw (electrical) plant, and an indication of

a steam header fed by the four modules is shown.

It will be noted that the maximum coolant-salt pressure is somewhat higher than has been
reported previously. This préssure occurs at the discharge of the coolant pump, and, of the

260 psi at this point, 110 psi comes from a gas overpressure at the suction side of the coolant

pump.

We believe it to be imperéntive that, in the event of a failure in any patt of the salt systems,
the pressures should be such that blanket salt would flow into fuel salt, and coolant salt would
flow into blanket and fuel salt, depénding on the location of the failure. This made it necessary

to pht a‘hyigh bias pressure on the coolant salt. The préssures shown on the flow diagram repre-

I osefit design-poinf pressures and take into account static heads and dynamic pressure drops in

all cases.

In pre§ioﬁs fioﬁ?sheets a $§eparaté coolant pump circulated salt throﬁ'g,hﬂthé feheater. We now
bypa‘s‘s.jthe dischargé of the main coolant pump through a salt-flow regulating valve to the re-
heater. This valve is little more than a variable orifice, and we believe the use of such a valve

is justified.
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9.3 REACTOR CELL COMPONENT ARRANGEMENT

Because of the relatively high rﬁelting point of the blanket salt, it is desirable to connect
the coolant circuits of the fuel heat exchanger and the blanket heat exchanger in series. Coolant
salt leaving the fuel heat exchanger at a temperature of 1111°F enters the blanket heat exchanger,
where it picks up 14°F to attain the design-point temperature of 1125°F. The coolant-salt line,
cartying 37.5 ft3/sec, is a large pipe (™ 20 in. in diameter) and therefore rigidly connects these
two heat exchangers. Since the blanket heat exchanger is located high in the reactor cell while
the fuel heat exchanger must be located below the bottom of the reactor vessel, there is a shift
in the center of gravity of the coupled heat exchangers when they are filled with salt.

In the original layout of the reactor cell which had the reactor, fuel heat exchanger, and
blanket heat exchanger in a triangular array, a twisting moment resulted about the axis of the
fuel connection between the reactor and the fuel heat exchanger. Also, the method of suspen-
sion mounting of the heat exchangers from constant load cells could not provide accommodation
for the differential thermal expansion of the system under all conditions.

A new layout of the reactor cell shown in Fig. 9.3 was made. In this configuration the three
cofnponents, reactor, fuel heat exchanger, and blanket heat exchanger, ate mounted in line. The
coolant lines connecting the fuel and the blanket exchanger are made concentric, and the shortest
possible spacing between exchangers is used. The connection from fuel heat exchanger to re-
actor is as sHort as possible, using concentric piping for this as we have been doing previously.

The connection from the blanket heat exchanger to the reactor vessel has been changed. In-
stead of the short concentric pipe used previously, the inlet and outlet lines from reactor vessel
to blanket exchanger are mn independently. These lines are purposely made long and flexible
by running them through four 90°bends. Thus we intend to decouple the interconnection between
the reactor and the blanket heat exchanger by use of flexible piping.

The three components, reactor, fuel exchanger, and blanket exchanger, are rigidly inter-
connected then by only one link for each; the reactor connects by the concentric fuel line to the
fuel exchanger, which connects by one concentric coolant line to the blanket exchanger. At de-
sign point‘ these connecting lines are very near the ambient cell temperature of 1000°F. The fuel
line is actually at 1000.°F, and the coolant line is very near 850°F. With the three cell compo-
nents in line, a different plan of support is now proposed. Let us point out that this arrange-
ment has nbt yet been analyzed for stresses, so we cannot be sure it is satisfactéry in its
present conception. '

The plan now involves mounting a stainless steel bed plate in the reactor cell in such a way
as to be tied at one end but free to expand with cell temperature. This bed plate is located

horizontally below the bottom of the reactor vessel and is mounted through necessary insulated

- supports to the load-bearing concrete of the cell. The reactor vessel and both heat exchangers

are mounted rigidly to the plate as shown in Fig, 9.4. We believe that this general arrangement
will work and that any overstressing found by analysis of the system can be corrected without

departing drastically from the concept.

g
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"Vertical growth of all components can take place independently, and the only accommodation
needed is a low-temperature sealing bellows at each pump-drive penetration through the cell
membrane. Any control-rod drive mechanism would involve a similar bellows seal. ’ '

The treatment of the reactor cell has not recelved any attention, but it is certain that some
form of radiation shield must cover the structural concrete and this shield must have coolmg
Inside the radiation shield, between it and the furnace of the cell, there must be some thermal

insulation.

9.4 COMPONENT DESIGN
Reactor Vessel

The reactor is shown in the elevation drawing of Fig. 9.5. The reactor vessel has a cy-

lindrical body 12 ft in diameter and approximately 17 ft high with dished heads on top and

- bottom. A heavy supporting ring essentially the diameter of the core carries legs which weld

to the bed plate and provide the mechanical mounting for the vessel. From the center of the
bottom head a concentric fuel line communicates with the fuel heat exchanger. This fuel line
has an outside diameter of 24 in. with a concentric return line 16 in. in outside diameter. Fuel

flows in these lines at a rate of approximately 18 fps.

Inside the reactor vessel are dished heads forming plenum chambers for distribution of the
fuel cells which rise from these heads. These plenum chambers are removable from the reactor
vessel, being held in place by a flanged mounting ring equipped with clamps. This flange has
not been completely designed, but we are considering the use of flat graphite gaskets to pre-
vent bonding of the flange surfaces under the high temperatL;re and rather high loading pressure
obtained at design conditions. The inner head communicates with the inner concentric line
through a slip joint which permits movement of the head relative to the pipe. Such movement
results from thermal expansion and must be accommodated. In addition, the slip joint allows

removal of the core when the flange seal is broken.

The core of the reactor is made up of 336 cylindrical graphite fuel cells mounted as close
together as tolerances permit to form essentially a cylindrical array approximately 8.3 ft in
diameter. The graphite cells are extruded cylinders with center holes 11/2 in. in diameter,
surrounded at 120° angles with three 7 4-in.-diam holes. At the top of each cell there is a
graphite cap machined to provide a smooth communication between the four holes of the

cell. Figure 9.6 shows the arrangement of one of these cells.

At the bottom of a cell, the graphite cylinder is joined to a transition nipple. This join-
ing is done by a combination of a short threaded engagement for mechanical attachment and a
rather longer brazed joint for leak-tightness. The connection to this nipple is a matter of
development, and work is proceeding to establish the best practice for effecting this con-
nection. The lower end of the nipple is threaded to screvw into tapped holes in the upper

curved head.

"
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From smaller holes in the inner head, concentric with the upper one, smaller nipples ex-
tend through the upper head. These nipples are also attached to the inner head by a pipe

thread, each one being screwed into place before attaching the fuel cells above.

As a fuel cell is put into place, the 11/2—in. center hole is slipped over the inner nipple.
This engagement is a slip joint and allows for screwlng the cell into place, and in operation
it permits the necessary differential expansion between the cell and the inner nipple. After
all cells are in place, the entire core can be leak-tested, the graphite-to-metal transition joints
having previously been tested individually. When the assembled core has been tested, it can
be lowered into the reactor vessel and the flanged joint can be clamped.

Just inside the reactor vessel there is a graphite reflector 6 in. thick. This reflector is
only on the vertical walls; there is none below or above the core. It is made of rectangular-
shaped pieces with mortised joints to form a self-supporting wall resting on a ledge at the
bottom of the vessel. The volume between the reflector and the vessel provides a flow
passage for the blanket salt as it drscharges through holes in the bottom of the distribution
ring located near the top of the vessel. ' -

We are considering the use of 4-in.-diam graphite balls invthe reglon between the core and
the reflector. These balls have holes in them so that graphite occupies 40% of the volume in
this ll/-ft-thick region. A retainer of‘perforated metal prevents the balls, which float in the
blanket salt, from crowdmg into the top head of the reactor vessel. Instead, by floating up
against this retamer, a measure of support is afforded the core structure, the floating balls

tending to exert a considerable force on the fuel cells.

With this core configuration a two-fluid reactor is achieved. Fuel salt enters the outer
concentric pipe at the bottom of the reactor. It flows out to the outer radius of the core and
in between the upper inner dished heads, feeding salt into the nipples emerging from the upper
head. Fuel passes up through the three /8-m. holes of each fuel cell and down through the
center 1% ,-in. hole through the inner pipe nipple into the collecting plenum. From there it
flows through the slip joint into the inner concentrrc fuel line to the pump suction at the

center of the fuel heat exchanger

‘ The blanket salt flows 1nto a d1str1butor at the top of the reactor, and, emergmg through

*holes in the bottom ‘of this header it tlows behrnd the graphrte reflector to the bottom of the

reactor There it flows up thr ough the balls in the blanket annulus and out of the suction ~

11ne near the top of the reactor.

Some of the blanket salt trlls the mterst1ces between the fuel nrpples and the fuel cells

‘ C1rcu1at10n of the blanket salt is governed by thermal convection. ‘Heat generatlon ‘and tem-

‘perature calculatrons are in progress to determme whether thlS flow is adequate.

The center locatlon for a fuel cell is left vacant Thrs is for a control rod. In Fig, 9.6
this control rod is represented as a hollow graphite cylinder 5 in. in outside diameter, 4 in.

in inside diameter, and equipped with a gas inlet at the top. By controlling the gas pressure,

-
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% blanket salt can be positioned at any height within this cylinder, and this blanket volume con- E
;1 trols the reactivity of the core. Calculations indicate a change of 1.8% in reactivity between =

the full and empty condition of this cylinder. .

It may be that, instead of a hollow cylinder, a graphite rod 5 in. or less in aiameter will
i be used to displace blanket salt from this position in the core. Effective control can be ob-
tained by driving this rod in a more conventional way. In the event of failure of the drive,
the rod'would be lifted out of the core by the more dense blanket, thereby reducing the 'r‘e—
4 ~ activity. ’ '
‘ The reactor has been optimized as far as nuclear performénce is concemed. There is no

vetry sensitive parameter, and rather large changes in all dimensions can be tolerated without

changing the characteristics materially. Table 9.1 gives the calculated performance of this
; reactor. Thls core volume is 503 ft®, with a fuel volume in the core of 83 ft3. This givés an 1
: average power déﬁsity in the core of 39 kw/liter. . . ’"’J
%] For comparison, tﬁe performance of a reactor having a power density of 78 kw/liter is given » E

; in Table 9.2. This reactor has half the volume in the core and would give somewhat better
‘ performance. At present we do not know just what the limit is on graphite radiation tolerance.

The smaller reactor, whatever the graphite limit, would be expected to have approximately half

the core life of the larger one, which is used as the reference design.
Some general comments can be made about the reactor as it is currently conceived. As we

stated above, the nuclear performance is so insensitive to parameters that the final reactor

design is likely to be close to the present conce;;t. We would prefer to have the core removable
in modules rather than having to remove it in one piece. This is particularly desirable if we E:
have to maintain the lower power density and if it becomes desirable to make reactor modules “
larger than the 556-Mw (thermal) size with which we are concerned at present. We do not yet
have what we consider an acceptable way of making these core submodules, but work is con-
tinuing to try to develop one. k

The thickness of the heads has not received rigorous attention. At present the top or load-
bearing head is 1 in. thick. This is thicker than the load seems to require but‘is used to give ' E
an adequate thickness for tapping for the nipples. The analysis of all stresses in these heads '
is being made but has not yet been completed. The same is true for the pressure drops.

The top of the reactor as shown has a welded joint which can be ground off for removal and

rewelded when a new core has been installed. Probably this access joint will be moved up

outside at least one layer of shielding in the final core design. In this case some of the shield-
ing blocks would be supported by the top of the reactor vessel. The closure point for the re-

actor would, by this means, be more accessible.

Fuel Heat Exchanger

The heat transfer work which had been done for the Breeder Reactor study was reevaluated.

This was made necessary by the results obtained from the MSRE. It was found that the salt
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Table 9.2. Fuel Heat Exchan-ger Data Sheet

Fuel-coolant-salt exchanger, counterflow, two-shell pass, two-tube pass with donut-type baffles

: ~
Number required

Réte of heat transfer, Mw
Rate of heat transfer, Btu/hr

Shell side
Hot fluid or cold fluid
Entrance temperature, °F
Exit temperakture, °F
Entrance pressure, psi
Exit pressure, psi
AP across exchanger, psi
Mass flow rate, lb/hr

Tube side
Hot fluid or cold fluid
Entrance temperature, °F
Exit temperature, °F
Entrance pressure, psi
Exit pressure, psi
AP across exchanger, psi
Mass flow rate, 1b/hr

Tube material
Tube OD, in.
Tube thickness, in.

Tube length, tube sheet to tube sheet, ft

Shell material

Shell thickness, in.
Shell ID, in.

Tube sheet material

Tube sheet thickness, in.

N ‘umh:o‘err of tubes

_:Pitc‘hwof tubes, in.

“Type of baffle’

Number 6f Baffieé .

1
528.5
1.8046 x 107

Cold (coolant salt)
850

1111

198

161

37

1.685 x 107

Hot (fuel salt)
1300

1000

137

50

87

1.093 x 107

Hastelloy N
0.375
0.035

Inner annulus, 13.53

Outer annulus, 14.50
Hastelloy N

1

66.7

Hastelloy N

Top outer annulus, 11/2
Top innerannulus, 25/8
Floating head, 33/4

Inri'er annulus, 4347
Outer ann_ulus, 3794

Innér annulus, 0.600 radial;

0.67 3 circumferential
Outer annulus, 0,625 triangular

Donut
Innér annulus, 4

Outer annulus, 10
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thermal conductivity was less by about a factor of 3 than the value used in the original heat
transfer calculations. This difference resulted in degradation of the overall heat transfer co- ~
efficient, necessitating an increase in heat transfer surface of the heat exchanger of approxi-
mately 20%. A new heat exchanger design with a larger number of tubes and a slight change
in the baffle arrangement was developed. The parameters of this new heat e>xchanger are given
4 in Table 9.2. ‘ '

' While the new heat exchanger has a higher fuel holdup by reason of the additional tubes, a
more favorable arrangement of the header and other reductions in parasitic volumes”éb\'fnp.eh'-

sated for this larger number of tubes, so that the net fuel inventory in the heat exéﬁangef—pﬁmp

s i e B 1 3

compléx did not change significantly from that required in the first heat exchanger used in the
reactor study. ,

A significant change in the heat exchanger design concerns the method of flanging the heat
exchanger into the coolant circuit piping. The coolant flows up around the heat exchanger and
is dischéfged symmetrically across the outer bank of fuel tubes. In this arrangement the toroidal

coolant header is replaced by a jacket around the tubes. Figure 9.7 shows the arrangement of

this new heat exchanger.

After traversing the outside of the fuel tubes in a countercurrent flow pattem, the coolant
sélt leaves the heat exchanger through a central discharge pipe which connects to the center
of the concentric coolant-salt line through a slip joint. The entire heat exchanger can be re-
moved from the circuit by opening the large flange, cutting the large fuel pipe communicating
with the reactor, and disengaging the center fuel pipe by slipping it out of the slip joint pro-
vided for this purpose. The drain and overflow lines and auxiliary pump lines must also be w
cut to remove the exchanger. :

Removing and replacing a prifnary heat exchanger is a major repair. However, with the de-
sign as shown, the difficulties appear to be less formidable than if both coolant lines had to
be cut and welded to perform the task. Adequate remote cutting, aligning, welding, and in-
specting equipment and methods must be demonstrated for this apyplication. .

Because of the expansion of the fuel tubes, the toroidal header at the bottom of the ex- ,

changer will move relative to the vessel enclosing the exchanger. For this reason and also

to permit removal of the exchanger, a drain line cannot be connected to this header. Instead, ' 3;

a dip line for draining fuel extends into this header from the top of the exchanger. This line

connects through a freeze valve to the fuel drain tanks for the reactor. When the drain valve

is thawed and the drain tank is vented, the fuel salt in the heat exchanger flows through this
line into the drain tank. The gas pressure in the pump bowl is sufficient to effect a complete
drain of the fuel salt from the system.

In case of a pump stoppage with the attendant necessity to drain the reactor, the following
sequence takes place. Upon pump stoppage the reactor automatically drains into the pump sump
tank and through the 5-in. overflow line; the salt goes to the drain tank. A gas flow into the re-
actor inlet plenum is furnished by the gas separator lines from the pump sump cover gas. This

automatic drainage takes place in the order of a few seconds. However, the concentric lines

b
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to the reactor aﬁd the head space above the fuel tubes in the heat exchanger remain full of salt
and will overheat if not cooled. ‘

When the pump stops, the pressure in the lower header of the heat exchanger drops to the
static pressure of the salt, about 14 psi. If now the gas valves in the line ére opened, the
stored gas will flow into the bottom of the heat exchanger, displacing the fuel into the pump
sump frbm which it overflows into the drain tank. By proper sizing of this tank, enough fuel
can be displaced from the heat exchanger to bring the level at equilibrium below the top tube
sheet of the exchanger. The lines and volumes above the tube sheets will be empty of salt,
and no' 6verheating will result.

We have calculated the cooling required for fuel in the tubes of the heat exchanger under
* the stagnant conditions. Because of the geometry of the coolant salt system, there is con-
vective flow of coolant salt even when no coolant pump is running, This convéctive flow of
coolant is adequate to remove aftetheat from the stagnant fuel in the tubes. ,

To provide cooling but to avoid overcooling requires some modification of the steam circuit
of a module. We have not studied the modifications in sufficient detail. to justify a discussion
at this time.

The large sump tank on top of the heat exchanger is not intended to hold the drained fuel
from the reactor. Because of the undesirébility of installing the afterheat cooling system in
the reactor cell and also in order to be able to drain the lines to the reactor, an overflow pipe
was installed from the sump tank to a separate dump tank. This tank is equipped with a cool-
ing system adequate for afterheat removal.

. The sump tank on top of the heat exchanger appears to be larger than necessary inasmuch
as excessfuel flows through the 5-in. drain line to the drain tank. The size of the tank is
dictated by the fact that it must hold the reactor volume (83 ft3) upon starting the reactor.
Fuel cannot be forced by gas pressure out of the drain tank fast enough to keep the fuel pump
primed on startup. The fuel must be displaced into the sump tank and held there by gas over-

pressure in the drain tank until the reactor is filled by the action of the pump.
Not shown in the drawing of the heat exchanger is the gas separator and associated ap-

paratus for handling the sparge gas for the fuel system. The plans for handling this gas are
being worked out, and drawings of the equipment are not yet ready. The criteria and flowsheet

are discussed in Sect. 4.

Blanket Heat Exchanger

The blanket heat exchanger is shown in Fig. 9.8. This heat exchanger is similar to the fuel
heat exchanger but considerably smaller and less complicated. There is no need for the gas
sparge system, and there is no afterheat problem that has to be provided for here. In addition,
the coolant flow is less complicated since counterflow is unnecessary. The temperature dif-
ference is modest between blanket salt and coolant, and the total rise in temperature is only
11°F as the coolant passes through. Table 9.3 gives the characteristics of the blanket ex-

changer.
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Fig. 9.8, Blanket Heat Exchanger and Pump.
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i Table 9.3. Blanket Heat Exchanger Data Sheet
Blanket-coolant-salt exchanger, one-shell pass, two-tube pass with disk- and
i donut-type baffles
Number required 4
! Rate of heat transfer, Mw C 27.75
i Rate of heat transfer, Btu/hr 9.471 x 107
: Shell side
Hot fluid or cold fluid Cold (coolant salt)
; Entrance temperature, °F 1111
4 Exit temperature, °F 1125
; ) Entrance pressure, psi® 138 *
j Exit pressure, psi® 129
AP across exchanger, psib 15
Mass flow rate, 1b/hr 1.685 x 107
Tube side 1
! Hot fluid or cold fluid Hot (blanket salt) -
Entrance temperature, °F 1250
Exit temperature, °F 1150
Entrance pressure, psi? 111
Exit pressure, psi® 20
AP across exchanger, psi}3 91
Mass flow rate, 1b/hr 4.3 x 108
Velocity, fps 10.5
Tube material Hastelloy N
Tube OD, in. 0.375
Tube thickness, in. 0.035
Tube length, tube sheet to tube sheet, ft 8.3
Shell materiat » Hastelloy N
: Shell thickness, in. 1/4
1
; Shell ID, in. 40.78
Tube sheet material Hastelloy N *
Tube sheet thickness, in. 1
Number of tubes Center section, 810

",

Annular section, 810

Pitch of tubes, in. 0.8125 ' k.
Total heat transfer area, ft2 1318 E
Basis for area calculation Tube OD
Type of baffle ' Disk and donut
Number of baffles 4 A
Baffle spacing, in. 19.80
Disk OD, in. 33.65 : ' ]
Donut ID, in. ' 31.85 v
Overall heat transfer coefficient, U, 1027
Btu hr~ ! ft—2
) ?
®Includes pressure due to gravity head.
bPressure loss due to friction only.
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9.5 REACTOR PHYSICS
0. L. Smith

In addition to optimization studies described above, work on MSBR reactor physics in-
cluded (1) a series of cell calculatioﬁs performed to examine the sensitivity of the MSBR
cross sections and reactivity to various changes in cell structure and composition, and (2)
several two-dimensional calculations of the entire reactor. All of the calculations were based
upon the most accurate description of the system that was available as of January 1, 1967,
The graphite-moderated portion of the core was 10 ft in length and 8 ft in diameter, contained
~0.2 mole % 233U, 27 mole % 232Th, and had a fuel volume fraction of 16.48% and a fertile
volume fraction of 5.85%. The reactor had a 1.75-ft-thick radial blanket consisting of 60%
fertile salt and 40% graphite, surrounded by a graphite reflector 6 in. thick. The top axial
blanket was 1.5 ft thick and contained 60% fertile salt and 40% graphite. The bottom axial
blanket was 1 ft thick and contained 3.18% Hastelloy N, 16.48% fuel salt, and 80.34% fertile
salt. A number of structural details below the lower blanket were included in the two-dimen-
sional calculations.

Figure 9.9 shows the geometry of a cell in the graphite-moderated core. Graphite dowels
of appropriate size are located at the six corners of the cell to yield the desired fertile salt
volume fraction. ‘ The cell calculations were performed with the code TONG and involved
varying (1) cell diameter, (2) fuel distribution (i.e., fuel separation distance, s), (3) 233U
concentration, (4) 2%2Th concentration, (5) fuel volume fraction, and (6) fertile volume frac-
tion. Each of these paramefers was varied separately while holding the others constant.
Table 9.4 and Fig. 9.10 show the effect on reactivity of varying the parameters. The varia-
tions are shown relative to a reference cell which had a digameter (flat to flat) of 3.156 in.

and a fuel separation distance, s, of 1/8 in.

ORNL-DWG 67-4789
FU = FUEL
G = GRAPRITE
AU FE = FERTILE

oo

Y

Fig. 9.9. Cell Geometry.
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Table 9.4, Effect on Reactivity of Varying E
Cell Properties ‘
Percent » L&
Case Variation eff
1 Reference cell ) 0
2 Cell diameter ~36.7 ~0.,0271
4 3 Cell diameter +58.4 +0.0317
4 Fuel separation, s —-100 ~0.0011
5 Fuel separation, s +200 +0.0003 wF
6 233y concentration —-25 -0.1031
7 233y conc-entratipn +25 +0.0763
8 2321y concentration ~25 +0.0936 ,g.
9 232’1‘11 concentration +25 ~0.0768 E
10 Fuel volume fraction —25 ~0.0851 ’
11 Fuel volume fraction +25 +0.0512
12 Fertile volume fraction —25 +0.1048 E
13 Fertile volume fraction +25 —0.0845
ORNL-DWG 67-4790
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The results of these calculations (compare cases 1 and 3) indicate that there may be a
reactivity advantage (attributable to increased self-shielding of the 232Th resonances) to
using a cell somewhat larger than the 3. 156-in. reference cell. If the conversion ratio is’
not adversély affected, use of a 5-in. cell may, for example, pemit reduction of the 233U
inventory. Pending further study, cése 3 (which differs from case 1 only in cell size) is
considered to représent the cutrent cell dimensions used in the design.

Table 9.5 and Fig. 9.11 show information about the flux distribution for case 3. Table
9.5 shows the ratio of the average flux in the fuel to the cell average flux, the ratio of the
a§erage flux in the graphite to the cell average flux, and the ratio of the average flux in the
fertile salt to the cell average flux for the epithermal and fast flux ranges. Figure 9.11 shows
the thermal flux distribution in the cell. The results in Fig. 9.11 are based upon an annular
approximation to the cell of Fiig. 9.9. »

The two-dimensional calculations used the 5-in.-diam cell composition and cross sections

for the core, and they were performed with the diffusion theory code EXTERMINATOR-2. Nine

Table 9.5. Flux Ratios in Epithermal and
Fast Energy Ranges

Energy Range Fuel Graphite  Fertile
0.821-10 Mev 1.226 0.929 0.878
0.0318-~0.821 Mev 1.090 0.984 0.958
1.234--31.82 kev 1.014 0.998 0.991
0.0479~1.234 kev 1.0 1.0 1.0
1.86~47.9 ev 1.0 1.0 ‘ 1.0

ORNL—DWG 67-4791

2.0

o

CELL AVERAGE FLU»X\
e FUEL —mm- »1- -i-— GRAPHITE 4—| .—*—
AR NN N

GRAPHITE FUEL | FERTILE

FLUX (arbitrary units)
o

o
o

0] 1 2 3 4 5 6 7 8 9
RADIAL POSITION {cm)

Fig. 9.11. Thermal Flux Distribution in Cell (E <1.86 ev).
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| ) . €
energy groups were used and are shown in Table 9.6. Figure 9.12 shows the radial flux dis- ‘ . E

tribution in the core midplane for neutron energy groups 1 and 6 separately, and Fig. 9.13 shows ‘ ;

the total flux distribution. The radial peak-to-average flux ratio in the graphite-moderated part
of the core is 1.58. Figure 9.14 shows the axial flux distribution for groups 1 and 6 at a radial

distance 18 in. from the axis of the core, and Fig. 9.15 shows the total flux distribution. The
axial peak-to-average flux ratio in the graphite-moderated core region is 1,51, Thus the total

peak-to-average flux ratio is 2.39, the peak occurring at the geometric center of the graphite-

4

3 moderated core. ' _

] The central cell of the reactor is intended for control purposes and consists of a graphite

1

4 tube S in. in outside diameter and 4 in. in inside diameter. It is envisioned that control will - ]

be achieved by regulating the height of the fertile salt in the tube. If the completeyly empty
tube is filled with fertile salt, the change in reactivity is 8k/k = ~0.018%. If the empty

%

tube is filled with graphite, the reactivity change is 8k/k = +0.0012%. Thus there appears
to be a substantial amount of reactivity control available by varying the height of the fertile

\ column in the tube.

Table 9.6. Neutron Energy Groups Used in

Two-Dimensional Calculations

Group Energy Range

—

0.821~10 Mev

0.0318~0.821 Mev
1.234-31.82 kev
0.0479-1.234 kev
1.86—-47.9 ev
0.776-1.86 ev

0.18--0.776 ev
0.06-0.18 ev

© 0 N9 O b~ ow N

0.01-0.06 ev L
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9.6 MSBR GAS HANDLING SYSTEM
Dunlap Scott  A. N. Smith  R. J. Kedl

The gas handling system for the MSBR serves sever‘al functions in the operation of the
plant. These include: supplying helium for purging and pressurization of the gas spaces;
rapidly removing '*5Xe from the salt; transporting, removing, and storing the radioactive
fission product gases; and processing the helium for recycle into the gas supply or disposal

to the atmosphere. A scheme for accomplishing these functions is described below.

. Xenon Removal

Prehmmary stud1es of the mlgratlon of 135Xe to the graphlte in molten salt breeder re-
actors indicated that it would be possrble to reduce the 13%Xe p01son fraction to an acceptable

value of / % ifa gas stnppmg system could be devrsed which would process the entire reactor

 fuel-salt 1nventory in about 30 sec. Since the reactor system salt c1rcu1t time is about 9 sec,

it is requrred that the entire mventory be processed every 3 to 4 passes around the circuit.

The requlred xenon processrng time could be extended by processmg the fuel for removal

of the precursor l351 However the advantages of 135] processmg are limited by the fact that

20% of the total 135Xe produced in the fissioning of 233U appears directly, and very high proc-

" essing rates would be required to obtain even modest gains. For example, if the entire fuel in-

ventory were processed for 1351 removal once every hour, the xenon removal process rate would

only be extended to about 80 sec, and a very high 1351 processing rate would increase the xenon

e s ST PR
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ﬂ processing time to only about 110 sec. Therefore, processing for iodine is not, at this time, being

considered as a method of removing !35Xe.

The method proposed for removal of *33Xe involves stripping of xenon-enriched helium bubbles
from the fuel ‘s/tream by means of a gas separator located at the heat exchanger outlet. The bub-
bles will be generated by injecting helium into the salt at the fuel pump suction, and transfer of
xenon from the salt to the gas will be effected during passage through the heat exchanéer. !

Mechanical Design

The flowsheet for the MSBR off-gas system is given in Fig. 9.16. Helium is injec‘ted into
the suction of the fuel salt pump and is removed by centrifugal separation at the heat exchanger
outlet. The liquid-gas mixture from the separator is then fed into a cyclone separator where the

4 entrained liquid is removed and returned to the pump bowl. The gas from the pump shaft purge

. ]

and the instrument lines is combined with that from the cyclone separator and fed into the 48-
hr xenon holdup system. A small portion of the flow from this system is fed into the long-term

xenon holdup and then through the noble-gas separator to a recycle system for supplying clean

helium to the pump shaft purge and the instrument gas lines. The remainder of the gas from the

48-hr xenon holdup system is fed into the gas injector system at the fuel pump suction. It is

the salt-powered gas injector that serves as the prime mover for the high-gas-flow recycle

system. Some of the design criteria of the critical components are described below.

Gas Injector System

1. The gas addition rate shall be sufficient to produce about 1% void volume in the salt

at the pump suction.

2. The location and manner of gas injection shall provide a balanced distribution of bubbles F
in the liquid entering the pump impeller. This consideration affects the bubble distribution in
the heat exchanger and the bubble size, as well as the pump dynamic balance. »F

3. There shall be operator control over the gas addition rate into the gas injector.

4. The supply for the gas injector shall be taken from the outlet line from the 48-hr xenon
holdup helium recirculation system. There shall be a backflow preventer arrangement at this -
gas supply point to prevent salt from getting back into the charcoal beds as a result 6f a E
sudden pressure transient in either the salt or gas system. ‘ :

5. The method o\f'injecting bubbles into the pump suction shall be a fuel-salt-powered jet
pump taking its salt supply from the heat exchanger dischargé;

The suction préssure for the salt-powered jet pump shali be less than 10 psia at a flow rate

of 6.5 scfm of helium.

S nibe, ol RN
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Bubble Separator System

1. The bubble separator shall be installed within the outer annulus of the fuel-salt line from
the heat exchanger to the reactor.

2. The separator, including the entrance region, shall be kept as short as is reasonably pos-
sible, and the separator shall be as close to the heat exchanger as good design pemits. The
purpose of this restriction is to permit removal of the separator along with the heat exchanger
and at the same time permit locating the heat exchanger close to the reactor. '

3. The design of the system shall include assurance that the separator will not admit gas
into the salt line to the reactor except when the fuel [;ump stops. Check valves or liquid sub-
mersion of the discharge will not be used to prevent backflow, since the reactor drain scheme
will use the separator outlet as a gas source.

4. The bubble fraction of the salt as it enters the reactor shall be less than 0.1% during
steady-state operation.

5. The fuel line outside the gas separator shall be free of protrusions all the way to the
heat exchanger outlet. Equipment for cutting and welding the 24-in.-diam fuel line will occupy
this space during some maintenance operations. '

6. The gas outlet from the bubble separator and the gas line to the pump bowl shall stay
within the salt line if possible. This will reduce the number of penetrations through the pipe
wall. ‘

7. A modified gas cyclone separator shall be an integral part of the bubble separator dis-
charge stream. The liquid would be discharged to the pump bowl, and the gaseous discharge

would go to the xenon holdup system.
Volume Holdup System

The first stage of the high-flow 48-hr xenon holdup is a gas volume holdup whose several
functions are listed below.

1. The first stage shall be a cooled volume for the decay of the very short-lived gaseous
fission products. A reentrant tube system similar to the one in the fuel drain tank of the MSRE
will be investigated for providing the cooling.

2. There shall be a provision for a final demisting of the gas as it comes from the cyclone
separator.

3. Since there will be a total of more than a kilogram of fission products produced each day

"in the reactor complex, and since a sizable fraction is involved in the short-lived gaseous

products, a method of collecting, cooling, and conveying to a disposal area must be included.
The collecting device should pass only gas which has resided in the volume holdup for at
least the specified minimum transit time.

. 4. The volume holdup system shall be sized to reduce significantly the heat load and
particulate loading rate from short-half-life fission products in the first stage of the charcoal

bed, which is immediately downstream.
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Noncritical Components

Many of the remaining components in the off-gas handling system are reasonably well
understood, and, while they must be designed and ultimately tested, it is believed that they

will offer no criticd-problems. Some of these are listed below:

1. High-gas-flow charcoal bed debsig‘n.. »
Biological charcoal bed de51gn (low flow).

3. Noble-gas separator and disposél system. This includes 85Kr and tritium removal from the
helium which is to be returned to the recycle system.

4. Helium compressor for recycle of clean helium.

5. 'Gas sampling system for purity control and for surveillance of the chemical condition of the
salt.

6. Instrumentation and controls for operating the gas system.




10. Molten-Salt Reactor Processing Studies
' M. E. Whatley

A close-coupled facility for processing the fuel and fertile streams of a molten-salt breeder
reéctér (MSBR) will be an integral part of the reactor system. Studies are iﬁ progress for obtaining
data relevant to the engineering design of such a processing facility. '

The fuel processing plant will operate on a side stream withdrawn from the fuel stream which
circulates through the reactor core and primary heat exchanger. For a 1000-Mw (electrical) MSBR,
approximately 14.1 ft3 of salt will be proceséed per day, which will result in a fuel-salt cyclek
time of approximately 40 days. The p‘resently envisioned process has been described previously;?!
the significant process steps are recovery of the uranium by continuous fluorination, recovery of
the carrier fuel salt by vacuum distillation, and recombination of the purified UF p and barren car-

rier salt.

10.1 CONTINUOUS FLUORINATION OF A MOLTEN SALT

L. E. McNeese B. A. Hannaford

Uranium present in the fuel stream of an MSBR must be removed prior to the distillation step,
since UF , present in the still would not be completely volatilized and would in part be discharged
to waste in material rejected from the distillation system. Equipment is being developed for the
continuous removal of UF , from the fuel stream of an MSBR by contacting the salt with F, in a
salt-phase-continuous system. The equipment will be protected from corrosion by freezing a layer
of salt on the vessel wall; the heat necessary for maintaining molten salt adjacent to frozen salt
will be provided by the decay of fission products in the fuel stream. Present development work
consists of two parts: (1) studies in a continuous fluorinator not protected by a frozen wall and
(2) study of a frozen-wall system which is suitable for continuous fluorination, but with an inert
gas éubstituted for fluorine in the experiments. Work on the two systems is described in the fol-

lowing sections.

Nonprotected System

The experimental system has been described previously® and consists of a 1-in.-diam fluori-

nator 72 in. long and auxiliary equipment which allows the countercurrent contact of a molten salt

IMSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037, p. 232.
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with F,. It is intended to demonstrate the effectiveness of this type of system for uranium recov-
ery and to obtain engineering design data on backmixing and F , utilization. The present work
has used salt containing no beryllium, but LiF-BeF , mixtures will be used when suitable facil-
ities for handling beryllium are made available.

This system also allows development of techniques and auxiliaries required for continuous
fluorinators. These include means for controlling and measuring molten-salt flow rates and
methods for sampling and analyzing molten-salt streams and gas streams. A gas chromatograph
is used for analysis of the fluorinator off-gas for UF, F, ,» and N, Uranium concentration in
the salt during fluorination is determined from salt samples taken at 15-min intervals.

’Data obtained from this system have been reported previously;! three additional experiments
have been made at 600°C using an NaF-LiF-ZtF , mixture containing 0.37 to 1.16 wt % UF, and
having a melting point of ~475°C. Salt feed rates of 9.8 to 30 cm®/min and F, rates of 235 to
335 cm3/min (STP) have been used with molten-salt depths of ~.48 in. Uranium removal during
one pass through the fluorinator varied from 99.36 to 99.89%, as determined from salt samples.

During the best run to date, a molten-salt feed rate of 10.2 cm®/min and an F, feed rate of
235 cm3/min (STP) were maintained for a 2.5-hr period. At steady state, 99.89% of the uranium
was removed by the fluorinator, as determined from inlet and exit concentrations of uranium in the
salt. Later in the run, a molten-salt feed rate of 22.5 cm?®/min and an F2 rate of 270 cm®/min
(STP) were maintained for a 2.5-hr period. With these conditions, the uranium removal at steady
state was 99.62%. The uranium concentration in the feed salt was 1.16 wt %, and fluorine utiliza-
tions were 15.6 and 30% respectively. The equipment operated smoothly during the run, salt and
gas feed rates were constant, and the system was operated at steady state for 2 hr at each of the
above conditions. '

The available design parametets include the ratio of salt and fluorine flows and the neight of
the tower. Any recovery can be attained, and an economic optimum will probably fall above

99.9%.

Protected System

Components for the protected system have been fabricated and are being installed. This
system will be operated with a frozen layer of salt on the fluonnator wall and will allow the
countercurrent contact of an mert gas w1th molten salt in equ1pment suitable for continuous
fluotination. S ' .

The fluormator is constructed from 5-in.-diam sched-40 nickel p1pe and will prov1de a section
protected by a frozen wall ~6 ft high. Internal heat generation is provided by Calrod heaters
placed inside a ¥, %-in.-diam nickel tube along the center line of the vessel. The frozen-wall thick-

ness will be dependent on the radial heat flux and can be varied from ¥ o to 1 1/ in. Frozen-wall

] thlckness will be determined from temperature gradients measured by two sets of four internal

thermocouples located at different radii with tespect to the vessel center line. A feed tank
and receiver vessel will allow the feeding of a salt volume equivalent to approximately ten

fluorinator volumes through the system.
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The system will be operated with a sait mixture (66 mole % LiF—34 mole % Z:F 4) having a
phase diagram similar to that of the LiF-BeF , fuel salt for the MSBR and should point out problems

associated with the operation of a frozen-wall fluorinator.

10.2 MOLTEN-SALT DISTILLATION STUDIES
J- R. Hightower L. E. McNeese

Relative volatilities of several rare-earth fluorides with respect to lithium fluoride have been
measured in an equilibrium still operated at 1000°C and 0.50 mm Hg pressure. Recent work has

refined previously reported values for CeF 3 LaF and NdF , and has added the relative volatility

37
for SmF ;. The rate of vaporization of LiF has been measured at 1000°C at several pressures;
these data are useful in estimating the probable error in measured relative volatilities and for
predicting vaporization rates in equipment suitable for MSBR processing. The results of a study
on the buildup of materials of low voiatility at a surface where vaporization is occuvrring are also

given.

Relative Volatility Measurement

A distillation step will be used in the MSBR processing plant to remove rare-earth fission
products from the fuel stream. To design the still it is necessary to know relative volatilities
of the rare-earth fluorides with respect to LiF, the major constituent of the still pot., The equi-
librium still used for these measurements and the operating procedure have been previously de-
scribed.? Relative volatilities of four of the rare-earth trifluorides with respect to LiF at 1000°C

and 0.50 mm Hg have been obtained from recent experiments and are listed below.

Rare-Earth Fluoride  Mole Fraction Relative Volatility with Respect to LiF

CeF, 0.02 3x 1078
LaF 0.02 ' 3x 1074
NdF 0.05 6x 1074
SmF 0.05 2x 1074

3

These relative volatilities allow the required rare-earth fluoride (REF) removal efficiencies in a

still of simple design without rectification.

Vaporization Rate Studies

Data on the variation of vaporization rate with total pressure are necessary to assess the
error in relative volatilities measured in the recirculating equilibrium still and to predict vaporiza-

tion rates in equipment suitable for MSBR processing. A diagram of the equipment used for the

2Ibid., p. 229.
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 measurement of vaporization rates is shown in Fig. 10.1. The distillation unit was made from 1-

in. nickel tubing bent into an inverted U. The salt was vaporized from a graphite crucible in the
left leg of the still, and the condensate was collected in a similar crucible in the right leg.
For operation of the still, a mixture of LiF and a rare-earth trifluoride having a known com-

position was‘placed in a crucible in the vaporizing section of the still, and a second crucible
was placed below the condenser. The system was purged with argon while being heated to the
desired temperature. When the temperature in the vaporizing section reached 1000°C, the still
pressure was decreased to the desired value, and the condenser cooling air was turned on. The
condenser temperature of about 500°C caused the salt vapor to solidify on the condenser walls.
After a given length of time the still was pressurized with argon and the cooling air turned off;
this allowed the condensate to melt and drain into the crucible be.low the condenser. Vaporization
rates were determined from the decrease in weight of the salt in the vaporizing section of the still,
since only part of the salt vaporized was collected in the other crucible. Results of these tests
aré giVién in Table 10.1. |

~ At pressures near the vapor pressure of LiF, the LiF vaporization rate increased slowly as
the pressure was lowered. At a pressure significantly lower than the LiF vapor.pressure, the rate

increased by an order of magnitude. When the total pressure is higher than the vapor pressure of

ORNL-DWG 67 - {507A

{—in. NICKEL
TUBING —»
q
CONDENSER
q
) COOLING AIR
THERMOWELL—={_]] N\ A= FUNNEL
« o fuis VAPORIZING M ”
[ SECTION _~1
Fideais £ CRUGBLE (= = [™~CONDENSING
o - SECTION
L B CRUCIBLE -
CRURE e CRUGIBLE
+ e ™ SUPPORTS
e i oy —— L3

E SWAGELOCK VACUUM
: [ﬁ/ FITTINGS PUMP

Fig. 10.1. Appuaratus for Vaporization Rate Measurement.
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Table 10.1. Variation of LiF Vaporization Rate

! L with Total Pressure at 1000°C ’ L*

1 Condenser Pressure? ‘ Véf’orization Rate‘
(mm Hg) (g cm™? sec—'l)

1.0 7.8x 1076 v

' 0.50 3.3x107° ‘ E

i 0.35 4.8% 1075 '

0.1 2.4x 1074
? ‘,

®The vapor pressure of LiF at 1000°C is
about 0.53 mm Hg.

LS.

‘the ‘salt, the rate of vaporization should be controlled by the rate of diffusioxi.of LiF and REF '
through the argon present in the system; the measured rate at 1.0 mm Hg was comparable with the
rate calculated by assuming the rate to be diffusion controlled. Since these data indicate that the
rec1rcu1at10n rate in the equilibrium still is controlled by diffusion of the salt vapor through argon, \
an error in the measured relative volatilities could arise because of d1fferences in the rates of dif-
fusion of LiF and REF vapor. Calculations indicate that the error in the relative volatility from
thié source is only about 1% and that other effects such as a nonuniform concentration gradient

in the liquid are much more important.

Buildup of Nonvolatiles ot a Yaporizing Surface

During vaporization of a multicomponent mixture, materials less volatile than the bulk of the
mixture tend to remain in the liquid phase and are removed from the liquid surface by the processes
of convection and molecular diffusion. Low-pressure vaporization does not generate deeply sub-

merged bubbles and therefore provides little convective mixing in the liquid. An appreciable

variation in the concentration of materials of low volatility may occur if these materials are =
removed by diffusion only. !
Consider as an exemplary case a continuous still of the type shown in Fig. 10.2, Fuel cartier 4

salt (LiF-BeF 2) containing fission product fluorides is fed to the bottom of the system contin-
uously. Most of the LiF-BeF, fed to the system is vaporized, and a salt stream containing most
of the nonvolatile materials is withdrawn continuously. The positive x directiog\ will be taken as

vertically upward, and the liquid withdrawal point and the liquid surface will be located at x = 0

and x = I respectively. Assume that above the liquid withdrawal point, molten LiF containing
REF flows upward at a constant velocity V. At the surface, a fraction v/V of the LiF vaporizes,
and the remaining LiF is returned to the bottom of the still.
Above the withdrawal point, the concentration of REF satisfies the relation
d*c

dC
D_——-v__-0, @ ,,
dXZ dx >

-

ik,
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Fig. 10.2. Continuous Still Having External Circulation and a Nonuniform
Liquid Phase Rare-Earth Fluoride Concentration Gradient.

and the boundary conditions are, at x = 1,
dc ‘
-D = lx=1 + VCS = VCLCS + W - V)Cs

and at x = 0,

D = |X=0+ VC, =V —v)C +FC,— (F - v)C,

where

"D d1ffus1v1ty of MEF in molten salt of st111 pot concentratlon, cmz/sec,

C = concentrat1on kof REF in molten salt at pos1t10n X, moles of REF per cm? of salt,

X = pos1t10n in molt ten salt measilfed from 11qu1d w1thdrawa1 pomt cm,
Vv _:_velocnty of molten salt with respect to liquid surface, cm/sec,

Cs - concentration of REF at x = [, moles of REF per cm? of salt,

2

3)
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cm?® LiF (liquid)
F = LiF feed rate, ,

cm? vaporizing surface- sec

. cem?® LiF (liquid)
v = LiF vaporization rate, R

cm? vaporizing surface - sec

a = relative volatility of REF referred to LiF,
C0 = concentration of REF at x = 0, moles of REF per cm? of salt,

Cf = concentration of REF in feed salt, moles of REF per cm?® of salt.
Equation (1) has the solution

FC {1 — (w/V) (A = @) [1 - exp (-V( — x)/D)]}

C(x) = . 4)
va+F —v){1l — (VY1 - a)[1l —exp (-VI/D)]}
The fraction of the REF removed by the still is
F -v)C,
fraction REF removed = —
: FC,
F—v )
" F-v+ fva/ll — (v/V)] (1 — ) [1 ~exp (-VI/D)}}
The fractional removal of REF for a continuous still having a perfectly mixed liquid phase
is
1 .
fraction REF removed = 6)

1+ [va/(F - v)]°

The ratio of the fractional removal of REF in a system having a nonuniform concentration to that
in a still having a uniform concentration will be denoted as ¢ and can be obtained by dividing

Eq. (5) by Eq. (6). Thus

1+ [va/(F = v)]

= . 7
1+ [va/(F = v/l = (/V)) (1 — @) [1 ~ exp (-VI/D)} @

¢

Values of ¢ calculated for a still in which 99.5% of the LiF fed to the still is vaporized
[v/(F ~v) = 199] and in which the relative volatility of REF is 5 x 10™* are given in Fig. 10.3.
The following two effects should be noted:

1. The value of ¢ is esséntially unity for VI /D < 0.1 for any value of v/V (fraction of LiF
vaporized per circulation through still). Within this region, a near-uniform REF concentration
is maintained by diffusion of REF within the liquid, and mixing by liquid circulation is not re-
quired.

2. The value of ¢ is strongly dependent on v/V for VI/D > 1. Within this region, a near-

uniform REF concentration can be maintained only if liquid circulation is provided. For VI/D =

“

q

N4

b
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Fig. 10.3. Ratio of Fraction of Rare-Earth Fluoride Removed in Still Having

Nonuniform Concentration to That in Still Having Uniform Concentration.

100, ¢ has a value of 0 0055 w1th no 11qu1d circulation and a value of 0.99 if 90% of the LiF is
returned to the bottom of the st111

- An actual still would probably operate in the regron VI/D > 1; so the 1mportance of liquid
crrculatron cannot be overem_pha51zed. Liquid phase mixing by circulation is believed to be an

essential feature of an effective distillation system.

'10.3 VACUUM DISTILLATION EXPERlMENT WITH MSRE FUEL SALT
W L. Carter ‘ '

‘ Expenmental equipment has been des1gned for an engmeermg-scale demonstration of vacuum
dlstxllatron of molten-salt reactor fuel. The distillation will be carried out at about 1000°C and 1
mm Hg pressure to separate ]LlF-BeF ‘carrier salt from less volatile fission products, primarily
the rare earths. Uranium tetl.afluorrde will not be present during distillation, having been previ-

ously removed by fluorination.
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concentrate fission products in some small fraction of the original charge.

June 21-24, 1965.

REACTOR

BLANKET

LiF-BeF,—UF,

LiF ~BeF,~UF,

MAKE-UP
LiF-BeF,-UF,

FUEL
MAKE-UP

~550°C

FLUORINATOR

This experiment is part of a program to develop all unit operations (see Fig. 10.4) in the

4 : processing of a molten-salt breeder reactor fuel. Vacuum distillation is the key step in the proc-
ess because it recovers the bulk of the valuable LiF-BeF , carrier, decontaminated from fission
products, for recycle to the reactor. Feasibility of distilling fluoride salts was established in
batch laboratory experiments by Kelly;® the present experiment will demonstrate the operation

on an engineering scale and furnish data on the relative volatilities of the components of the mix-

ture.
g In the interest of simplicity, fabrication time, and economy, no attempt is being made in this
| experiment to rebroduce actual MSBR operaﬁng conditions, such as high internal heat generation
rate in the still volume or the design of a still that can serve in a processing plant for a breeder.
Such advances are the next logical step after an engineeﬂng-scale demonstration. However, it
is the purpose of this experiment to show that molten salt containing fission products can be fed
continuously to the still at the same rate at which it ié being distilled, with the simultaneous

accumulation of fission products in the bottoms. The still can also be operated batchwise to

3M. J. Kelly, ““Removal of Rare Earth Fission Products from Molten Salt Reactor Fuels by Distilla-
tion,?” a talk presented at the 11th annual meeting of the American Nuclear Society, Gatlinburg, Tenn.,

ORNL-DWG 66 — 82RA
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Fig. 10.4. Principal Steps in Processing Irradiated Fuel from a Molten-Salt Reactor.
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The experimental program is in two parts: About 90% of the time will be devoted to nonradio-

active operation, and the remaining 10% to radioactive operation in distilling a small quantity
of fuel from the MSRE. The first phase is expected to log 500 to 1000 hr of operation. The same
equipment is to be used in the radioactive experiment after being thoroughly inspected at the
conclusion of nonradioactive operation. Radioactive runs will be carried out in an MSRE cell.

Compénents of the experiment are a feed tank (48 liters), still (12 liters), condenser, conden-
sate receiver (48 liters), associated temperature and pressure instrumentation, and vacuum sys-
tem. The still, condenser, and receiver are fabricated as a unit. The vessels are mounted in an
angle-iron frame, which is 3 x 6 x 7 ft high, allowing transport of the entire facility as a unit
once instrumentation, power, and service lines have been disconnected. Each process piece is
sutrounded on all sides by shell-type electric heaters; these in turn are enclosed in 4 to 8 in. of
thermal insulation. A diagram of the assembly, which shows the feed and sampling mechanisms,
is shown in Fig. 10.5. »

An experiment is carried out by charging a molten mixture of carrier salt and fission product
fluorides into the feed tank, which is held at a temperature slightly above the melting point. In
most cases this is 500 to 550°C. Concurrently the still, condenser, and condensate receiver are

heated and evacuated, and the space above the liquid in the feed tank is evacuated. The final

pressure is adjusted to about 0.5 atm in the feed tank and 0.5 mm Hg in the rest of the equipment.

ORNL-DWG 66-10952 A
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When the still temperature reaches that of the feed liquid, a 12-liter charge is forced into the
. . still through a heated line, and the temperature is raised to 950 to 1000°C, the ‘temperature range

in which distillation begins.

g The still pot is the highest point of the system and is an annular volume surrounding the top
? of the condenser. Salt vapors flow into the top of the condenser and condense along its length by
; ‘ losing heat to the surroundings. Freezing is prevented by supplying the necessary external heat

to kéep the condenser surface above the liquidus temperature. In leaving the condenser the

distillate passes through a small cup from which samples can be removed for analyses.

Liquid-level instrumentation in the still allows control of feed rate to correspond to the dis-

VSRR TP

tillation rate, which is estimated to be 400 to 500 cm?® of distillate per hour. Determining the
actual distillation rate for molten-salt systems is an important part of this experiment.

All vessels and lines that contact molten salt are fabricated of Hastelloy N. In the region of

MEM

the still and upper section of the condenser, the normal use temperature for this alloy may be
exceeded by as much as 200°C. Consequently, the vessels are to be examined thoroughly by
dimensional, radiographic, and ultrasonic methods before and after nonradioactive'operatioﬁ.

Provision is made for hanging test specimens of candidate metals of construction in the still.
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