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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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Introduction

The objective of the Molten-Salt Reactor Program
is the development of nuclear reactors which use
fluid fuels that are solutions of fissile and fertile
materialg in suitable carrier salts. The program is
an outgrowth of the effort begun 17 years ago in
the Aircraft Nuclear Propulsion (ANP) program to
make a molten-salt reactor power plant for aircraft.
A molten-salt reactor — the Aitcraft 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 re-
actor would be ?39UF | or MEUF{‘ dissolved in a
salt of composition near 2LiF-BeF ,. The blanket
would be ThF4 dissolved in a carcrier of similar
composition. The technology being developed for
the breeder is also applicable to advanced con-
verter reactors.

Our major effort at present is being applied to
the operation of the Molten-Salt Reactor Experi-
ment (MSRE). This reactor was built to test the
types of fuels and materials that would be used in
thermal breeder and converter reactors and to pro-
vide experience with the operation and maintenance
of a 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 pro-
duces about 7.5 Mw of heat. Initially, the fuel
contains 0.9 mole % UF4, 5 mole % ZrF ,, 29 mole
% Ber, and 65 mole % LiF, and the uranium is
about 33% 235U, The melting point is 840°F. In
later operation we expect to use *?2U in the lower
concentration typical of the fuel for a breeder.

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 exceptional
resistance to corrosion by molten fluorides and
with high strength at high temperature. The re-
actor core contains an assembly of graphite moder-
ator bars that are in direct contact with the fuel.
The graphite is new material of high density and
small pore size. The fuel salt does not wet the
graphite and therefore does not enter the pores,
even at pressures well above the operating pres-
sure.

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 facility installed
in the MSRE building will be used for processing
the fuel by treatment with gaseous HF and F,.

Design of the MSRE started early in the summer
of 1960, and fabrication of equipment began early
in 1962. The essential installations were com-
pleted and prenuclear testing was begun in August
of 1964. Following prenuclear testing and some
modifications, the reactor was taken critical on
June 1, 1965, and zero-power experiments were
completed early in July. After additional modifi-
cations, maintenance, and sealing of the contain-
ment, operation at a power of 1 Mw began in
January 1966.

At the 1-Mw power level, trouble was experi-
enced with plugging of small ports in 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 the 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 poly-
merizes some of the hydrocarbons, and the products
plug small openings. This difficulty was largely



overcome by installing a specially designed filter
in the off-gas line.

Full power — about 7.5 Mw — was reached in
May. The plant was operated until the middle of
July to the equivalent of about six weeks at full
power, when one of the radiator cooling bloweis —
which were left over from the ANP program — broke
up from mechanical stress. While new blowers
were being procured, an array of graphite and metal
surveillance 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 acciden-
tally 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 later in January and was continued for
102 days until terminated to remove a second set
of graphite and metal specimens. The end of that
run came almost a year after full power was first
attained. In spite of the time required to replace
the blowers, the load factor for that year was 50%.
An additional operating period of 46 days during
the summer was interrupted for maintenance work
on the sampler-enricher when the cable drive mech-
anism jammed.

The reactor has performed very well in most re-
spects: the fuel has been completely stable, the
fuel and coolant salts have not corroded the Has-
telloy N container material, and there has been no
detectable reaction between the fuel salt and the
graphite in the core of the reactor. Mechanical
difficulties with equipment have been largely con-
fined to peripheral systems and auxiliaries. Ex-
cept for the small leakage of oil into the pump
bowl, the salt pumps have run flawlessly for over
14,000 hr. The reactor has been refueled twice,
both times while operating at full power.

Because the MSRE is of a new and advanced
type, substantial research and development effort
is provided in support of the operation. Included
are engineering development and testing of reactor
components and systems, metallurgical develop-
ment of materials, and studies of the chemistry of
the salts and their compatibility with graphite and
metals both in-pile and out-of-pile.

Conceptual design studies and evaluations are
being made of large power breeder reactors that
use the molten-salt technology. An increasing
amount of research and development is being di-
rected specifically to the requirements of two-
region breeders, including work on materials, on
the chemistry of fuel and blanket salts, and on
processing methods.



Summary

PART 1. MOLTEN-SALT REACTOR
EXPERIMENT L

1. MSRE Operations

There were two long runs at full power during this
report period. The first, run 11, began in January
and lasted into May. After 102 consecutive days
of nuclear operation (over 90% of the time at full
power), the reactor was shut down to retrieve and
teplace part of the graphite and metal specimens
in the core. The six-week shutdown also included
scheduled maintenance and annual tests of con-
tainment, instruments, and controls. Run 12 in-
cluded 42 days in which the reactor was at full
power continuously except for two brief periods
after spurious scrams. The run ended when the
fuel sampler-enricher drive mechanism jammed,
making it inoperative. The reactor was then shut
down, the drive was removed, and the sampler
latch, which had accidentally been severed from
the cable, was retrieved from the fuel pump bowl.

During the long runs at high power, interest
focused primarily on reactivity behavior and on
fuel chemistry. Slow changes in reactivity due to
fission product ingrowth and uranium burnup fol-
lowed expectations, and no anomalous effect was
observed outside the very narrow limits of pre-
cision of measurement (£0.02% 5k/k). Over 2 kg
of 35U was added to the fuel during full-power
operation. The operation, using the sampler-
enricher, demonstrated quick but smooth melting
and mixing into the circulating fuel. Six additions
of beryllium metal were made to the fuel during
operation to maintain reducing conditions in the
salt. Corrosion in the salt systems was practically
nil, as evidenced by chromium analyses and exami-
nation of the core specimens. Studies of the be-
havior of certain fission products continued.

Component performance, on the whole, was very
good. There was no deterioration of heat transfer

capability or evidence of unusual heat generation
in the reactor vessel. Six thermocouples in the
reactor cell began giving anomalous readings during
mn 11, but all other themocouples showed no
tendency to become less accurate. The new off-
gas filter showed no increase in pressure drop and
apparently remained quite efficient. Restrictions
that built up slowly at the main charcoal bed in-
lets were effectively cleared by the use of built-in
heaters. While the reactor was down in May for
sample removal, two conditions that had existed
for some time were remedied: an inoperative posi-
tion indicator on a control rod drive and a leaking
space cooler in the reactor cell were replaced.
Until the sampler failure at the ead of run 12, the
only delays in the experimental program due to
equipment difficulties were brief ones caused by
the main blowers and a component cooling pump.
A main blower bearing was replaced in run 11, and
shortly after the start of run 12 a main blower
motor mount was stiffened to alleviate a resonance
condition. Also at the start of run 12, low oil .
pressure made a component coolant pump inopera-
tive until the relief valve was replaced. Secondary
containment leakage remained well within pre-
scribed limits, and there was no leakage from pri-
mary systems during operation. During the six-
month period, the reactor was critical 2925 hr
(66% of the time), and the integrated power in-
creased by 2597 to a total of 5557 equivalent full-
power hours.

2. Component Development

Extensive preparations were made for remote
maintenance in the May-June shutdown, including
training of 30 craftsmen and foremen. Work pro-
ceeded during the shutdown on two shifts. Pro-
cedures and tools prepared in advance wotked well
in replacing core specimens, repairing a control-rod



drive, replacing a reactor cell space cooler, and
inspecting equipment in the reactor cell.

When the sampler became inoperative, prepara-
tions were first made for shielding and containment
during replacement of the mechanism and retrieval
of the latch. The mechanism was then removed,
and a maintenance shield was set up for the latch
retrieval. Various long, flexible tools were de-
signed and tested in a mockup before use in the
sampler tube. The latch was grasped readily, but
difficulties were encountered in bringing it up until
a tool was designed that enclosed the upper end of
the latch. Tools removed from the sampler tube
were heavily contaminated, and a shielded carrier
with disposable liner was devised to handle them.
The sample capsule had broken loose from the
latch and cable and was left in the pump bowl after
an effort to retrieve it with a magnet failed. The
sampler repair and capsule retrieval were accom-
plished without spread of contamination and with
very moderate radiation exposures.

A sampler manipulator was successfully decon-
taminated for reuse in a test of decontamination
methods.

A scheme for mapping and identifying fission
product sources remotely was tested in the reactor
cell during the May shutdown. A lead-tube colli-
mator and an ionization chamber mounted in the
movable maintenance shield were used to map
gamma-1ay sources in the heat exchanger and ad-
jacent piping; then a collimator and a gamma energy
spectrometer were used to characterize the source
at various points. Results were promising.

Installation of the off-gas sampler was delayed
when the valve manifold had to be rebuilt because
of imperfect Monel—stainless steel welds.

Stress tests on a Mark-1 pump tank nozzle were
completed. Results compared favorably with cal-
culated stresses, and the design was judged ade-
quate. The Mark-2 replacement fuel pump tank for
the MSRE was completed, and preparations for a
test with salt proceeded.

Oil pumps removed from the MSRFE were repaired
and tested. A replacement rotary element for the
coolant salt pump was modified by seal welding a
mechanical seal that might have become a path for
oil leakage to the pump bowl.

3. lnstruments and Controls

During the May shutdown a complete functional
check of instrumentation and control systems was

made. Preventive maintenance at that time included

modifying 139 relays and replacing capacitors in
33 electronic control modules. The type of com-
ponent failures that occurred did not compromise
safety or cause excessive inconvenience. Four of
the eight neution chambers were replaced, one
because of a short and three because of moisture
inleakage.

Separate power supplies were installed for each
safety channel to improve continuity of operation
and preclude a single compromising failure.
Various other modifications to circuits or com-
ponents were made to provide more infommation, to
improve performance, or to increase protection.

4. MSRE Reactor Analysis

As parit of planning for future operation of the
MSRE, computational studies were made of the
neutronic properties of the reactor with 233U in
the fuel salt instead of the present 235U (33%
enriched). The neutron energy spectrum was coni-
puted and compared in detail with that for a core-
lattice design being considered for a molten-salt
breeder reactor. The strong similarities indicate
that the results of the MSRE experiment will be
useful in evaluating design methods for the MSBR.
Other computations were made, with the following
results. The critical loading will be 33 kg of 233U,
compared with 70 kg of *3°U in the first critical
experiment. Control rod worth will be higher by
a factor of about 1.3. The important reactivity
coefficients will also be considerably larger than
with 2*°U fuel. The themmal-neutron flux will be
up by more than a factor of 2, and the steady-state
samarium concentwations will consequently be
lower. Since more samarium will be left in the salt
from 233U operation, it will act at first as a burn-
able poison, causing the reactivity to rise for
several weeks despite 2330 burnup. Fission power
densities and importance functions will be similar
to those for 235U fuel. The effective delayed-
neutron fraction in the static system will be 0.0026,
decreasing to 0.0017 when fuel circulation starts.
(Corresponding fractions for 233U are 0.0067 and
0.0046.)

The dynamic behavior with 233U was also ana-
lyzed from the standpoint of the inherent stability
of the system. Because of the small delayed-
neutron fraction, the neutron level responds more
sensitively to changes in reactivity, but the re-
sponse of the total system is such that the margins
of inherent stability are greater with 233U fuel.



PART 2. MSBR DESIGN AND DEVELOPMENT

5. Design

The conceptual design wotk on molten-salt
breeder reactors during the past six months has
been concemed largely with a general advance in
the design of cells, containment, piping, and com-
ponents, and with stress analysis. In addition,
major effort has been devoted to preparation and
evaluation of a reactor design in which the average
core power density is reduced to 20 kw/liter from
the 40 kw/liter we were using during the previous
reporting period. At this lower power density the
core life before replacement is required would be
adequate even if the graphite behavior under irra-
diation is no better than that which has been
achieved to date. The performance at the lower
power density is more neady representative of
current technology, and better performance should
be achievable as better graphite is developed.
Going from 40 to 20 kw/liter increases the capital
cost by $6/kwhr (electrical). No new design work
was performed on the steam system, but all salt
systems (fuel, blanket, and coolant) have been in-
vestigated more thoroughly than has been done
heretofore. Afterheat removal and themal shield
cooling have been evaluated.

6. Reactor Physics

Parametric studies have been carried out which
reveal the dependence of MSBR performance on
such key design features as the average core power
density. They indicate that the power density may
be reduced from 80 w/cm® to 20 w/cm? with a
penalty not greater than 2%/year in annual fuel
yield or 0.1 mill/kwhr (electri¢al) in power cost.
At 20 w/cm? the life of the graphite will be in
excess of ten years.

Studies of power flattening in the MSBR core
show that a maximum-to-average power density
ratio of 2 or less can be achieved with no loss of
performance.

Calculations of temperaiure coefficients of re-
activity show that the large negative component
due to fuel expansion is dominant, and yield an
overall temperature coefficient of —4.3 x 10-5/°C.

7. Systems and Components Development

An analytical model was developed to compute
the steady-state migration of noble gases to the

graphite and other sinks in the MSBR. Work done
to date indicates that the mass transfer coefficient
from the circulating salt to the graphite is more
important than the diffusion coefficient of xenon in
graphite in minimizing the poisoning due to xenon
migration to the graphite. In addition, the work
has shown that removal of xenon from molten-salt
fuels is strongly controlled by the mass transfer
coefficient to entrained gas bubbles as well as by
the surface area of those bubbles. Studies indicate
that the xenon poison fraction in the MSBR is
greater than 0.5% with the parameter values con-
sidered previously and that the poison fraction may
be about 1% with those parameters. The xenon
poisoning can be decreased slightly by increasing
the surface atea of once-through bubbles, decreased
significantly by increasing the surface area of re-
circulating bubbles, decreased significantly by
increasing the mass transfer coefficient to circu-
lating bubbles, decreased proportionately by re-
ducing the graphite surface area exposed to salt,
and decreased significantly if the diffusion co-
efficient of xenon into graphite can be decreased to
1077 ft2/ht or less. Similar studies of the after-
heat in the graphite from the disintegration of the
radioactive noble gases and their decay products
show that the afterheat is affected by a variation of
the parameters in very much the same manuer as
the xenon poisoning.

An experimental program was started to provide
an early demonstration of the compatibility of a
full-sized graphite fuel cell with a flowing salt
stream. The cell will include the graphite-to-
graphite and the graphite-to-metal joints.

As part of a program to qualify sodium fluoro-
borate (NaBF4) for use as a coolant for the MSBR,
an existing MSRE-scale loop is being prepared to
accept NaBF | as the circulating medium under
isothemmal conditions. The principal alterations
are to the cover gas system, to include the equip-
ment necessary for handling and controlling the
required overpressure of BF ;. The objective will
be to uncover any problems associated with the
circulation of NaBF , and to devise and test suit-
able solutions or corrective measures.

A report was issued of a survey of experience
with liquid-metal and molten-salt pumps. An ap-
proach to producing the breeder salt pumps, which
invites the strong participation of U.S. industry,
was evolved. The dynamic response and critical
speeds for preliminary layouts of the MSBR fuel
salt pump are being calculated, and a survey of
fabrication methods applicable to the pump is being



made. Preliminary layouts are being made of
molten-salt bearing and water pump test facilities
for the MSBR fuel salt pump. The pump with the
molten-salt bearing was fitted with a new salt
bearing and a modified gimbals support and was
satisfactorily tested with oil.

PART 3. CHEMISTRY
8. Chemistry of the MSRE

Results of regular chemical analyses of MSRE
fuel, coolant, and flush salts showed that after
40,000 Mwhr of power operation generalized corro-
sion in the fuel and coolant circuits is practically
absent and that the salts are currently as pure as
when charged into the reactor. Although statisti-
cally satisfactory, fuel composition analyses are
much less sensitive to variations in uranium con-
centration than is the reactivity balance, and im-
proved methods will be required for future MSR
fuels whose uranium concentrations need to be
only 0.25 that of the MSRE fuel salt.

A program for adjusting the relative concentra-
tion of U3Y/3U to approximately 1.5% by addition
of small amounts of beryllium metal to the MSRE
fuel was completed. Specimens of fuel salt taken
from the pump bow! during this program showed
occasional temporary peiturbation in the chromium
concentration, giving evidence that the identity
and concentrations of the phases present at the
salt-gas interface of the pump bowl are not neces-
sarily typical of the salt in the fuel citcuit.

9. Fission Product Behavior in the MSRE

A second set of graphite and Hastelloy N long-
term surveillance specimens, exposed to fissioning
molten salt in the MSRE core for 24,000 Mwhr, was
examined and analyzed. As forthe first set, ex-
posed for 7800 Mwhr, examination revealed no
evidence of chemical damage to the graphite and
metal. Very similar fission product behavior was
observed, with heavy deposition of the noble-
metal fission products — **Mo, 13%Te, '°°Ru,
106Ry, 95Nb, and !! !Ag — on both metal and
graphite specimens. A refined method of sampling
of the graphite surfaces showed that about 99% of
the °*Mo, ?°Nb, '°3Ru, and '°°Ru was deposited
within the outer 2 mils of the surface. By con-
trast, appreciable fractions of the 132Te, °5Zr,

'%0Ba, and ®°Sr penetrated 50 mils or farther into
the graphite.

Ten additional exposures of metal specimens in
the MSRE pump bowl and five additional samplings
of pump bowl cover gas were carried out. The re-
sults from tests under nommal operating conditions
were similar to those of previous tests; they
showed heavy depositions of noble metals on
specimens exposed to the cover gas and the fuel
phase. Of special interest were the observations
under unusual operating conditions: neaily as
much deposition occurred after reactor shutdown
with the fuel pump stopped and with the reactor
drained as occurred under normmal conditions.

Analysis of the time dependence of fission
product deposition on Hastelloy N indicated that
there was a shoit-temn rapid process that reached
saturation in about 1 min and a long-term process
that proceeded at slow constant rate for over
3000 hr. Resnlts from only three exposures of
graphite specimens indicated that deposition rate
decreased with exposure time for long exposures.

10. Studies with LiF-Ber Melts

Equilibrium data have been obtained for the
reaction

where (f) indicates that the species is dissolved in
molten 2LiF . ]BeF2 and (o) indicates that the
species is in the sparingly soluble oxide solid
solution (U, Th)Oz. These data show that, over
the interval 0.2 to 0.9 for mole fraction uranium in
the oxide phase and 0.01 to 0.07 for mole fraction
Th*" in the molten fluoride, the equilibrium con-
stant is in excess of 1000. Uranium is strongly
extracted from the fluoride phase to the oxide solid
solution. It seems very likely that protactinium is
even more strongly extracted. If so, equilibration
of an LiF-BeF -ThF -UF -PaF  melt with the prop-
er (stable) (U,Th)O2 solid solution should remove
protactinium. Recovery of 233Pa from a one-region
breeder fuel would, accordingly, be possible.
Vitreous silica (8i0,) has been shown to be a
feasible container material for LiF-BeF2 melts,



especially when the system is stabilized by a
small overpressure of SiF . Preliminary measure-
ments have shown that the solubility of 5iF  in
2LiF - BeF, is moderately low (about 0.035 mole
of Sif"4 per kilogram of melt pet atmosphere of

SiF4) at 550°C and at least threefold less at 700°C.

No evidence for silicon oxyfluorides has been ob-
served. [t appears that, at least for temperatures
near 500°C and for short times, an electrically in-
sulating and optically trausparent coatainer for
LiF-BeF , solutions is available.

Optical cells of transparent Si0, have been used
to establish, with a Cary model 14M spectrophotom-
eter, that solutions of UF  in 2LiF . BeF , under
400 mm of SiF4 were stable for 48 hr at tempera-
tures up to 700°C, These studies have led to a
considerably more precise definition of molar ab-
sorptivity of U** as a function of temperature and
incident wavelength than had previously been
possible with windowless optical cells. In similar
spectrophotometric studies with silica cells, the
solubility at 550°C of Cr3* in 2LiF . BeF , was
shown to be at least 0.43 mole %. ‘

Silica apparatus has also been shown to be
feasible for studies of electrical conductivity of
2LiF-BeF , of the LiF-ThF  eutectic mixture, and
of NaBF4. Preliminary values obtained in this
study are to be refined in the near future by use of
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an improved cell design which will provide a much
longer current path length through the melts.

11. Behavior of Molybdenum Fluorides

Molybdenum hexafluoride, the only commercially
available fluoride of this element, has been used
as raw material for preparation of MoF _ and MoF .
Direct reduction of MoF' by molybdenum metal in
glass apparatus at 30 to 100°C yields, as shown by
other investigators, MoF | of good quality. Dis-
proportionation of MoF | under vacuum at 200°C
yields pure MoF , as the solid residue; we have
prepared several samples of the material by this
method, which seems not to have been described
before. The MoF | reacts on heating with LikF to
form at least two binary compounds; the optical
and x-ray characteristics of these materials have
been determined, but their stoichiometry has not
yet been established.

Molybdenum hexafluoride has been shown to re-
act rapidly with UF in LiF-BeF , solution and
with nickel in contact with such solutions. Molyb-
denum trifluoride has been shown to be relatively

stable when heated to 700°C under its vapor in
sealed capsules of nickel or copper. However,
when such heating is done in the presence of

2LiF . Ber, the MoF3 reacts readily with nickel,
yielding NiF2 and Mo; the teaction is less marked
if the capsule is of copper. Molybdenum trifluoride
has been shown to react completely at 500°C with
UF3 in LiF . BeFZ mixtures; the products are UF4
and Mo.

Vaporization behavior of MoF , has been shown,
by examination with a time-of-flight mass spec-
trometer, to be complex and temperature dependent.
The behavior observed may suggest that the free
energies of formation (per fluorine atom) of these
intemmediate molybdenum fluotides are so nearly
equal that the descriptive chemistry of these sub-
stances is dominated by kinetic factors.

12. Separction of Fission Products and of
Protactinium from Molten Fluorides

Very dilute solutions of ?*3Pa in bismuth have
been shown to be stable for extended periods in
graphite containers, but the protactinium appears
to be strongly adsorbed upon any added metal or
any precipitated phase. More than 90% of the con-
tained ?7%Pa has been successfully transferred
from LiF-BeF -Th¥ , blanket mixtures through a
molten Bi-Sn metal phase and recovered in an
LiF-NaF-K¥ salt mixture by adding Th reductant
to the blanket mixture and oxidant HF to the re-
covery salt; successful operation of this experi-
mental assembly suggests that a redox transfer
process for Pa should be feasible. More concen-
trated solutions of *3'Pa plus 2°*Pa in realistic
blanket mixtures continue to be successfully re-
duced to insoluble solid material by the addition
of thorium metal. Passage of such reduced mix-
tures through sintered nickel filters produces a
virtually protactinium-free filtrate but fails to
localize the Pa in a readily manageable form.

Preliminary attempts to reduce ?°!'Pa plus
233pa solutions in simulated blanket mixtures. to
insoluble materials by electrochemical means were
unsuccessful; such reduction certainly seems
feasible, and the experiments will continue.

Rare-earth fluorides in uranium-free LiF-Bel,
solutions are readily reduced to the metallic state
and are transferred to the molten bismuth upon
contact with a molten alloy of lithinm in bismuth.
Preliminary evidence suggests that separations of
uranium from the rare earths and, perhaps, of



uranium from zirconium may be possible by this
reductive extraction technique. Material balances
on the reductant are poor in experiments to date,
this problem will receive additional attention in
future experiments. Use of a Pb-Bi alloy with

51 at. % Bi as a substitute for pure bismuth in
similar extractions gave generally unsatisfactory
results.

13. Behavior of BF ; and Fluoroborate Mixtures
Recrystallization of NaBF | and of KBF | trom
dilute (usually 0.5 M) aqueous hydrofluoric acid
solutions yields preparations which melt at higher
temperatures and which are almost certainly more
pure than those reported by previous investigators.
These preparations, and our standard differential
thermal analysis and quenching techniques, have
been used to examine the binary systems NaF-
NaBF  and KF-KBF, and the NaBF ,-KBF, and

NaF-KBF  joins in the temary system Nak-KF-BF ..

The NaF-NaBF4 and the KF-KBF | systems show
single simple eutectics; phase diagrams which we
consider to be correct, but which are at variance
with data from other laboratories, are presented in
this report.

Pressures of BF | in equilibrium with NakF-NaBF
mixtures over the composition interval 65 to 100
mole % NaBF4 have been measured at temperatures
of interest to the MSRE. Introduction of chromium
metal chips into the system with the NaF-NaBF |
eutectic (92 mole % NaBF ) led to perceptible re-
action. After the sample bad been above 500°C
for 26 hr, the BF , pressure observed was twice that
from the melt without added chromjum. Subsequent
examination of the materials revealed NaCrF _ as
one of the reaction products with an additional un-
identified black material also present. Other ex-
periments with Hastelloy N, iron, and molybdenum
showed little or no visual evidence of attack;
these tests (for which dissociation pressure was
not monitored) did show perceptible weight losses
for both the Hastelloy N and iron specimens. In
addition, nickel vessels used in the routine de-
composition pressure measurements showed shiny
interior surfaces, which suggest that some mass
transfer had occurred.

Boron trifluoride gas has been shown to react at
650°C with essentially pure metallic chromiam in
the form of thin flakes. Weight gain of the chro-
mium sample increased linearly with square root of
time; x-ray diffraction techniques have revealed the

mixed {luoride CrF 5" CrF3 as a reaction product.

Gulfspin-35 pump oil (the type used in MSRE) has
been exposed for 600 hr at 150°F to helium gas
containing 0.1 vol % BF‘3. In these tests the gas
mixture was bubbled at 1 liter/min through 1.5
liters of the lubricating oil. Some discoloration of
the oil was noted, but there was no distinguishable
increase in viscosity.

14. Development and Evailuation of Analytical
Methods for Mclten-Salt Reucters

The determination of oxide in highly radioactive
MSRE fuel samples was continued. The replace-
ment of the moisture monitor cell was the first
major maintenance performed since the oxide equip-
ment was installed in the hot cell.

The U** concentrations in the fuel samples run
to date by the transpiration technique do not re-
flect the beryllium additions which have been made
to reduce the reactor fuel. This may be accounted
for by an interference stemming from the radiolytic
generation of fluorine in the fuel samples. This
problem will receive further investigation. Experi-
mental work is also being carried out to develop a
method for the remote measurement of ppm concen-
trations of HF in helium or hydrogen gas streams.

Design work was continued on the experimental
molten-salt test loop which will be used to evaluate
electrometric, spectrophotometric, and transpiration
methods for the analysis of flowing molten-salt
streams.

Controlled-potential voltammetric and chrono-
potentiometric studies were carried out on the re-
duction of U(IV) in molten fluoride salts using a
new cyclic voltammeter. It was concluded that
the U(IV) » U(III) reduction in molten LiF-Ber—
ZrF4 is a reversible one-electron process but that
adsorption phenomena must be taken into account
for voltammetric measurements at fast scan rates
or for chronopotentiometric measurements at short
transition times.

An investigation of the spectrum of U(VI) in
molten fluoride salts has been initiated. It was
found that the spectrum of Na,UF; dissolved in
LiF-Bel, in an SiO, cell with SiF, overpressure
was identical to the spectrum of UO ,F , dissolved
under identical conditions. It appears that the
equilibrium concentration of 0%~ may be sufficient
to react with the components of the melt. An at-
tempt to use the S5i0 ,-SiF | system in the spectro-
photometric investigation of electrochemically



generated species in molten fluorides also met
with difficulties. The SiF  overpressure interferes
with cathodic voltammetric studies by causing
very high cathodic currents.

It is planned to install a spectrophotometric
facility with an extended optical path adjacent to
a high-radiation-level hot cell to permit the obser-
vation of absorption spectra of highly radioactive
materials. The basic specirophotometer and asso-
ciated equipment have been ordered.

Measurements were made of increases in hydro-
carbon concentrations of an He-BF , gas stream
after contact with MSRE pump oil. A themmal con-
ductivity detector was used to monitor the BF
concentration in the test gas stream.

Development studies are being made on the de-
sign of a gas chromatograph to be used for the
continuous determination of sub-ppm, low-ppm, and
high concentrations of permanent gas impurities and

water in the helium blanket gas of the MSRE. This .

problem of analyzing radioactive gas samples
prompted the design and construction of an all-
metal six-way pneumatically actuated diaphragm
valve, A helium breakdown voltage detector with
a glass body was designed and constructed to per-
mit the observation of the helium discharge. Under
optimum conditions, this detector has exhibited a
minimum detectable limit below 1 ppb of impurity.
It appears to be possible that the detector will
also operate in the less-sensitive mode necessary
for the determination of high-level concentrations
of impurities in the blanket gas.

PART 4. MOLTEN-SALT IRRADIATION
EXPERIMENTS

15. Molten-Salt Convection Loop in the ORR

Irradiation of the second molten-salt convection
Ioop in beam hole HN-1 of the Oak Ridge Research
Reactor was terminated after the development of
8.2 x 101® fissions/cc in the "LiF-BeF -ZrF -UF
(65.3-28.2-4.8-1.7 mole %) fuel. Average fuel
power densities up to 150 w per cubic centimeter
of salt were attained in the fuel channels of the
core of MSRE-grade graphite.

The experiment was terminated after radioactivity
was detected in the secondary containment systems
as a result of gaseous fission product leakage from
a crack in the core outlet tube, Salt samples were
removed routinely during irradiation, and the fuel

salt was drained from the loop before removal from
the reactor beam hole.

Me tallurgical examination revealed a nonductile
crack in the Hastelloy N core outlet pipe. The
loop was made from unmodified material, and we
believe that the failure was caused by loss of
strength and ductility under operating conditions
of high temperature (™~730°C) and irradiation
(™5 x 101° avh).

The distribution of various fission products in
the system was obtained by the examination of sam-
ples of core graphite and loop metal. Some ad-
herence of fuel salt to the graphite and entry into
cracks in the graphite were found. Molybdenum and
tellurium (and probably ruthenium) were largely
deposited on graphite and metal surfaces. Other
isotopes, including 131y 89¢, 14984 and °°Nb,
which could have been transported as gases, were
found to have penetrated the graphite.

Solid MSR fuel salt (LiF-BeF -ZtF -UF , about
65-28-5-2 mole %) was subjected to very high-
intensity gamma irradiation in a spent HFIR fuel
element at a temperature of 320°C to determine
possible radiation effects ou the salt and its com-
patibility with graphite and Hastelloy N. Post-
irradiation examination did not reveal any signifi-
cant effects.

PART 5. MATERIALS DEVELOPMENT
16. MSRE Surveiliance Program

The materials surveillance program for following
the changes in the properties of the two major
MSRE structural materials — graphite and Hastel-
loy N — has been maintained. Graphite and metal
specimens were removed for examination on July 28,
1966 (7820 Mwhr), and on May 9, 1967 (32,450
Mwhr). We plan to run various physical and me-
chanical property tests on the graphite, but we
have not considered this an urgent item since the
doses are quite low (approximately 1 x 10?2 neu-
trons/cm?, E » 0.18 Mev). Extensive mechanical
property tests have been run on the Hastelloy N.
Its high-temperature creep-rupture life and rupture
ductility were reduced, but these changes are
quite comparable with what we have observed for
Hastelloy N irradiated in the ORR. There was a
slight reduction in the low-temperature ductility,
which we attribute to the irradiation-induced pre-
cipitation of intergranular M _C.



A set of Hastelloy N specimens located outside
the reactor core was removed on May 9, 1967, after
about 11,000 hr of exposure to the cell environ-
ment. There was some surface oxidation, ahout
0.003 in., but no evidence of nitriding.

The surveillance program has been expanded to
include some heats of modified Hastelloy N, and
specimens that contained 0.5% Ti and 0.4% Zr were
removed from the core on May 9, 1967. The me-
chanical testing hias not been completed, but metal-
lographic studies revealed no significant corrosion.

17. Graphite Studies

Much of our materials program is directed toward
finding suitable materials for future molten-salt
reactors. In our present concept of a molten-salt
breeder reactor, graphite tubes will be the struc-
tural element that separates the fuel and fertile
salts. This will require a graphite with very
special properties, particularly with respect to a
small pore spectrum, low gas permeability, and
dimensional stability under high neutron doses.
We are looking closely at many grades of graphite
that are available from commercial vendors. Sev-
eral grades look promising, but none completely
satifies our requirements.

L.ow gas permeability in graphite seems very
hard to obtain, and we feel that producing mono-
lithic graphite bodies with helium permeabilities of
<107 % cm?/sec will be guite difficult. However,
we may be able to satisfy this requirement by
surface-sealing techniques. Our initial efforts
with pyrocarbon and molybdenum sealants look
very promising. The proof test will be to demon-
strate that graphite sealed in this manuer retains
its low permeability after neutron exposure.

The dimensional instability of graphite continues
to be a major problem. We are analyzing very
critically all the data obtained to date in an effort
to determine what types of graphite appear most
stable. We have started our own experiments in
the HFIR, where we can obtain doses of 4 x 1022
nvt (E > 0.18 Mev) in one year.

18. Hastelloy N Studies
Although the Hastelloy N will not be in the core,

it will be located in peripheral areas where it will
receive rather high doses. We have found that the
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properties of this basic alloy can be improved sig-
nificantly by slight modifications in the composi-
Reducing the molybdenum from 16 to 12%
suppresses the formation of M,C, and small

tiotn.

amounts (approximately 0.5%) of either Ti, Zr, or
Hf improve the resistance to radiation damage.

The titanium-modified alloy looks very good, and
we are proceeding further with its development.
Experiments are being run to determine the sta-
bility of this alloy at elevated temperatures, and
specimens aged at 1200 and 1400°F actually show
some improvement in ductility. Our electron micros-
copy studies show that TiC and Ti20 precipitates

‘‘solution annealed’’ condition.

are present in the
The changes in distribution and quantity of these
precipitates in the aged specimens will be de-
tetmined.

Since titanium can be leached from Hastelloy N
by fluoride salts in a manner analogous to chromium,
we must consider the corrosion resistance of the
titanium-modified alloy. The process is likely
controlled by the diffusion tate of titanium in
Hastzlloy N, and measurements we have made in-
dicate that titanium diffuses at a rate comparable
with that of chromium at 2000°F. Thus, our small
titanium addition will probably not adversely affect
the corrosion resistance of the alloy.

Our welding studies have shown that Ti and Hf
additions to Hastelloy N do not affect the welda-
bility adversely, but that Zr is quite detrimental.
However, the postirradiation ductility of the Zr-
modified alloy is quite high, and we have tried to
find a suitable technique for joining this alloy.
Since residual stresses from welding can cause
dimensional changes and even cracking, we have
developed a technique for measuring these stresses.
We now can adjust welding parameters and post-
weld heat treatments to minimize the magnitude of
the residual stresses.

We have two thermal convection loops ruaning
which contain an LiF-BefF -Zrt -UF -Th¥F  fuel
salt. One loop is constructed of Hastelloy N and
has operated satisfactorily at 1300°TF for 47,440 hr.
The second loop is constructed of type 3041 stain-
less steel with removable hot-leg specimens of the
same material. The loop has operated at 1250°F
for 36,160 hr, and the removable specimens have
indicated a corrosion rate of 2 mils/year. Two
loops have also been run using NaF-KF-BI , which
is a possible coolant salt. One loop, constructed
of Croloy 9M, plugged in 1440 hi because of mass
transfer and the deposition of iron crystals in the



cold leg. The second loop, of Hastelloy N, was
terminated as scheduled after 8765 hr of operation,
but it was partially plugged and considerable cor-
rosion had occurred. Effort is being concentrated
on the compatibility of Hastelloy N and the fluoro-
borate salts.

Of the various fission products that will be pro-
duced in the MSBR, tellurium appears to be the
only one that may not be compatible with Hastelloy
N. We have coated specimens with tellurium and
annealed them for long periods of time. There is a
very slight penetration of tellurium into the metal,
but the mechanical properties are not affected
adversely for the conditions investigated.

19. Graphite-to-Metal Joining

We are investigating several joint designs for
brazing graphite to Hastelloy N. One approach has
proven successful, but we are trying to develop a
cheaper and simpler type of joint. One promising
braze is the 60 Pd-35 Ni--5 Cr alloy, and we have
run corrosion tests that confirm its compatibility
with molten salts.

PART 6. MOLTEN-SALT PROCESSING
AND PREPARATION

The concept of processing the fuel salt con-
tinuously by fluorination and distillation persists
essentially in its initial form. The critical opera-
tion in this flowsheet is the distillation of the
carrier salt, and most of the effort in this period
has been concentrated here.

20. Vapor-Liquid Equilibrium Data in
Molten-Salt Mixtures

The relative volatilities of ZrF4, NdF , CeF ,,
BaF ,, YF,, LaF‘g, and StF  in the ternary system
REF3—LiF~BeF2 have been measured using an
equilibrium still at 1000°C. Most values are in
close agreement with those predicted by Raoult’s

law.
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21. Relative Volatility Measurement by

the Transpiration Method

Results from initial experiments using the trans-
piration method for measuring the vapor pressure
of LiF-BeF , over the range 920 to 1055°C con-
formed to the correlation of log vapor pressure vs
1/7T. These dala are also in good agreement with
data obtained {rom equilibrium still measurements.

22. Distillation of MSRE Fuel Carrier Salt

Equipment for demonstration of vacuum distilla-
tion using MSRE fuel salt has been built and as-
sembled in its supporting framework. It is being
installed in a test facility to perform nonradioactive
experiments. This unit has been subjected to ex-
tensive examination, and numerous dimensional
measurements have been taken to afford a reference
for postoperational examination. Only if the unit
appears to be in good condition after nonradio-
active tests will it be installed at the MSRE for
carrier salt distillation demonstration.

23. Steady-State Fission Product Concen-
trations and Heat Generation in an

MSBR and Processing Plant

A computer code that considers individual fission
products has been prepared to provide information
on figsion product heat generation in the various
components of an MSR processing plant. This pro-
gram allows for the generation and removal of fis-
sion products by several different processes which
can differ according to their chemical nature, It
has been used to compute heat-generation curves
for a fuel processing still, and the results com-
pare favorably with other programs based on gross
fission product heat data.

24. Reductive Extraction of Rare Earths
from Fuel Salt

One alternative to the distillation process for
decontaminating MSBR fuel salt uses the reductive
extraction of the rare earths from the salt after



uranium has been recovered by fluorination. Ex-
periments have been performed using lithium dis-
solved in molten bismuth as a reductant. Although
the results are complicated by an unexplained loss
of metallic lithium to the salt phase, the distribu-
tion of rare earths between the salt and metal
phases can be correlated with the lithium metal
concentration in the metal phase.

25. Modifications to MSRE Fuel Processing
Foacility for o Shoit Decay Cycle

Provisions are being made for processing the
MSRE fuel salt for uranium recovery on the shortest
possible cycle after shutdown of the MSRE in early
1968. The flush salt will be processed first, and
then the fuel salt will be treated with H -HF to
establish the oxygen concentration. Allowing time
for these operations, the fuel salt may be fluorinat-
ed after 35 days (initial plans called for a 90-day
cooling time). This shorter cooling time requires
some modification of the processing facility at the
MSRE. The higher concentration of iodine requires
improvement of the off-gas system, and the pres-
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ence of molybdenum requires increased shielding
around the UF | product absorbers.

26. Preparation of 233UF4-7LiF Fuel
Concentrate for the MSRE

Refueling and operating the MSRE with 233U
fuel early in 1968 is planned; this will require
approximately 40 kg of 233U as 233UF4- TLilF (27
and 73 mole %) eutectic salt. This fuel concen-
trate will be prepared in a cell in the TURF build-
ing because of the radiation from the ?3%U daugh-
ters in the 233U. The uranium will arrive as an
oxide in cans, which will be opened and dumped
into a reaction vessel. Lithium fluoride will be
added, and the mixture will be treated with hydro-
gen and finally HF to produce the eutectic melt.
Three 12-kg 233U batches will be prepared for the
major additions to the barren MSRE salt and one
7-kg 233U batch will be loaded into 60 enriching
capsules. The engineering design is almost com-
plete, and most of the equipment has been fabri-
cated.



Part 1.

Molten-Salt Reactor Experiment

P. N. Haubenreich

in the six-month period reported here the promise
of the MSRE as a practical and reliable reactor
was, In a large measure, realized. From the be-
ginning, operation of the reactor had strengthened
our confidence in the basic technical feasibility
of molten-salt reactors. At first, however, me-~
chanical problems with the peripheral equipment
did not allow the practical virtues of the molten-
salt system to be emphasized by a long period of
sustained operation at high power. But the delays
were not excessive, and within a year after the
first operation at full power, the reactor did com-
plete a very satisfactory demonstration of sus-
tained operation, Between January and May 1967,
there were 102 consecutive days of nuclear opera-

1.

tion with remarkably few difficulties; operation
was terminated only because of scheduled re-
moval of specimens from the core,

The first part of this report details the experience
with operation and maintenance of the MSRE. Then
it covers development efforts directly related to
the reactor. - Finally there is a section relating to
a future experiment, namely, the predicted nuclear
characteristics of the MSRE with 233U fuel. We
plan to strip the present uranium from the fuel
salt and replace it with ?*%U in the spring of
1968 in an experiment that promises to lend worth-
while support to design calculations for 233U-
fueled breeder reactors.

MSRE Operations

P. N. Haubenreich

1.1 CHRONOLOGICAL ACCOUNT OF
OPERATIONS AND MAINTENANCE

Robert Blumberg C. K. McGlothlan
J. L. Crowley R. R. Minue

R. H. Guymon M. Richardson
P. H. Harley H. C. Rolier

T. L. Hudson R. C. Steffy

A. I. Krakoviak B. H. Webster

Run 11 began in January and continued iato May
for 102 consecutive days of nuclear operation (see
Fig. 1.1). Between February 1 and May &, the
reactor was at full power (7.3 Mw) 93% of the time.
The longest interruption in full-power operation
was four days, initiated because of excessive
vibration in a bearing on a main blower. On this
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occasion the reactor operated at 5.9 Mw on one
blower for a day; then the power was lowered to
10 kw for the bearing replacement and was held
there for three days to allow the xenon to strip
out for a special reactivity measurement. Once
the power was reduced to 10 kw for 7 lir to permit
replacement of the coolant off-gas filter, and
once one blower was off for 9 hr after unusual
cold (9°F) caused bearing vibrations, Twice,
spurious scrams caused by false signals produced
brief interruptions (1 to 2 hr). Three times the
power was lowered for periods from 6 to 38 hr for
expetimental purposes.

In addition to demonstrating the capability of the
MSRE for sustained operation, the lengthy period
at high power in run 11 afforded useful information
on long-tetm reactivity changes due to samarium
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There were no signif-
icant reactivity anomalies. Fuel chemistry, in
particular the behavior of volatile fission products,
was investigated throughout the run by taking an
average of three samples per week from the fuel

and other fission products.

pump. Twice, a few grams of beryllium was added
to the fuel to counteract the tendency of the fis-
sion process to make the salt chemically less re-
ducing. An adequate margin against corrosive,
oxidizing conditions was maintained, and chromium
analyses showed practically no corrosion,

Run 11 ended with a scheduled shutdown to re-
move core samples. After the fuel system was
flushed and cooled, the array of metal and graphite
specimens was removed to a hot-cell facility.
There the array was disassembled, new samples
were substituted for one of the three stringers,
and the array was reassembled. Meanwhile,
maintenance and inspection were carried out on
the reactor. Several maintenance and inspection
jobs were perforimed in the reactor cell with semi-
remote techniques (see p. 37 on development and
evaluation of procedures and tools). One control
rod drive was removed for replacement of a posi-
tion-indicating device and inspection of the
grease, A set of metallurgical specimens adjaceat
to the reactor vessel was replaced, and a new
americium-curium-beryllium neutron source was
installed in the source tube in the thermal shield.
One of the two space coolers in the reactor cell
was replaced after it proved to be leaking as
suspected. The maintenance shield was then set
up over the salt heat exchanger to test an ex-
perimental device for mapping radiation sources.

Outline of MSRE Power Operation from January to August 1967,

Equipmeat in the reactor cell was viewed in an
attempt to determine the cause of some anomalous
thermocouple readings, and four new thermocouples
to read ambient temperature were installed. White
dust observed in the reactor cell was analyzed
and found to be aluminum oxide, presumably from
thermal insulation in the cell, but the source
could not be located, After the core samples were
reinstalled and the inspection of the cells com-
pleted, the reactor and drain-tank cells were
sealed on June 9.

Other maintenance work at the same time in-
cluded overhaul and repair of the radiator door
brakes and enclosure, ovethaul of the main blower
motors, inspection of the main blowers, preventive
maintenance on coimponent coolant pump 2, re-
placement of a differential pressure element on the
fuel off-gas system, and planned modifications
and improvements in the instrumentation and con-
trol systems,

During the shutdown the annual tests of instru-
mentation and control systems and secondary con-
tainment were conducted. The latter included
leak-testing all containment valves and measuring
the reactor cell leak rate at 20 psig.

The shutdown work was completed ahead of
schedule, and nuclear operation in run 12 began
on June 19, 39 days after the reactor was taken
subcritical at the end of run 11.

Run 12 was another period of extended opera-
tion at full power. The first week of nuclear
operation was marked by difficulties with some of
the equipment. These were remedied, however,
and there followed 42 days in which the reactor



was at full power continuously except for two
brief periods following scrams — one accidental
and one from loss of normal power due to lightning.
Part of the delay in the first week was caused
by vibration of a main blower motor. After over-
haul the motor had a slight imbalance which would
have been acceptable, except that the resonant
frequency of the motor mount was very near the
operating speed. Stiffening the mount by welding
During
the first weekend, a component coolant pump lost

on reinforcing plates solved this problem.

oil pressure, so it was necessary to switch to the
standby. A few hours later the reactor scrammed
when lightning knocked out the main power supply
and damaged a period safety amplifier. Full-
power operation was suspended.: for two days for
modifying the blower motor mount, repaiting the

oil system on the component coolant pump, and
restoring the safety amplifiers to service. Then
began the seven weeks at full power.

During the weeks at tull power, there were no
other equipment problems that threatened con-
tinuity of operation, and interest focused pri-
marily on the studies of the fuel salt, Four
additions of beryllinm, ranging from 8 to 12 ¢ each,
were made in the first three weeks. After the
fourth addition, there was an anomalous, temporary
rise in chromium concentration in the salt samples,
and over the next week ten fuel salt samples were
taken to follow the behavior as the chromium con-
centration returned to normal. Next came a series
of uranium additions: 18 capsules in seven days.
This brought the ??°U inveatory up enough for
six months of power operation without further
additions. Operating for a period of considerable.
burnup without refueling will make it possible to
determine the capture-to-fission ratio for 223U in
the MSRE neutron spectrum from the changes in
uraninm isotopic ratios. ‘

Run 12 was brought to an end because of dif-
ficulties with the fuel sampler-enricher. During
an attempt to take a routine 10-g fuel sample on
August 5, the cable latch became hung as the
capsule was being lowered. There was no external
sign of trouble; however, as the cable unreeled,
it coiled up in the drive unit housing. Then, as
it was being rewound, it tangled in the gears. The
exact situation could not be diagnosed, and when
the isolation valves between the sampler and the
pump bowl were closed, the drive cable was
severed just above the latch (see discussion on
p. 32). After two days of low-power operation
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to obtain reactivity data in the absence of xenon,
the fuel was drained, and the loop was flushed
and cooled down to permit replacement of the
sampler mechanism and retrieval of the latch.

A temporary containment encloswre was erected
around the sampler, and a filtered exhaust system
was connected to the samplet housing to minimize
contamination problems. After the sampler mecha-
nism was removed in a shielded carrier to the
equipment storage cell, a steel work shield was
set up on top of the sampler to permit insertion
of retrieval tools down the sampler tube. By this
time several long, flexible retrieval tools had been
designed and tested in a mockup (see p. 38). A
noose-type tool was used first, but broke because
the latch was stuck at the latch stop. After an
effort to dislodge the latch, it was engaged with
another noose tool. The latch was still stuck,
and it was necessary to heat up the pump bowl to
loosen it. (Appareatly salt mist on the latch stop
had frozen the latch in place.) The latch was
lifted until it became hung in the tube, and the
noose again broke, The latch was picked up again
with a corkscrew-type tool, but it pulled loose
at the first bend in the sampler tube. Then another
tool was designed to slip down over the latch and
clutch it with a knob on the end of a cable. Fig-
ute 1.2 shows workers atop the shield, inside the
enclosure, manipulating this ipol onto the latch
20 ft below. The latch was retrieved successfully
this time, but as shown in Fig. 1.3, the capsule
was missing,.

After the latch was removed, a go gage was to
be inserted to determine whether the tube was
clear. It had already been coucluded that leaving
the capsule in the sample cage in the pump bowl
would cause no harm, bul it was simple to modify
the go gage to house a retractable magnet that
could pick up the capsule. When the tool was in-
serted, the tube was clear, but the capsule was
not found in the cage. Figure 1.4 shows details
of the sampler installation in the pump bowl.
There is enough clearance for the capsule to
slip out under the ring at the bottom of the cage,
but the capsule is then confined by the baffle.
The capsule,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>