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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 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 re-
actor would be **3UF or 235UF  dissolved in a
salt of composition near 2LiF-BeF ,. The blanket
would be ThF4 dissolved in a carrier 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
containg 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 ???U 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 operatiag 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 uatil the middle of
July to the equivalent of about six weeks at full
power, when one of the radiator cooling blowers —
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
replace 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 burmup fol-
lowed expectations, and no anomalous effect was
observed outside the very narrow limits of pre-
cision of measurement (£0.02% 8k/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
run 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 duting 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 prepatations 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-ray 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. lastruments 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 neutron 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 part 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 23%U (33%
enriched). The neutron energy spectrum was com-
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 23U in the first critical
experiment. Control rod worth will be higher by
a factor of about 1.3. The impottant reactivity
coefficients will also be considerably larger than
with 2°°U fuel. The thermal-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 burmnup. 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 neution 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 themmal 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 snrface 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 area 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 fitied 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 U3'/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 perturbation 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, 132Te, '?°Ru,
106y, 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, ?5Nb, °3Ru, and '°°Ru was deposited
within the outer 2 mils of the surface. By con-
trast, appreciable fractions of the 132Te, °5Zr,

140Ba, and 3°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 normal 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 uraninm 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—Ber 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 transparent 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 LiF 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 femperature dependent.
The behavior observed may suggest that the free
energies of formation (per fluorine atom) of these
intemediate molybdenum fluortides are so neatly
equal that the descriptive chemistry of these sub-
stances is dominated by kinetic factors.

12. Separation 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 ot
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-KF 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.

Rarte-earth fluorides in uraninm-free LiF-Bef,
solutions are readily reduced to the metallic state
and are transferred to the molten bismuth upon
contact with a molten alloy of lithium 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 BF3 and Fluorcborate Mixtures

Recrystallization of NaBF | and of KBF | trom
dilute (usually 0.5 ¥) 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 NaF-KF-BF ..

The NaF-NaBF4 and the KF-XKBF | 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 NaF-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 chromium. 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 fluoride 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 Evaluation of Analytical
Methods for Molten-Salt Reuctors

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 5i0 ,-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 spectrophotometer 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
loop 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° nv).

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 oun 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 102! neu-
trons/cm?, E > 0.18 Mev). Extensive mechanical
property tests have been run on the Hastelloy N.
Its high-temperature creep-tupture 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 nitsiding.

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 has 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 mouno-
lithic graphite bodies with helium permeabilities of
<10~ % cm?/sec will be quite difficult. However,
we may be able to satisfy this requiremeat 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 manner 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 ateas 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

tion.

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-
termined.

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 rate of titanium in
Hastelloy 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 running
which contain an LiF-BeF -Zr¥ -UF -ThF  fuel
salt. One loop is constructed of Hastelloy N and
has operated satisfactorily at 1300°F for 47,440 hr.
The second loop is constructed of type 304L 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-BFS, which
is a possible coolant salt. One loop, constructed
of Croloy 9M, plugged in 1440 h: 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-
horate 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 measwed 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 Yolatility 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/T. 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 fission 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
Focility 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 Fuoel
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 32U 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

ia 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 auclear
characteristics of the MSRE with 233U fuel. We
plan to strip the present uranium from the fuel
salt and replace it with ?3%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
experimental 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, overhaul of the main blower
motors, inspection of the main blowers, preventive
maintenance on componeint 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 onthe 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-
matily 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 aa 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 inventory 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
uranium isotopic ratios. ‘

Run 12 was brought to an end because of dif-
ficulties with the fuel sampler-enricher. During
an atfempt 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 enclosure was erected
around the sampler, and a filtered exhaust system
was connected to the sampler 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 iool 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, buf 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, with a copper body and nickel-
plated steel cap, should not deteriorate in the
salt, nor are the salt currents strong enocugh to
cause movement and erosion. Therefore, no more
efforts were made to remove the capsule.

Startup for run 13 then began while a new sampler
mechanism was being installed and checked out.
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PHOTO 88992

Fig. 1.2. Team Fishing for MSRE Sampler Latch.
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{PHOTO 89000

Fig. 1.3. Sampler Latch, Key, and Cable After Retrieval.

Analysis and details of operations and main- Table 1.1 summarizes some operating statistics.
tenance are given in the sections which follow.

Table 1.1. Summary of Some MSRE Operating Statistics

March—August 1967 Total Through Aug. 31, 1967
Critical time, hr 2925 (66%) 7018
Integrated power, Mwhr 18,795 40,307
Equivalent full power hours 2597 (59%) 5557

Salt circulation
Fuel loop, hr 3024 (68% 10,361
Coolant loop, hr 3113 (71%) 12,059
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1.2 REACTIVITY BALANCE
J. R. Engel

The extended periods of full-power reactor
operation in runs 11 and 12 have provided the
most severe tests to date of the on-line reactivity
balance calculation. Runs 11 and 12 increased
the integrated power by 16,200 and 7650 Mwhr,
respectively, to a total of 40,307 Mwhr. In addi-
tion to the usual calculations of power- and time-
dependent factors, calculations were required in
each of these runs to compensate for 235U addi-
tions that were made with the reactor at full
power, The overall performance of the calcula-
tion was highly satisfactory, and no anomalous
reactor behavior was indicated at any time. How-
ever, some additional calculation modifications
were required to eliminate errors that developed.
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Balances at Power

Figures 1.5 and 1.6 summarize the results of
the on-line calculations during this report period.
These results are reproduced exactly as they
were generated, with no corrections for computer-
induced errors. For legibility, only about 2% of
the data points are shown, but each plotted point
is the result of an individual calculation. Thus
the scatter in the plotted points is an indication
of the precision of the calculation. The points
at which changes were made to correct errors are
indicated by notes.

Except for one negative excursion caused by
circulating voids immediately after a power shut-
down in run 11 (Fig. 1.5), all the calculated values
of residual reactivity were between - 0.03 and
+.0.10% Ok/k. An apparent gradual decline in
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residual reactivity occwired during the first
several weeks of run 11. Detailed analysis of the
individual terms revealed two sources of error.
One was a gradual downward drift in the tempera-
ture indicated by two of the four thermocouples
used to calculate the average reactor outlet tem-
perature. These two thermocouples were elimi-
nated and replaced by one other that had not
drifted. The second error was caused by loss of
significance in the calculation of the '#°Sm con-
centration. In the program, only the change in
samarium concentration is computed, and that
change is added to the last value to obtain the
current value. As the '*°Sm concentration ap-
proached 85% of its equilibrium value, the incre-
mental concentration change computed for the 5-
min time step between routine reactivity balances
was outside the five-decimal-digit precision of the
computer. As a result, these increments were
lost when the concentration was updated. To
avoid using double-precision arithmetic, the pro-
gram was modified to only update the '#9Sm and
the 1°1Sm concentrations every 4 hr while the
reactor is at steady power. Summary calcula-
tions made off line were used to verify the ade-
quacy of this change.

When these corrections were introduced on
March 17, the apparent downward drift in re-
activity disappeared. At the same time, minor
changes were made in some of the !35Xe stripping
parameters to make the calcnlated steady-state
xenon poisoning agree more closely with the ob-
served value.

Other small reactivity variations were observed
in run 11, for example, from March 29 to April 9.
These changes are directly related to changes in
the helium overpressure on the fuel loop; a 1-psi
pressure increase leads to a reversible reactivity
decrease of slightly less than 0.01% 6k/k. The
mechanism through which pressure and reactivity
are coupled has not yet been established. The
direct reactivity effect of the change in circulat-
ing voids caused by a change in absolute pressure
is at least a factor of 10 smaller than the observed
effect of pressure on reactivity. The time con-
stant of the pressure-reactivity effect is relatively
long, suggesting a possible connection through the
Xenon poisoning.

Fuel additions were made for the first time in
run 11 with the reactor at full power. Nine cap-
sules containing a total of 761 g of 235U were
added between April 18 and 21, The reactivity-



balance results during this time show good agree-
ment between the calculated and observed effects
of the additions. The transient effects of the
actual fuel additions were very mild. Figure 1.7
shows an on-line plot of the position of the
regulating control rod made during a typical fuel
addition with the reactor on servo control. Con-
trol rod movement to compensate for the additional
uranium in the core started about 30 sec after

the fuel capsule reached the pump bowl, and the
entire transient was complete about 2 min later.
This indicates rapid melting of the enriching salt
and quick, even dispersion in the circulating fuel.
The weights of the emptied fuel capsules indi-
cated that essentially all their contained 223U
was transferred to the fuel loop.

The reactivity-balance results in run 12 (Fig.
1.6) were essentially the same as those in the
preceding run, Minor variations, associated with
pressure and power changes, were again observed.

Another series of fuel additions at full power
was made in this run between July 19 and 26.
This series consisted of 18 capsules containing
1527 g of 233U, The purpose of this large addi-
tion was to provide sufficient excess uranium so
that a large amount of integrated power could be
produced without intermediate fuel additions. We
plan to perform a detailed evaluation of the uranium
isotopic-change effects associated with power
operation, and substantial burnup is required to
make the analyses of isotopic composition useful.
A secondary result of this large fuel addition
(0.5% 6k/k) was a drastic change in the control
rod configuration. At the end of the additions
the separation between the tips of the shim rods
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Fig. 1.7. Regulating Control Rod Position During
Fuel Addition.

and that of the regulating rod was 15.5 in., whereas
the normal separation has been 4 to 8 in. The
variation in apparent residual reactivity as a
function of control rod configuration was reexamined,
and we observed a decrease of 0.02% dk/k when the
more usual configuration wasg established. This

was consistent with an earlier evaluation (May

1966) of the accuracy of the analytic expression
used in the computer to calculate control rod
poisoning as a function of rod configuration,

On August 3 a computer failure occurred which
required recalibration of the analog-signal ampli-
fiers after service was restored. As a result of
this recalibration, there were small shifts in the
values of several of the variables used in the re-
activity balance. Errors in reactor-outlet tem-
perature and regulating-rod position caused a down-
ward shift of 0.03% 8k/k in the residual reactivity.

Balances at Zero Power

Figure 1.8 shows the long-term variation in
residual reactivity since the start of power opera-
tion (December 1965). The values shown are
average results at zero power with no xenon
present. Corrections have also been applied for
computer-induced errors such as those at the end
of run 12. The results are plotted to show their
relationship to the reactor operating limits at
40.5% Sk/k. The discovery of a 0.5-in. shift in
the absolute position of rod 1 at the end of run 12
(see p. 31) adds some uncertainty to the last point
in this figure. This shift represents a reactivity
effect of +0.02% 8k/k, which would have been de-
tected if it had occurred during a run. However,
the dilution corrections which must be applied

ORNi-DWG 67-3803RA

i

REACTIVITY 1% 8k/k)

-0z

~04 ! |

RESIDUAL

oo
=
o0
Q
el

5] 4 8 2 46 20 24 28 32 36
INTEGRATED PCWER (Mwhr)

Fig. 1.8. Long-Term Drift in Residual Reactivity of
the MSRE at Zero Power.



between runs contain enough uncertainty that an
error of this magnitude could be lost. Thus the
shift in rod position cannot be assigned to either
the beginning or end of run 12. Even with this
uncertainty in residual reactivity, the zero-power
results fall within a very narrow band, which
demonstrates the continuing good performance of
both the reactor system and the reactivity-balance
calculation.

1.3 THERMAL EFFECTS OF OPERATION

C. H. Gabbard

Radiation Heating

Reactor Vessel. — The temperature differences
between certain thermocouples on the reactor
vessel and the reactor inlet temperature are moni-
tored by the computer to determine whether there
is any evidence of a sedimentation buildup in the
lower head or on the core support flange. In the
previous semiannual report,’ it was stated that
these temperature differences had increased. Full-
power data were reviewed from runs 6 through 12,
and it now appears that the increase reported is
within the data scatter. The average temperature
differences for run 6 were 2.11 and 1.54°F/Mw
for the core support flange and the lower head,
respectively, and were 2.205 and 1.55°F/Mw for
run 12,

Fuel Pump Tonk. — An unexplained downward
shift in the temperature of the upper pump-tank
surface was mentioned in the previous semiannual
report.? Past data for the pump-tank temperature
and for the heat removal by the oil system were
reviewed to determine if a better thermal coupling
could have developed between the pump tank and
the shield-plug oil cooler. No evidence of in-
creased heat removal by the oil system was found.

The temperature distribution remained essentially
the same throughout run 11, with pump operation
continuing without cooling air. When the reactor
was taken to power in run 12, the full-power tem-
perature distribution had shifted downward another
15 to 30°F, and the pump tank continued through

1psR Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL-4119, p. 19.

2Ibid., p. 18.
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the run at the lower temperatures. The tempera-
tures at zero power were consistent with the run
11 zero-power data. This would seem to indicate
that less fission product activity was being re-
leased in the pump tank. The lower temperatures
are not detrimental to the operation or to the life
of the pump tank.

Thermal Cycle History

The accumulated thermal cycle history of the
various components sensitive to thermal cycle
damage is shown in Table 1.2. Approximately 63%
of the design thermal cycle life of the fuel system
freeze flanges has been used to date; 54% had
been used at the time of the previous semiannual
report.’

Temperature Meosurement

Salt Systems. - Approximately 330 thermocouples
are used to measure the temperature at various
locations on the fuel and coolant circulating salt
systems. Only two thermocouple wells are pro-
vided, one each in the coolant radiator inlet and
outlet pipes. The remaining thermocouples are
attached to the pipe or vessel walls. The thermo-
couples on the radiator tubes are insulated to pro-
tect them from the effects of the high-velocity air
that flows over them during power operation; the
others are not insulated and thus are subject to
error because of exposure to heater shine and to
thermal convection flow of the cell atmosphere
within the heater insulation. In March 1965, with
the fuel and coolant systems circulating salt at
isothermal conditions, a complete set of readings
was taken from all the thermocouples that should
A
similar set of data was taken in June 1967 at the
start of run 12. The results of the two sets of
measurements are shown in Table 1.3. Compari-

read the temperature of the circulating salt.

son of the standard deviations for the radiator
thermocouples with those for the other thermo-
couples shows the effect of insulation on reducing
the scatter. Comparison of the sets of data taken
over two years apart shows very little change,
certainly no greater scatter. Figure 1.9 shows
that the statistical distribution of the deviations

3Ibid., p. 20,
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Table 1.2, MSRE Cumulative Thermal Cycle History Through August 1967

Thaw
Component Heat/Cool Fill/Drain Power On/Off Thaw and
Transfer
Fuel system 8 37 57
Coolant system 6 11 53
Fuel pump 9 32 57 428
Coolant pump 7 12 53 113
Freeze flanges 100, 101, 102 8 33 57
Freeze flanges 200, 201 7 11 53
Penetrations 200, 201 7 11 53
Freeze valve
103 6 ‘ 29 35
104 14 ] 25
105 16 18 43
106 18 26 38
107 10 11 18
108 9 17 14
109 9 20 18
110 2 2 3
111 5
112 2 2
204 8 15 26
206 8 13 24
100 [T d}g)‘g_OR:L.DWGﬁﬁ‘”m% Table 1.3, Comparison of Readings of Thermocouples
! r DO;"" ‘ of Salt Piping and Vessels Taken with
90 | — .- c] B S the Salt Isothermal
\ ¢
z 90 | ‘ } ,,,,,,,, L 537_ R Thermocouple Indicated Temperature ("F)
'E ‘ [ ( =} ﬁ Location March 1965 June 1967
gl L JE TR
W Radiator 1102.6 £ 6.7 1208.5 +3.3
; ® DATA TAKEN ) 7 ' 777777 tubes
E g0 MARCH 1965 — g [N I
= © DATA TAKEN . Other 1102.1 £13.0 1206.7 £12.3
9 JUNE 1967 | [
w50 o proom ~‘ """ R (I All 1102.3 £ 10.6 1207.4 £ 0.8
| “
Z 40 L 4 T S L
Q ’ of individual thermocouples from the mean also
Woaol L . o changed little in the two years.
5 . [ The scatter in the various thermocouple read-
¢ 50 L J S N T S ings is reduced fo an acceptable level by using
i ‘ ff ’ biases to correct each reading to the overall
ol \ ) ~°,, L average measured while both fuel and coolant
systems are circulating salt at isothermal condi-
LL&¥ s b8 l ] tions. These biases are entered into the computer
0 e T e e e e T w0 60 and are automatically applied to the thermocouple
DEVIATION FROM AVERAGE (°F) readings. The biases are revised at the beginning
Fig. 1.9. Comparison of MSRE Thermocouple Data of each run and are checked when isothermal con-

from March 1965 and June 1967. ditions exist during the run. Generally the biased



PHOTO 87924

Fig. 1.10. East Side of Heat Exchanger Showing Heater Box HX-1 and the Cocked Spacer on the Right.

thermocouple readings have been reliable, but
there have been a relatively few cases when there
have been shifts in thermocouple readings that
have resulted in calculation errors.

Temperature Disturbance in Reactor Cell. — Dur-
ing run 11, a shift upward of a reactor cell ambient
thermocouple was noted. This upward shift,
which occurred on only one of ten ambient couples,
took place the day after reaching maximum power.
A rather extensive investigation revealed that
several other thermocouples were affected at the
same time, all in the area between the fuel pump
and the heat exchanger.

Many tests were performed to determine the
cause of this temperature disturbance, but none
gave any conclusive answers. This area was
viewed with closed-circuit television during the
run 11 shutdown in May and June. The only ab-

normality noted which might have caused this in-
crease was a cocked heater spacer between
heaters HX-1 and HX-2 on the heat exchanger.
This spacer is shown in Fig. 1.10, a photograph
of the television screen. It was concluded that
this cocked spacer, which was viewed only after
the fuel system was drained and cooled, was an
indication of an even larger opening which existed
during operation.

Fuel Salt Afterheat

At the conclusion of run 11 power operation, an
experiment was run to determine the amount of
fission product afterheat in the fuel salt. Power
operation of run 11 was terminated by a rod and
load scram from full power, and the temperature
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Fig. 1.11.

transient that followed was recorded by the com-
puter. The net heat input fo the system was
evaluated several times from the combined effects
of the temperature slope and thermal capacity of
the system, the power to the electric heaters, and
the 10 kw of nuclear power when the reactor was
critical. The fuel was drained shortly after the
final heat input data were taken in the fuel loop
55.5 hr after the scram. Two additional sets of
heat input data were taken in the fuel drain tank
at times of 168.5 and 745 hr, but there was no ex-
perimental method to correlate the drain-tank data
with the fuel-loop data because of the difference
in heat losses. The analysis of the experimental
data gave the change in afterheat between the
55.5-hr data and the various other sets of data
taken in the fuel loop and between the two sets of
data in the fuel drain tank,

The computer program CALDRON was used to
check the experimental results and to provide
reference points at decay times of 55.5 and 765
hr. The results of the CALDRON calculations
and the afterheat measurements are shown in Fig.
1.11. Two sets of CALDRON calculations are
shown, one set without krypton or xenon stripping
and the other with krypton and xenon stripping at
a rate equivalent to the removal from the MSRE
fuel salt. The MSRE experimental data were
normalized to the 55.5- and 745-hr CALDRON cal-
culations that included stripping. (The heat
losses required to make the observations agree
with the calculation at these points were assumed
to exist at all other times in the same system.)

We had hoped to obtain useful data within about
10 min after the scram. However, there was ap-

Results of MSRE Afterheat Measurement.

parently an air leak through the radiator enclosure
which healed itself in about 1.5 to 2 hr, Since
the calculation procedure required that the heat
losses from the reactor system be nearly con-
stant, the first 2 hr of data could not be used.
Actually the calculations made 2 hr after shutdown
also appear to be somewhat low, as seen in Fig.
1.11.

The thermal capacity of the fuel and coolant
systems for the afterheat calculation was cali-
brated during the run 12 startup. The temperature
transient was recorded following a step increase
in nuclear power of 148 kw. The thermal capacity
of the system was found to be 16.22 Mw-sec/“F.

1.4 EQUIPMENT PERFORMANCE

Heat Transfer

C. H. Gabbard

The monitoring of the heat transfer performance
of the salt-to-salt heat exchaunger continued, both
by periodic measurement of the heat transfer coef-
ficient and by practically continuous observation
of the ‘‘heat transfer index,”’ (The heat transfer
index is defined as the ratio of reactor power to
the tempetature difference between the fuel leav-
ing the core and the coolant leaving the radiator.)?
Six sets of data were taken for evaluation of the
heat transfer coefficient during runs 11 and 12.

*Ibid., p. 21.
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Fig. 1.12. QObserved Performance of MSRE Main Heat Exchanger.

Coefficients were computed from these data by a
procedure used since the beginning of power
operation and by a revised procedure whose
principal difference is that it uses only the most
reliable thermocouples. Coefficients computed
both ways are shown in Fig. 1.12 along with the
heat transfer index. The coefficients and the
index indicate that the performance of the heat
exchanger has remained practically unchanged.
(The downward shift in the heat transfer index in
March 1967 is the result of revising the tempera-
ture biases in the computer.)

Main Blowers

C. H. Gabbard

The rebuilt main blowers, MB3-1 and MB-3, have
now accumulated 4640 and 4220 hr of operation,
respectively, since they were installed in October
and November 1966. The main bearing on MB-3
was replaced in early March after 1800 hr of
operation, when the vibration amplitude started
increasing. The balls and races of the bearing
were severely scored and pitted. The replace-
ment bearing also gave an indication of trouble
and was scheduled for replacement during the run
11 shutdown. However, the problem turned out to
be the result of a loose vibration pickup.

A complete inspection of the blowers and drive
motors was made after the run 11 shutdown. Both
blowers were again in excellent condition after
3585 and 3162 hr of operation, with no indication
of cracking in the blades or hubs. The slip rings
and brushes on the drive motors had become scored,
and the motors were removed for repair. The re-

pairs included refinishing the slip rings, replacing
the brushes and bearings, and balancing the
rotors. Vibration pickups were added at each
motor bearing, and filters were installed to pro-
tect the slip rings from dirt and grit. When the
blowers were test run, there were excessive vi-
brations on the drive motor of main blower 3. The
motor vibration had been satisfactorily low when
the motor was loosened on its mount, indicating
that the motor was not badly unbalanced. The
rotation speed of the motors was found to be very
near the natural frequency of the motor mount.
The vibration amplitude was reduced to an accept-
able level (below 1 mil) by stiffening the mount,
Insulation Dust in the Reactor Cell. ~- During
observation in the reactor cell between runs 11
and 12, a nonuniform coating of white material was
seen on most of the horizontal surfaces of the re-
actor cell (see Fig. 1.13). Samples of the white
coating were obtained with long-handled tools
and identified as being mostly A1203 (insulation).
Attempts to further identify it as one of the two
specific types of insulation known to be in the
cell were unsuccessful. The possible sources are
the insulation covering the fuel pump and over-
flow tank, the reactor vessel, the fuel drain line,
or the fuel line under the heat exchanger, The
drain-tank cell was also viewed, but no covering
of insulation dust was noted.

Rodiator Enclosure

M. Richardson

The brake shoes in the brakes of the radiator
door lifting mechanism were found to be worn and
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Fig. 1.13. Motor of Reactor Cell Cooler No. 1 Showing Dust Accumulation.

were replaced after run 11. This reduced the
coastdown after the doors were partially lowered
to 3 in. It was also necessary to replace part

of the outlet door soft seal gasket material which
had burned and blown loose. Operation of the
doors has been without incident, and the radiator
seals have been adequate for operation.

Off-gas Systems

J. R. Engel

Operational difficulties with the off-gas sys-
tems were greatly reduced during this period of
operation. One 7-hr power reduction was required
to replace a filter in the coolant off-gas line.
Otherwise, only minor inconvenience, which had
no effect on power operation, was experienced.

Particle Trap. — The new off-gas filter® (particle
trap) installed in the fuel off-gas line before the
start of run 11 continued to function satisfactorily
with no evidence of increasing pressure drop.

The pressure drop across this unit, with one sec-
tion valved out, remained below 0.1 psi through-
out the operation. The temperatures near the
various filter media depend to some extent on
operating conditions other than power. Increased
pump tank pressure or reduced purge-gas flow
increases the transport time for fission products
from the pump tank to the particle trap. This per-
mits more radioactive decay en route and results
in lower temperatures at the particle trap. Never-
theless, under similar conditions the steady-state
temperature near the coarse filtering material

SIbid., p. 42.



(Yorkmesh) was ~ 275°F when the particle trap
was first used and ~ 380°F near the end of run 12.
The temperatures decrease rapidly when the re-
actor power is reduced, however, and the zero-
power steady-state temperatures are essentially
unchanged. These effects indicate the accumula-
tion of some material, presumably organic, on the
filtering media that enhances the retention of
short-lived fission products.

Main Charcoal Beds. — The performance of the
charcoal beds in holding up noble-gas fission
products has continued to be satisfactory. The
gradual development of restrictions at the inlet
ends of the beds has also continued, but this has
not limited the reactor operation in any way, since
effective measures can be taken to reduce the
restriction when necessary. _

Run 11 was started in January 1967 with the
charcoal bed sections 1A and 1B in service with
an initial pressure drop of 2.5 psi at normal off-
gas flow. The pressure drop increased very slowly,
reaching 7 psi on March 29, two months after the
start of the run. At that time the standby beds,
2A and 2B, were put in service, and the restricted
sections were valved out. The pressure drop
across these sections built up from 2.6 to 9 psi
in only ten days. We then cleared the restrictions
from all four sections by forcing clean helium
through sections 2A and 2B in the normal flow
direction and heating the inlet ends of sections
1A and 1B with previously installed® electric
heaters. These operations did not require a re-
actor shutdown but only a temporary lowering of
the water level in the charcoal bed pit to allow
the heaters to function.

After the restrictions in both sets of beds had
been cleared, sections 1A and 1B were put back
in service. In the ensuing three weeks the pres-
sure drop increased from 2.4 to 3.5 psi. At that
time, we decided to increase the helium purge
flow by 1 liter/min to see if the xenon poisoning
would be affected by lower concentrations in the
fuel pump gas space. To accommodate the higher
gas flow without an increase in fuel pump pres-
sure, sections 1A and 1B were valved out and 2A
and 2B were put in service. The next day section
1A had to be reopened to keep the fuel pump pres-
sure at 5 psig. The normal purge flow was re-
stored after three days, and, just before the power
shutdown at the end of run 11, the partial restric-

SIbid., pp. 30—31.

28

tions in all four beds were again removed by heat-
ing sections 1A and 1B and forward blowing sec-
tions 2A and 2B.

Owing to the success of the heaters in clearing
the restrictions from sections 1A and 1B, we in-
stalled similar heaters at the inlets of sections
2A and 2B during the shutdown between runs 11
and 12. The differential pressure transmitter
that senses charcoal bed pressure drop directly
was also replaced. This instrument had failed
earlier, possibly because of the pressure differ-
ences imposed during blowouts of the charcoal
beds. However, all these pressure differences
were within the specified overrange capability of
the instrument.

Power operation in run 12 was started with sec-
tions 1A and 1B in service. The gradual increase
in pressure drop made it necessary to change to
sections 2A and 2B after about three weeks. The
pressure drop across the second sections reached
an unsatisfactory level after only six days. Then
the restrictions were cleared from all four sections
by heating the inlet ends. The remainder of run 12
was completed with sections 1A and 1B in service.

The development of flow restrictions at the char-
coal beds appears to be related to the accumula-
tion of volatile organic matter on the steel wool
packing at the bed inlets. Physical variations in
this packing probably account for the different
times required to plug various individual sections.
The experience in runs 11 and 12 indicates that
the restrictions can be effectively removed by
electrically heating the inlet ends of the beds.
Presumably, this heating drives the volatile matter
off the steel wool packing in the inlets and moves
it farther downstream where the flow areas are
larger. There is no evidence from the charcoal
temperatures that this material has reduced the
fission product retention capability of the charcoal.
Since the heating operations do not affect reactor
performance, there are no plans at present to make
further modifications at the charcoal beds.

Coolant Off-gas System. — Very slow plugging
of the coolant off-gas system at the filter that
precedes the coolant-loop pressure control valve
has been encountered throughout the reactor opera-
tion. The originally installed filter was replaced
in February 1965, during the preoperational check-
out of the system. Subsequent replacements were
made in March and September 1966 and on March
1, 1967. The replacement on March 1, 1967, re-
quired a reactor power reduction for 7 hr to permit



personnel access to the area where the filter is
located. By the end of run 11 (May 1967) the
filter was plugged again, and periodic venting of
the coolant system through an auxiliary line
(1.-536) was required to keep the loop overpressure
below 10 psig.

During the shutdown between runs 11 and 12,
the filter was replaced again, and a minor piping
modification was made to permit the coolant off-
gas activity monitoring to monitor gas vented
through line 536. Before this change, any activity
release would have been detected and stopped by
another monitor on the combined fuel and coolant
off-gas, but identification of the source of the
activity would have been more difficult. No
activity has ever been detected in the coolant
off-gas.

Cooling Water Systems

A. 1. Krakoviak

The cooling water systems performed satis-
factorily during this report period. The systems
functioned relatively trouble free except for a
few leaks. In July a 15-gpd leak from the treated
water system was detected and was traced to a
faulty pressure-relief valve in the line leading to
one of the reactor cell coolers. Replacement of
the faulty relief valve restored the system to
normal operation.

Space Coolers, — As reported previously,” leaks
have occurred in the reactor cell space coolers
at the brazed joints on the brass tubing headers.
During the scheduled shutdown at the end of run
11, both space coolers were leak-tested. One
cooler (RCC-1) leaked less than 125 cm?®/day
and was not replaced; however, the other (RCC-2),
which leaked at the rate of 9 liters/day, was re-
placed with a cooler whose headers and nipples
were fabricated of copper. Copper weldments
were used on the new cooler instead of the brazed
joints.

Radiation levels around the removed unit were
sufficiently low that it could be disassembled
directly. The radiator was the most radioactive
component, with readings up to 1000 millirems/hr
at contact. (The radiation was very soft and
caused no contamination problem.) This unit was
discarded. However, the fan motor was retained

Tibid., p. 32.

for possible future use, and the new fan, motor,
and radiator were mounted on the original frame
for installation in the cell.

Reactor Cell Annulus. — Sometime prior to or
during run 11, the fill line to the biological shield
plugged, and water additions to the reactor cell
annulus were made through the level measuring
line. Since the plug in the fill line could not be
cleared, the overflow pipe from the cell annulus
was modified to also serve as a fill line.

Steam Dome Feedwater Tanks. — Water is dumped
automatically from a feedwater tank (FWT) to a
steam dome if cooling of a fuel drain tank (FD)
is required after a fuel drain. During run 12, small
amounts of water from FWT-1 had randomly ap-
peared in the steam dome of FD-1, causing a tem-
perature decrease in the fuel drain tank. To en-
sure that this drain tank remained available for a
possible emergency drain, the water was removed
from the feedwater tank, which is now in normal
service after having a faulty temperature switch
replaced.

Component Cooling System

P. H. Harley

Although some difficulties were encountered,
the component cooling system operated satis-
factorily during this reporf period. The two main
blowers (CCP-1 and CCP-2) operated 1536 and
2375 hr respectively; CCP-2 has operated for a
total of 3340 hr without a failure.

The discharge check valve on CCP-2 was re-
placed and the belt drive was tightened as part
of the preventive maintenance program. There was
no indication of any significant aging of the sili-
cone rubber in the removed check valve.

Trouble was encountered in the CCP-1 oil cir-
culating system. First, a loose tubing connection
caused the loss of ~ 2 gal of oil during run 12;
this irregularity was easily repaired. Then, fol-
lowing the run 12 shutdown, intermittent low-oil-
pressure alarms again occurred. An investigation
indicated no significant loss of cil, but a slow oil-
pressure response was observed when the blower
was started. The suspected oil pump and pressure-
relief valve on CCP-1 were replaced with spare
units to cormect the trouble. The removed pressure-
relief valve was found to be relieving before the
normal oil pressure developed. In spite of these



difficulties in the system, there was sufficient
lubrication, and no noticeable damage was ob-
served,

Although the temporary strainer in the CCP dis-
charge line worked satisfactorily, a more efficient
strainer, which had been on order for a year, was
received and installed in the line. Over an eight-
month period the temporary strainer accumulated
~ 30 to 50 g of black, dry powdery material that
appeared to be dust from abrasion of the drive
belts. The new strainer, however, has a 100-mesh
screen and a 0.2-psi pressure drop as compared
with a 1/lé-in. pore size and a 0.5-psi pressure
drop in the old strainer.

The improved performance of the blower belt
drives, which have not needed replacing during the
past nine months, is attributed to less frequent
starting and stopping of the blowers as well as to
the reinforced motor support. During early opera-
tion, the blowers were alternated twice a month;
now one blower is operated continuously during a
ruimn,

The stainless steel strainer which was removed
had been in contact with condensate containing
dilute HNO, while in service (see ‘‘Containment,’’
p. 33). After being decontaminated, the strainer
was examined and was found to be in very good
condition. The surface was slightly etched, but
no more than would be caused by the decontamina-
tion process.

Blower CCP-3, which coaols out-of-containment
freeze valves, failed on April 19 after more than
5000 hr of operation, A bearing galled and damaged
the drive shaft. Operation continued without inter-
ruption by using air from the service air compres-
Blower CCP-3 has been repaired and can now
be used when required.

SOr.

Salt Pump Oil Systems
A. 1. Krakoviak

The lubricating oil systems for both salt pumps
have been in continuous service except during the
planned oil change during the shutdown after run
11. At this time the oil was sampled, drained, and
replaced with new oil. The oil, which had been
in service since August 1966, showed no signifi-
cant change in its physical or chemical properties.

During the steady full-power operation in run 11,
very good balances were obtained on the oil sys-
tem inventory changes, indicating little or no loss
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by leakage into the pump bowl. The measured
amounts removed for analysis and accumulated in
the catch tanks actually slightly exceeded the ob-
served decreases in supply reservoir contents.

In March and April the difference was 65 cm? in
the fuel pump system and 210 cm® in the coolant
pump systein.

The oil leakage through the lower seal of the
fuel-pump shaft had previously accumulated at the
rate of 5 cm®/day; it has now decreased to ~ 1
cm®/day. The leakage past the lower seal of the
coolant salt pump averaged 17 cm?®/day during run
11 and 30 cm?®/day during run 12; the present ac-
cumulation rate is 15,

Automatic siphons were originally installed on
the oil collection tanks from both pumps to meas-
ure and dispose of seal leakage without maaual
draining to keep the level in the sensitive (reduced
cross-sectional area) range of the level-measuring
leg of the collection tanks. These siphons have
failed to function properly at the low oil leakage
rates that actually occurred. The oil simply flows
over the high point of the siphon tube, much like a
liquid flowing over a weir, without bridging the
tube to form a siphon. The overflow points for the
coolant pump and fuel pump oil collection tanks
were reached in March and April respectively.

For the remainder of run 11 the only indicators of
leakage rate were the supply reservoirs, which

are much less sensitive than the leakage collec-
tion tanks. After run 11 the collection tanks were
drained, and the average leakages for the latter
part of the run were determined by measuring the
total accumulated oil leakage. The collection
tanks were drained again after run 12, and periodic
drainings are planned to keep the oil level below
the siphon (overflow) level. Because there is a
high radiation field at the collection tanks, during
power operation the draining operations must be
performed only when the nuclear power is low. If
high leakage rates (500 to 1000 cm?®/day) develop,
the automatic siphons are expected to function as
designed,

Although the oil from the coolant pump seal
when sampled had a dark appearance, spectro-
graphic and infrared spectrophotometric analyses
showed no significant difference between the seal
leakage oil and a sample of unused oil. The dark
appearance and the somewhat increased leakage
rate past the seal could be an indication of ab-
normal wear at the Graphitar—stainless steel
rotary seal of the salt pump. The somewhat lower



accumulation rate at present indicates that the
seal may have reseated itself.

Electrical System

T. L. Hudson

Power to the MSRE electrical system is supplied
from the ORNI. substation by either of two 13.8~
kv TVA power lines, a preferred line or an alter-
nate. During this report period, while operating
on the preferred feeder, there were two unscheduled
electrical interruptions when the reactor was at
power, During a thunderstorm on June 25, the
reactor operation was interrupted by the loss of
both feeders. Two amplifiers were damaged on the
reactor period safety system. Approximately 32
hr later, the reactor was returned to critical opera-
tion after the period safety amplifiers had been
tepaired. On July 12, the other interruption was
caused by the loss of the preferred feeder during
another thunderstorm. Emergency power from the
diesel generators was in service within 2 min, and
low-power nuclear operation was resumed in
about 13 min. After repairs had been completed
on the preferred feeder, full-power operation was
resumed in approximately 6 hr.

Difficulty was experienced in run 12 when re-
starting main blower 1. The breaker tripped off
the blower during the starting sequence for several
attempted starts. On a later occasion, the breaker
tripped several times before main blower 1 was
started. This erratic behavior was explained when
a loose gasket was found in one of the time-
delay orifices when the breaker was checked in
August. Tests have been made that indicate the
total time of the starting sequence is too long
when compared with maximum time delay of the
breaker overload element. Therefore, the total

time of the start sequence will be reduced from
25 to 12 sec.

Heaters

T. L. Hudson

The last of six heating elements in heater HX-1
failed on October 28, 1966. Satisfactory heat ex-
changer temperatures were maintained without this
heater, even with the fuel loop empty. However,
continuous circulation of the coolant salt was
maintained until after run 11, so the full effect of
the heater failure could not be determined. Tests

were performed with both the fuel and coolant
loops empty after run 11 to determine the need for
this heater in preheating the system from a cold
condition. When helium circulation was stopped
in the fuel system, the temperature distribution
was satisfactory for a fill without heater HX-1
operating. However, with helium circulation in
the fuel system, ‘‘cold’” helium was introduced -
possibly from the fuel pump - and one temperature
decreased to below 800°F. Since satisfactory
temperatures could be achieved without it, the
failed heater was not replaced.

Radiator heater CR6-48 failed on March 30, 1967,
and was replaced with a spare beater (CR4-3C).
During the shutdown after run 11 the electrical
lead to heater CR6-4B was repaired, and the heater
was placed back in service. Several broken
ceramic bushings were also replaced at this time.

Control Rods and Drives

M. Richardson

Performance of the control rods and drives has
been within the operating limits this period. No
mechanical failures of the rods or drives have
occurred. The fine-position synchro of rod 2,
which had failed during the previous period, was
replaced prior to the beginning of run 12, The
drive unit for this rod was inspected at the same
time and found to be in excellent condition. The
grease in the drive unit appeared unchanged after
a total radiation dose of about 10® rads and there-
fore was not replaced.

After run 12, routine checks of absolute rod
position using the single-point indicators in the
rod thimbles revealed an apparent upward shift
of 0.5 in. for rod 1. Since there was an equjvalent
shift in the upper and lower limit switches, it is
believed that this shift was caused by slippage
of the drive chain on one of the sprockets after a
rod scram. The exact time of the shift is not
known because, between the absolute position
measurements, there were control rod scrams be-
fore and after run 12,

Salt Samplers
R. B. Gallaher

Fue! Sampler-Enricher. - The fuel sampler-
enricher was used intensively during this report
period with only a few minor difficulties until the



failure that brought run 12 to an end. Between
March 1 and August 5 there were 111 operations,
as follows:

Salt samples 71
Freeze-valve samples of cover gas 6
Exposure of graphite to salt and cover gas

Beryllium additions 6
Uranium additions 27

Of the salt samples, 14 were 50-g samples and 2
were taken in special three-compartment capsules,
The special samples are described in the section
‘“‘Reactor Chemistry,
the total, since the sampler-enricher was installed
in March 1965, to 114 uranium enrichments and

’” These operations brought

279 samples and special exposures.

The uranium additions, the first made with the
reactor critical, provided information on mixing
between salt in the sample enclosure and the
main circulating stream. Response of the re-
activity (Fig. 1.7) revealed a time constant close
to that for mixing between the pump bowl and the
main stream, indicating rapid melting of the en-
riching salt and good circulation through the
sample enclosure.

Near the end of run 11 the manipulator arm and
boot assembly was replaced after a small leak
appeared in one ply of the boot. The arm was
quite contaminated (300 r/hr at 3 in.), but it was
successfully decontaminated and saved for pos-
sible future use (see p. 40). At the start of
run 12, one ply of the boot was ruptured when ex-
cessive differential pressure was inadvertently
applied, and again the assembly was replaced.
This time a slightly different boot was used. The
new boot was thicker and more durable (at the
expense of ease of manipulation), and the outside
was coated with a white plastic spray which ef-
fectively improved viewing in the sampler by de-
creasing light absorption.

One of the heryllium addition capsules was
dropped while it was being removed from the 1-C
area with the manipulator. The capsule fell onto
the gate of the operational valve, where it was
retrieved by a magnet lowered on a cable.

Enriching capsules occasionally jammed in the
transport container until the difficulty was elimi-
nated by increasing the length of the cavity in the
disposable portion to give more room for the long
capsule and attached key.

32

The neoprene seals on the 1-C access port be-
gan to show increased leakage, possibly due to
radiation damage. Fission products, mostly the
species found in cover-gas samples, produced
radiation levels in area 3A of several hundred
rads per hour. Before run 12, the radiation in this

area was reduced a factor of 10 by using the manip-
ulator to wipe down surfaces with damp sponges.

In run 12, iacreased leakage from the buffer zone
between the seals on the 1-C access port was

met by increasing the size of the helium supply
flow restrictor so that a satisfactory buffer pressure
could be maintained. Operation of the pneumatic
clamps on the 1-C access door occasionally re-
sulted in gaseous fission products being vented
through the operator vent line. A small charcoal
filter was added to prevent this activity from
reaching the stack.

As described on p. 15, a situation developed on
August 5 that led to a shutdown of the reactor and
replacement of the 1-C assembly. It now appears
that the trouble started when the latch hung at
the maintenance valve. Indications were that both
isolation valves were fully open and that the
capsule key was hanging properly in the latch at
the outset; so the exact cause of the hangup is
not known. But there is convincing evidence that
the drive cable was severed by the operational-
valve gate while the latch was at the maintenance
valve. The length of the latch and remaining drive
cable (Fig. 1.3) equals the distance from the
maintenance valve up to the gate of the operational
valve, and the cable end appeared to have been
cut. It was believed that the operational valve
was practically closed before substantial resist-
ance was felt, but it would have been easy to
mistake the torque and motion involved in shear-
ing the cable and seating the valve for simply
seating the valve, (The handwheel torque re-
quired to shear the cable was subsequently cal-
culated to be less than 100 in.-1b.)

Once before, in December 1965, the latch ap-
parently hung up at one of the isolation valves,
causing the drive cable to coil up in the 1-C area
and in the drive unit. Following that occasion,
the travel of the valve gates on opening was in-
creased slightly, and when the 1-C assembly was
removed after the recent trouble, the valve gates
were observed to completely clear the sample tube.
The valves were also observed to function reli-
ably, so no changes were made.



The retrieval of the sample latch would have
been facilitated had it been magnetic. Therefore,
the replacement latch was made of magnetic type
430 stainless steel instead of type 304 stainless
steel. Another change in the replacement unit
was the addition of a sleeve to bridge the 2-in.
gap between the cable drive reel and the floor
of the drive compartment. This will prevent the
cable from escaping into this compartment if it
meets resistance while being unreeled.

As explained on p. 15, the detached capsule is
positively confined by the baffle so that it cannot
escape, Swirl velocities observed in the bowl of
the prototype salt pump were less than 0.1 fps,
indicating that continual movement of the loose
capsule is very unlikely. Nor should the capsule
corrode. The body of the capsule is copper, and
the cap is mild steel with a thin nickel plating
that probably leaves some ferrous metal exposed.
On exposure to the molten salt, the copper-iron-
nickel assemblage in contact with the chromium-
containing Hastelloy of the baffle and lower head
will temporarily constitute an electrochemical
cell, in which Cr® from the Hastelloy surfaces
will be oxidized to Cr?* and reduced once again
to Cr% metal on the capsule surface, This re-
action slows down as the chromium activity in the
capsule surface approaches that of the Hastelloy
swfaces, Eventually the transfer diminishes to
the rate at which the chromium can diffuse into
the capsule metal. The amount of chromium that
can be transferred in this way will have negligible
effect on nearby Hastelloy surfaces. The con-
clusion is, therefore, that no ill effects will re-
sult from the presence of the capsule in the pump
bowl.

Coolant Sampler. — During this report period,
seven 10-g samples were isolated from the coolant
salt pump, bringing the total with this sampler to
60. There were no operating difficulties and no
maintenance was required.

Fuel Processing Sampler. — The shielding
around the fuel processing sampler was finished,
completing the installation of this sampler. The
nylon guide in the removal area and the manipula-
tor arm were subsequently removed for use in the
fuel sampler. Other spares are now on hand but
will not be installed until near time for use of the
processing facility.
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Containment

P. H. Harley R. C. Steffy

Secondary Containment. — During run 11, the
containment cell inleakage was measured to be
~ 10 scf/day with the cell at —2 psig. This de-
termination was made by monitoring the cell pres-
sure with the Hook gage (a sophisticated water
manometer) and by measuring all known purges
into and out of the containment cell. The cell
pressure and system purges remained virtually
constant, with small pressure oscillations occur-
ring as the outside temperature fluctuated. These
oscillations were particularly noticeable during
the colder months.

Between May 16 and June 13, an extensive
containment check was made, Thitteen block
valves out of a total of 160 were found to be
leaking and were repaired. Five were instrument
air block valves, three were in the cover-gas
(helium) system, and five were in the treated-
water system, The most common cause of leak-
age was aging elastomer O-rings; a few, however,
had scale, metal filings, or dirt on the seating
surfaces. None of the valves leaked excessively,
and seven of them are backed by a closed system.
Two others are in use <0.1% of the time and are
normally backed by closed hand valves.

At the beginning of run 12, the secondary con-
tainment vessel leakage was checked with the
containment cell at 20 psig. At this pressure the
cell leaked only ~ 28 scf/day. The cell was then
evacuated to — 2 psig, and reactor filling opera-
tions were started.

As during earlier runs, there was a water leak
in the cell during run 12 (this leak is discussed
later in the section). As a result of the water
leak the first determinations placed the cell
leak rate at ~70 scf/day. However, as soon as
the cell air became saturated, the indicated leak
rate dropped to <20 scf/day. This took only
about seven days. For the major part of run 12,
the indicated cell leak rate remained essentially
constant at ~ 14 scf/day.

For both runs 11 and 12, the cell leak rate
values were well below the 85 scf/day permissible
(extrapolated from accident conditions at a 39-
psig cell pressure).
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Although the Hook gage has been the primary
means of determining the cell leak rate, an on-
line oxygen analyzer (Beckman model F3) was
installed at the MSRE with the expectation that
it could be used as a means of calculating the
cell leak rate as well as keeping track of the cell
oxygen content, Cell oxygen content is held > 3%
to prevent nitriding of the Hastelloy N and <5%
to eliminate the possibility of combustion in the
cell in case of an oil leak,

To obtain consistent data from the analyzer,
we have found it necessary to calibrate the in-
strument every 8 hr. In spite of this calibration
frequency the indicated oxygen content often
changes 0.2 or 0.3% between readings taken every
4 hr. Since a 0.1% change in oxygen coiresponds
to ~ 60 scf of air, it is evident that only data
taken on a long-term basis are meaningful.

During both runs 11 and 12, data from the oxygen
analyzer indicated a negative cell leak rate (the
cell was leaking out instead of in). A possible
explanation for this negative cell leak is that
something is combining with the oxygen in the
cell. If it is assumed that the Hook gage is cor-
rect, then ~ 3.7 scf/day of oxygen must be re-
moved from the cell atmosphere to explain the
oxygen results. Oxidation of a small amount of
oil on hot surfaces could easily consume this
amount of oxygen. Additional investigation will
be required to resolve the discrepancy hetween
the two methods of cell leak-rate measurement.

Activity Releases. — The total activity release
to the atmosphere during this report period con-
sisted of 3.99 mc of iodine and <0.23 mc of
particulate matter. The largest single release was
1 mc of iodine, released while removing graphite
samples from the reactor core on May 15. Other
measurable releases included 0.7 mc of iodine
activity while preparing to remove the broken
sample-cable latch and 0.05 mec of iodine released
when the Fuel Storage Tank was vented to the
stack prior to modification of the fuel processing
piping.

Ventilation. — No difficulties were encountered
with the ventilation fans during the past six months.
The ventilation discharge filters showed an in-
crease in AP from 1.13 to 1.85 in. H,O across the
roughing filter section. There was no increase
across the absolute filter section. The annual
filtering efficiency test of the absolute filters in
the ventilation discharge was performed on June

5, 1967. Results of the standard DOP (dioctyl
phthalate) test for the three banks of filters were
99.994, 99.998, and 99.979%; the minimum ac-
ceptable efficiency is 99.95%.

Contamination experience in the vent house
during maintenance operations® and the prepara-
tions for the off-gas sampler led to several re-
visions in the ventilation piping in that area. A
new 6-in. line was installed between the main
ventilation line and the instrument and valve box
of the reactor off-gas system in the immediate
vicinity of the particle traps. The existing vent
line from the valve box was increased from 2 in.
to 4 in. in diameter, and a 4A~in. branch was in-
stalled to vent the off-gas sampler box. These
lines will improve the ventilation of the affected
areas and reduce the release of contamination
during maintenance when the arees are open to
the atmosphere.

Moisture in Reactor Cell Atmosphere. — In both
runs 11 and 12, it appeared that the atmosphere
in the reactor and drain-tank cells increased in
humidity for the first few days after the contain-
ment was sealed, until finally moisture began to
condense in cooler points in the component cool-
ing system. Condensate was drained daily from
the inlets of the component cooling blowers and
the shell of the air cooler at the discharge of the
blowers. During runs 11 and 12 the total conden-
sate collected was 100 and 50 gal, respectively,
averaging about 0.9 gpd.

At least part of the inleakage in run 11 was
from a space cooler (RCC-2) in the reactor cell
which was definitely leaking before it was re-
placed at the end of that run. The source of the
leakage during run 12 was not located, not even
as to whether it was in the reactor or drain-tank
cell, since no water appeared in the sump in
either cell in run 11 or 12.

To determine whether the leak might be in the
nuclear instrument penetration, the water for
shielding and cooling this penetration was spiked
with 6 kg of D,0 during run 12. Analysis of the
condensate showed no detectable increase in
deuterium content above the normal water concen-
tration. The sensitivity of the deuterium analyses
was such that a leak of 0.01 gpd into the con-
tainment from the instrument penetration would
have been detectable.

81bid., p. 38.



The moisture condensed from the cell atmos-
phere was mildly acidic and contained consider-
able tritium. Results of analyses during each run
were as follows:

Date  Sample 3H (dis min'] ml"]) pH N03" {ppm)

2-21-67 LW-11-1 2.8 x 10° 2.7 221

7-27-67 LW-12-1 2.7 x 10° 2.5 321
The condensate collected in runs 11 and 12
contained a total of about 700 curies of tritium,
which was stored in the MSRE waste tank before

being transferred to the Melton Valley waste
system. The source of the tritium is presumably
neutron reactions with °Li in the thermal insula-
tion around the reactor vessel. A spectrographic
analysis of Careytemp insulation like that used
in the thermal shield shows the lithium content to
be 0.1%. Calculations show that with approxi-
mately 1200 [b of insulation containing 0.1%

-

natural lithium, exposed to a thermal-neutron flux
of about 10'? nentrons cm™? sec™ !, the amount
of tritium observed is entirely reasonable.

The nitrate ion in the condensate, which makes
it acidic, is presumably caused by ionization of
nitrogen in the cell atmosphere. (The nitrogen
content is kept at 95 to 97% by addition of nitrogen
through the cell sump bubblers.) The acid con-
centration in the condensate is relatively low, and
little corrosion is evident. A general spectro-
graphic analysis of a condensate sample taken in
August gave the following results:

Element ppm Element ppm
Al 0.03 Mg 0.02
B 0.20 Mn 0.04
Ca 0.80 Ni 1.60
Cr 0.02 Pb 1.00
Cu 0.44 Zn 0.20
Fe 2.20



2. Component Development

Dunlap Scott

2.1 OFF-GAS SAMPLER

R. B. Gallaher A. N. Smith

The system developed for sampling and analyz-
ing the fuel off-gas was described in the last
progress report.! During this report period, in-
stallation of all peripheral equipment was com-
pleted, but the installation of the actual sampling
mechanism was delayed. (Peripherals iaclude
shielding, external tubing and connection points,
power and instrument wiring, panels, and instru-
ments.)

During final inspection and checkout of the
sampling mechanism, a failure was detected in a
Monel-to-stainless-steel weld. Fuither detailed
radiographic inspection revealed some other
welds, mostly Monel to stainless steel, that were
judged to be marginal or unacceptable for primary
reactor containment. Therefore, the mechanism
was modified to eliminate many of the dissimilar-
metal welds (by substituting stainless steel valves
for Monel in the valve manifold) and to reduce
mechanical stresses at the welds. The valve
substitution eliminated brazed joints at the valve
bodies, and other minor modifications were made

to improve the containment integrity of the assembly

and the sample transport bottle. The sampler was
reassembled, with all welds fully certified, but
installation was deferred because of other work
during the shutdown following run 12.

2.2 REMOTE MAINTENANCE

Robert Blumberg

During this report period the trend for more re-
mote maintenance to be handled routinely was ac-

Msr Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL.-4119, pp. 41—42.
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celerated, but development efforts remained con-
siderable and varied.

The shutdown in May and June was planned, and
considerable effort was spent in advance on de-
velopment of procedures, preparation of tools and
equipment, and training of maintenance personnel.
As a result, most of the remote maintenance work
during this shutdown was handled by the normal
maintenance forces. Development personnel also
paiticipated and afterward reevaluated procedures
and tools. The next shutdown was unscheduled.
Although some equipment and general techniques
already developed for other jobs proved to be
adaptable, intensive work was required to develop
tools and procedures for retrieving the sample
latch.

Preparations for Shutdown Afier Run 11

At the beginning of MSRE operation, when tools
and procedures for all remote maintenance jobs
were still being tested and revised, development
personnel provided direct gnidance and much of
the actual work. But the work planned for the
shutdown after run 11 consisted mainly of jobs for
which tools and procedures had already been
proved. Therefore, the contribution of the develop-
ment group shifted more toward training main-
tenance personnel, helping plan the operations,
and putting the maintenance eguipment in readiness.

The training program consisted of a series of
lectures, demonstrations, and practice sessions
conducted by members of the maintenance develop-
ment group and attended by some 30 people, in-
cluding 5 craft skills and their supervision. The
lectures covered health physics, safety considera-
tions, general requirements of all remote main-
tenance, remote maintenance strategy used at the



MSRE, details of some of the equipment, and de-
scriptions of specific problems. The demonstra-
tions involved the viewing equipment, the remote
cranes, the portable maintenance shield, and some
of the long-handled tools.
core sample removal and replacement served both to
train personnel and to shake down the equipment.

Practice sessions on

The planning part of the preparation involved
the writing or updating of step-by-step procedures
for each job. These procedures were used to draw
up lists of required tools, equipment, and material,
and to estimate time and manpower requirements.
Possible problem areas were recognized for prior
testing and mockup practice. Before the shutdown
began, the procedures were used to provide informa-
tion to the foremen and the working crews.

A large effort was required to put all the physical
equipment into readiness. This meant fabrication
of new equipment; cleaning, maintenance, and
repair of existing equipment; and procurement of
some special items. Numerous long-handled tools,
containers for hot pulls, materials for contamina-
tion control, handling equipment, and devices for
shielding, lighting, and viewing were prepared.

Evaluation of Remote Maintenance After Run 11

The maintenance work during this shutdown was
done on a two-crew, two-shift-per-day basis. Al-
though there were drawbacks, such as spreading
more thinly the knowledgeable personnel and lost
motion at shift change, the work proceeded safely
and smoothly. Radiation levels were about the
same as at the last shutdown and did not require
any changes in procedure. Some bothersome de-
lays were caused by breakdowns of the cranes and
maintenance shield, but the schedule was not
seriously affected. Comments on individual jobs
tollow.

Removing and teplacing the sample array in the
core was the most difficult task of the shutdown,
involving as it did an extremely intense source
of radiation and contamination, The standpipe
above the reactor access flange contained the
assembly and maintained an inert atmosphere on
it. Before the operation a new charcoal filter
was installed in the vent line from the standpipe
to prevent iodine releases. The procedure used
previously was changed to minimize the time of
exposure for the uncontained sample within the
standpipe and to provide complete containment
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and shielding during the transfer of the sample
from the standpipe to the shielded carrier. Two
unanticipated situations arose. The bushing which
supports the sample assembly and which is sup-
posed to stay locked in position in the vessel
outlet strainer actually came out on the sample
basket. After visually ascertaining that the
strainer was not damaged, a new bushing was
inserted. When difficulty was encountered later
in obtaining a satisfactory seal while replacing
the reactor access flange, four bolts were re-
placed, and all the threads on the nuts were
cleaned by tapping. This permitted an increase
in gasket loading which eliminated the leak.

Removal, repair, inspection, and replacement of
a control rod drive went smoothly.

The leaking east space cooler was disconnected
through the portable maintenance shield and then
was removed by using the crane, television, and
remotely operated maintenance-shield slide from
the maintenance control room. A new unit, reas-
sembled on the old frame, was reinstalled the same
way without excessive difficulty.

The metallurgical specimens which hang in the
reactor vessel furnace were teplaced without dif-
ficulty. The carrier for the core samples was
used to transport the specimens to the hot cell.
The fresh neutron source was transferred from a
carrier and placed in the source tube (on top of
the original source) without incident.

Visual inspection in the cell was by use of a
periscope, binoculars, and remote television.
Thermocouple junction boxes were tested, and
four thermocouples were plugged into a spare dis-
connect box by using long-handled tools through
the maintenance shield,

As a result of the experience during this shut-
down, procedures were reviewed and revised
where desirable, and some tools and equipment
were revised or overhauled. The television camera
mounts were changed for greater flexibility, and
revisions were made to the track and to the roller
and guide bearings on the maintenance shield.

Repair of Sampler-Enricher and Recovery of Latch

After the failure of the sampler-enricher drive
unit, a lead carrier was built, and detailed pro-
cedures for the removal of the defective unit were
prepared and reviewed. The actual removal of
this component was without incident.



Meanwhile, retrieval tools for the latch were
designed and tested in a mockup of the sampler
tube. All the tool shafts had flexible sections
16 ft long to negotiate the two bends in the 11/2-
in. pipe. One noose, one corkscrew, and two
gripper tools were tested originally. All the tools
proved capable of grasping a dummy latch, but the
noose tool (Fig. 2. 1) gave the most secure grip
and a positive indication when the latch was
snared. After the latch was found to be stuck in
place (see p. 15), the dislodging tool shown in
Fig. 2.1 was developed and proved capable of
greater lateral force and considerable impact.
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{/32-in. CABLT
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CABLE SHEATH
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—=— 72 in. SCHED 40 PIPE
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TOOL
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¥, in. DIAM x 3%z in.

Later, when the latch became hung in the tube as
it was being lifted with the noose and again while
it was being lifted with the corkscrew, the con-
clusion was that the latch stem was being forced
against the tube wall, causing it to hang. A tool
was then devised that slipped down over the
latch to hold it securely and keep it from hanging
on the way up the tube. This is the third tool in
Fig. 2.1 and the one that eventually brought up
the latch. The tool that was developed to check
the sampler tube for obstructions above the latch
stop and to retrieve the capsule is shown last in
Fig. 2.1,
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Fig. 2.1. Tools Developed for Retrieval of Latch and Capsule from Sampler-Enricher.
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PHOTO 88999

Fig. 2.2. General View of Latch Recovery Operation with Tool Retrieval Shield in Place.



Some delays were encountered in the retrieval
operation because of the necessity of building
shielded carriers into which to pull the contami-
nated tools. As a result a very convenient ar-
rangement was developed. A hollow lead cylinder,
24 ft long with 1- to 11/2-in. walls, strapped to a
steel I-beam formed the body of the carrier. A
24-ft length of 11/2-in. pipe, with a gate valve at
the lower end, fitted into the shield and could
easily be dropped out at the burial ground with
the contaminated tool safely contained inside.
Figure 2.2 shows the containment enclosure
around the restricted work area, with the shielded
catrier suspended from the crane bridge, The
workers on the bridge are in position to pull a
tool out of the sampler tube with a cable dropped
through a seal on the upper end of the pipe liner.
This system was used for five hot pulls, with no
spread of contamination or excessive radiation.

When the replacement sampler drive unit was
installed, some difficulties were encountered in
fitting up pipe and tubing connections, but con-
tainment joints were made up leak-tight.

The procedures and tools developed for this
shutdown proved effective. The tool retrieval
shield, in particular, was a useful development.

Measures for control of contamination and radia-
tion prevented spread of activity outside the
restricted wotk zone, and the highest quarterly
dose for any worker was only 300 millirems. In
view of the intense sources involved, this record
attests to the effectiveness of the controls.

2.3 DECONTAMINATION STUDIES

T. H. Mauney

The maintenance scheme for molten-salt breeder
reactors proposes that components which can be
easily decontaminated will be repaired and reused
as spare parts. As an aid in evaluating this
proposal, a study was started to determine the
effectiveness of decontamination procedures in
reducing the activity of contaminated parts from
the MSRE.

The first item used in the study was the manip-
ulator hand which had been used in the sampler-
enricher system during months of power operation,
until it was replaced because of a leak in the
boot. When removed from the sampler-enricher,
the unit was contaminated by mixed fission prod-
ucts to a level of approximately 300 r/hr at 3 in.
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It was necessary to first remove the two-ply
plastic boot which had provided fission product
containment for the manipulator while in use.
Since the ORNL facility used for routine decontami-
nation can handle only up to 50 r/hr of gamma
radiation, it was necessary to use a facility at
the High-Radiation-Level Analytical Laboratory.
This facility was equipped with remote handling
equipment and high-pressure sprays which were
used in the procedure.

The decontamination began with spraying the
manipulator hand with a 500-psi jet of detergent.
The unit was then soaked in several solutions.
After the radiation level was reduced to less than
3 t/hr, the manipulator was removed to a laboratory :
hood and hand scrubbed with a wire brush and
another detergent. The radiation level was finally s
reduced from the initial reading of ~300 r/hr to a
final level of 300 mr/hr, which was low enough to
permit controlled direct contact for repair. The
detailed results of the various treatments in re-
ducing the radiation level are shown in Table 2. 1.

One of the complicating factors affecting the
decontamination of the manipulator hand was the
presence of many crevices in the linkages and
pins which could not be reached by the jet spray.

Extending the cleaning time per step might have
resulted in greater decontamination factors. Fur-
ther studies will be made of this effect as other
components become available,

The decontamination of the manipulator hand
served a dual purpose. It not only helped de-
termine the effectiveness of decontamination
procedures in reducing the activity of MSRE con-
taminated components, but also made available at
a decontamination cost of $300 a spare part that
would have cost about $2000 to duplicate.

2.4 DEVELOPMENT OF A SCANNING DEVICE
FOR MEASURING THE RADIATION
LEVEL OF REMOTE SOURCES

Robert Blumberg T. H. Mauney
Dunlap Scott

A method for locating and evaluating concentra-
tions of radioactive materials in areas having
high background radiation would be useful in fol-
lowing the deposition of fission products in com-
ponents of circulating fuel reactors and in chemi-
cal process plants. Location of unusual deposits
would aid in understanding the operation of the



Table 2.1. Radiation Levels Following Steps in Decontamination of an MSRE Sampler-Enricher Manipulator Hond

Cleaning Radiation Level
Cleaning Treatment Time After Treatment
(min) (r/hr)
None (as received) 300
Detergent (Duz) jet spray 5 100
Rinse (water)
Detergent (Duz) jet spray ‘ 5 75
Formula 50 10 25
Dilute H[NO3 10 7.5
Bolt freeing solvent with acetone ringe 5 5.0
Concentrated HNO3 10 3.0
Scrub with scouring powder (RaB-0)% 5 0.5-1.0
Scrub with scouring powder (BaB-0) 5 0.2-1.0
Formula 50 5 No reduction
Concentrated HNC)3 5 No reduction
Scrub with scouring powder (BaB-0O) 5 No reduction
Clean with concentrated HNO 5 0.2-0.3
Acetone rinse 5 No reduction

Smears®

800--13,000°

"Removed to laboratory hood.
Byirconium and ruthenium.

®In disintegrations per minute.

system and in planning for maintenance of the
components.
of possibly useful devices was started.

The concept of the pinhole camera using radia-
tion shielding and gamma-ray-sensitive film was
evaluated along with a system using a portable
collimator and a small gamma-sensitive dosimeter.
It was determined that while the camera method
was feasible, the results to date did not provide
very good resolution of position, intensity, and
size. The problem of calibration of the film for
use in radiation fields of unknown energy appeared
difficult. However, the time required to survey an
area would be short, approximately equal to the
required exposure time for the film. The use of
the collimator method would take longer to com-
plete a sutvey, but possibly could yield better
resolution. This method also offered the potential
of giving information on the gamma-ray energy
spectrum of the source. A series of experiments
with the collimator was conducted to evaluate the
method, with the results described below.

On the basis of these needs, a study

Experiment with a 5-curie '37Cs Gamma Source

A collimator was constructed by casting lead in
a 4-in.-diam steel pipe 48 in. long and providing a
1-in.-diam hole the length of the tube. The col-
limator tube was placed in a suitable hole in the
portable shield which was positioned over a pit
containing a 5-curie 137Cs source.

Radiation measurements were made with the
equipment and source arranged as shown in Fig.
2.3. The radiation source could be raised and
lowered, and the collimator tube could be moved
horizoatally over the source. Measurements were
made with the source 13 ft and 15 ft 6 in. below
the top of the portable shield. The source was
about 1/4 in. in diameter and 2 in. long and was
enclosed in a 1-in.-diam tube 5 in. deep in the
carrier,

The results of the radiation measurements are
shown in Fig. 2.4. It will be noted that as the
collimated ion chamber was moved horizontally
over the source, the radiation readings changed
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significantly, indicating clearly the collimating
effect. The flat top at the peak was of the same
width as the collimator hole and represents the
resolution of the collimator when used with a point
source.

Gamma Scon of the MSRE Heat Exchanger

A gamma radiation scan was made on May 19,
1967, over the area in the reactor cell containing
the fuel-to-coolant-salt heat exchanger and fuel
salt line 102,

To accomplish the radiation scan, the portable
maintenance shield was located over an opening
in the reactor cell above the heat exchanger, and
the collimator and gamma ion chamber were in-
stalled in a hole in the portable shield. Measure-
ments were made by moving the portable shield
until the ion chamber was directly above the de-
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Fig. 2.5. Source-Detector Geometry for Gamma Scan
of MSRE Heat Exchanger.

sired points in the cell. Figure 2.5 shows the
vertical distances from the tip of the ion chamber
to items in the cell,

The orientation of the various ion chamber
traverses of the cell along with lines of equal
radiation levels are shown superimposed over the
heat exchanger and line 102 in Fig. 2.6. It will
be noted that the maximum radiation levels were
3.5 t/hr above the heat exchanger center line
and 300 mr/hr above line 102, When the collimator
was removed, the radiation level at the top of the
hole in the portable shield was 100 r/hr.

These results show that the collimated gamma
ion chamber measures radiation levels with very
good resolution of position, even in the presence
of high background radiation levels. Therefore,
this method of radiation measurement should be
useful in locating accumulations of fission products
in reactor components and in planning maintenance
operations.

Gamma Energy Spectrum Scan of the

MSRE Heat Exchanger

On May 20, 1967, a gamma enetgy spectrometer
was set up over the same area in the reactor cell,
and measurements were made at several points
over the fuel-to~-coolant-salt heat exchanger. This
exploratory experiment was made primarily to
evaluate the method.

The measurements were made by using a 3- by
3-in, Nal crystal and photomultiplier tube mounted
in a lead shield which had a collimating hole
1/32 in. in diameter and 7 in, long under the crystal.
The array was mounted on the hole in the portable
shield in the same manner as the collimator for
the gamma scan described earlier.

There were strong, well-defined peaks at about
0.48 and 0.78 Mev corresponding to 193Ru and
95 71-95Nb. The resclution of the Nal crystal was
not good enough to determine whether the second
peak was from 9SNb only or from the 93 Zr decay
chain. The energy resolution could be improved
by using a different crystal, since the collimator
did not appear to degrade the peaks. The problem
of assigning absolute disintegration rates to these
isotopes is complicated by the geometrical ar-
rangement of the heat exchanger and heaters, the
effect of gamma energy on absorption by the col-
limator, the source distribution in the heat ex-
changer, and the counter efficiency. It is he-
lieved, however, that some measure of the relative



44

ORNL-DWG 6711792

U o

T < w [\2] N~ i ha

2 < o) ! o~ o Q

1 il Il il Il Il I It Il
N ; N PN

HEAT
EXCHANGER

- X =99Y,

“REEZE FLANGE 101—"
| i

)'L/-~ FREEZE FLANGE 102

- — — |
~N
/-—»«?OO\ ""‘*J\

el T
713007 <o ,4,299‘}}
1

it

]

LINES OF EQUAL RADIATION LEVEL

Fig. 2.6. Results of Gommo Scon of the MSRE Heat Exchanger.

disintegration rates can be obtained by comparing is believed that these differences in the ratios
the ratio of the areas under the counting peaks represent a difference in the deposition of the two
for different isotopes at one position with the isotopes at the two positions. Much additional
ratio found at other positions. For the measure-~ work would be necessary to establish the method
ments made at point 4 on Fig. 2.6, the ratio of for quantitative measurement under a particular
Ru to Zr-Nb was 0.66, while at point B the ratio set of conditions, but it might be the only non-
was 1.20, destructive method for making such deposition

Although not clearly understood at this time, it measurements.
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2.5 PUMPS needed at the MSRE. The pump tank is being in-
stalled in the pump test facility, and the facility
P. G. Smith A. G. Grindell is being prepared for tests with molten salt to
investigate the adequacy of the running clearances
Mark-2 Fuel Pump and the performance of the xenon stripper.

. 2 "
As reported 'prev1ou51¥, the Mark-2 (Mk 2).fue1 Spure Rotary Elemenss for MSRE Fue!
pump was designed to give more salt expansion

space in the pump bowl, thus eliminating the need
for an overflow tank. As a consequence of the
deeper bowl, the Mk-2 rotary element has a longer
unsupported length of shaft than the Mk-1. The
device for removing gaseous fission products from
the salt is also different in the Mk-2 bowl.
Fabrication of the Mk-2 pump tank was com-

pleted, and the rotary element was modified so
that the joint between the bearing housing and 21bid., p. 64.
shield plug can be seal-welded should the pump be 3Ibid., p. 65.

and Coolant Salt Pumps

The spare rotary element for the coolant salt
pump® was assembled, tested, and fitted for
service at the MSRE. The joint between the
bearing housing and the shield plug was seal-
welded to eliminate the possibility of an oil leak-
age path from the lower seal catch basin to the

PHOTO 74199

TENSION OR
COMPRESSION

Fig. 2.7. Experimental Apparatus for Nozzle Stress Tests.



pump tank. It is now available, along with a
spare fuel pump rotary element, for service in the
MSRE.

Stress Tests of Pump Tank Discharge
Nozzle Attachment

The stress tests of the discharge nozzle on the
Mk-1 prototype pump tank® were completed, and
the tank assembly was transferred to the Metals
and Ceramics Division for examination. A photo-
graph of the experimental apparatus is shown in
Fig. 2.7. Strain data were obtained under a pres-
sure of 50 psi in the tank and a moment of 48,000
in.-1b applied to the nozzle. The measured
strains were converted into stresses by use of
conventional relationships. For comparison, the
stresses were calculated by means of the CERL-
II code, which is written for a nozzle attached

radially to a spherical shell. The actual configura-

tion is a nonradial nozzle attached to a cylindri-
cal shell near the junction of the shell to a formed
head. The computer code underestimated the ex-
perimentally measured pressure stresses by a
factor of about 4.6 and overestimated the moment
stresses by about 3.5 times. When the stresses
are combined, the code-calculated stresses are
higher than the measured stresses for the test
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conditions. Based on our present knowledge, the
nozzle attachment appears to be adequate for the
intended service.

MSRE Oil Pumps

Two oil pumps were removed from service at the
MSRE, one because of excessive vibration and
the other because of an electrical short in the
motor winding. The one with excessive vibration
had one of two balancing disks loose on the shaft.
The loose disk was reattached, and the rotor, in-
cluding shaft assembly and impeller, was dy-
namically balanced. This pump has been reas-
sembled, has circulated oil up to 145°F, and is
ready for service at the MSRE. The pump with the
shorted motor winding has been rewound, reas-
sembled, and is circulating oil.

Oil Pump Endurance Test

The oil pump endurance test* was continued,
and the pump has now run for 35,766 hr, circulat-
ing oil at 160°F and 70 gpm.

*Ibid., p. 66.



3.

Instruments and Controls

L. C. Qakes

3.1 MSRE OPERATING EXPERIENCE

C. E. Mathews J. L. Redford
R. W. Tucker

Instrumentation and control systems continued to
perfom their intended functions. Component fail-
ures did not compromise safety notr cause excessive
inconvenience in the reactor operation. A moderate
amount of maintenance was required, as described
in the sections that follow.

Control System Components

The 48-v dc relays continued to suffer damage
because of heat developed in the resistors built
into the operating coil circuits. Because of this
problem, redesigned relays had been procured and
some had been installed.’ After several months,
some of these also showed signs of deterioration.
Therefore, following run 11, all 139 relays operat-
ing from the 48-v dc system were modified by re-
placing the built-in resistors with extemally
mounted resistors. This was done with the relays
in place, without disconnecting control circuit
wiring, thus avoiding the possibility of wiring
mistakes inherent in relay replacement. No trouble
was experienced after the modification.

Component failures were as follows. The coil in
a solenoid valve for the main blower 3 backflow
damper developed an open circuit. The fine-position
synchro on rod drive 2 developed an open circuit in
the stator winding and was replaced at the shutdown
in May. The fuel overflow tank level transmitter
was replaced after a ground developed in the feed-
back motor. The ground was subsequently found

msr Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL-4119, p. 71.
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and corrected. The span and zero settings of the
differential pressure transmitier (P4T-556) across
the main charcoal beds shifted drastically. Al-
though the pressure capability had never been ex-
ceeded, the diaphragm had apparently suffered
damage. Thus, when a new transmitter was in-
stalled in June, hand valves were installed in the
lines connecting to the off-gas system to be used
in protecting against unusual pressures during
system operations. The 1-kw 48-v-dc—to~120-v-ac
inverter, which supplies ac power to one of the
three safety channels, failed during switching of
the 48-v dc supply. It was repaired by replacement
of two power transistors. Only one themocouple
(TE-FP-10B) failed due to an open circuit. (See p.
22 for discussion of thermocouple petformance.)
Water was admitted to the steam dome on fuel drain
tank 1 on several occasions before the cause was
found to be an intermittent fault in a control module.
A freeze-flange temperature control module failed
because of excessive condenser leakage. At the
next shutdown, all similar condensers were checked,
and 33 were replaced because of leakage.

Nuclear Instruments

Four of the eight neutron chambers had to be
replaced. The fission chamber for wide-range
counting channel 1 was replaced because of a short
circuit from the high-voltage lead to ground. The
fission chamber for wide-range counting channel 2
was replaced after moisture penetrated the protec-
tive cover on the cable. Moisture leakage into the
cable to the BF3 chamber requited that the cable
and chamber be replaced. The oufput of the ion
chamber in safety channel 2 decreased drastically
during a nonoperating period, and the chamber was
replaced prior to resumption of operations. The
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trouble proved to be a failure in a glass seal that
allowed water to enter the magnesia insulation in
the cable, which is an integral part of the chamber.

Safety System

A period safety amplifier failed when lightning
struck the power line to the reactor site, and a
replacement amplifier failed as it was being in-
stalled. The field-effect transistor in this type of
amplifier is susceptible to damage by transient
voltages, and it was found that under some condi-
tions, damaging transients could be produced when
the amplifier is removed from or inserted into the
system. A protective circuit was designed, tested,
and installed on the spare unit; in the interim, a
different and more stable field-effect transistor was
installed. The module replacement procedure has
been modified to reduce the possibility of damage
incurred on installation of the module.

Experience at other sites with the type of flux
safety amplifiers used in the MSRE had shown that
the input transistor could be damaged, causing
erronieous readings, if the input signal became too
large too rapidly. Therefore, a protective network
of a resistor and two diodes was added to the input
circuit of each of these amplifiers.

Two relays in the safety relay matrices failed,
both with open coil circuits. A chattering contact
on the fuel pump motor current relay caused safety
channel 2 to trip several times before the problem
was overcome by paralleling two contacts on the
same relay. A defective switch on the core outlet
temperature also caused several chanmnel trips and
one reactor scram before the trouble was identified
and the switch was replaced

Four rod scrams, all spurious, occurred during
operation in the repoit period. Two were caused
by general power failures during electrical storms.
Another occurred during a routine test of the safety
system when an operator accidentally failed to reset
a tripped channel before tripping a second channel.
The other scram, also during a routine test, came
when a spurious signal from the switch on the core
outlet temperature tripped a channel while another
channel was tripped by the test.

3.2 COMTROL SYSTEM DESIGH

P. G. Herndon

As experience showed the need or desirability of
more information for the operators, improved per-

formance, or increased protection, the instrumenta-
tion and controls systems were modified or added to.
During the report period there were 25 design
change requests directly involving instruments or
Six of these required only changes in
Fourteen

controls.
process switch operating set points.
requests resulted in changes in instruments or
controls, one was canceled, and the remaining four
were not completed. The more important changes
are described below.

The single *32-v dc power supply formerly serv-
ing the nuclear safety and controls instrumentation
was replaced with three independent power supplies,
one for each safety channel. Each obtains 132-v dc
from 110-v ac, but the ac power sources are dif-
ferent. One is the nomal building ac system.
Another is 110-v ac from a 50-kw static inverter
powered by the 250-v dc system. The third comes
from a 1-kw inverter operating on the 48-v dc sys-
tem. Thus continuity of control circuit operation is
ensured in the event of a single power supply or
power source failure. It also increased the re-
liability of the protection afforded by the safety
system by ruling out the possibility that malfunc-
tion of a single voltage-regulating circuit could
compiomise more than one channel. (Before the
change, on one occasion, a failure in part of the
regulating circuit caused its voltage output to in-
crease from 32 to 50 v, and only a second regulator
in series prevented this increase from being im-
posed on all the safety circuits.)

To prevent the reactor from dropping out of the
“‘Run’’ control mode when a single nuclear safety
channel is de-energized, the “nuclear sag bypass’’
interlocks were changed from three series-connected

(¢

contacts to a two-of-three matrix.

Circuits were installed to annunciate loss of
power to the control rod diive circuits. This re-
minds the operator that he cannot immediately re-
tum to power simply by manually withdrawing the
rods after the controls have dropped out of the
“Run’’ mode.

A wiring error in a safety circuit was discovered
and corrected. Inferlocks had recently been added
in the ‘‘load scram’’ channels to drop the load when
the control rods scram. A wiring design error re-
sulted in these interlocks being bypassed by a
safety jumper. Although the circuits were wired
this way for a time before being discovered, the
scram interlocks were always operative during
power operation, since the reactor cannot go into
the ‘‘Operate’” mode when any safety jumper is
inserted.



The rate-of-fill interlocks, including the pneu-
matic instrument components in the drain-tank
weighing system, were removed from the control

circuits for the fuel drain tank helium supply valve.

Experience had shown that these interlocks, in-
tended to limit the rate at which fuel could be
transferred to the core, were not required, since
physical restrictions in the helium supply posi-
tively prevent filling as fast as the design set
point on the interlock.

Four new photoengraved graphic panels incorpo-
rating recent circuit changes were installed on the
control and safety circuit jumper board. The main
control board graphics were also revised to show
changes in the fuel off-gas system.

Test circuits were originally provided to check
the operability of electronic safety instruments on
fuel loop pressure and overflow tank level. These
were revised to make it possible to observe the
value of the test signal current at which the re-
lays operate.

The measuring range of the matrix-type flow ele-
ment on the upper seal gas flow from the coolant
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pump was increased from 5 to 12 liters/hr. This
was to keep the instrument on scale at pump bowl
pressures higher than originally anticipated. A new
capillary flow element was designed to replace the
element that measutes the reactor cell evacuation
rate, raising the range from 1 to 4 liters/min.

To avoid reducing the reactor system helium
supply pressure below the minimum limit when
large quantities of helium are required for fuel
processing, the fuel processing system helium
supply line was removed from the 40-psig supply
header and reconnected upstream to the 250-psig
main supply header. Pressure-regulating instm-
ments were installed.

To provide more information to the operator, 20
additional pairs of themmocouple lead wires were
installed between the vent house and the data
logger. Connections at the patch panel were made
available by removing unused lead wires from some
radiator thermocouples. A new conduit for these
lead wires was also installed between the vent
house and the existing cable trough in the coolant
drain cell.



4. MSRE Reacior Analysis

4.1 INTRODUCTION

P. N. Haubenreich B. E. Prince

The experimental program planned for the MSRE
includes operation for over half a year with 233U
as the fissile material. The fuel salt presently in
the reactor will be fluorinated in the MSRE process-
ing facility to remove the uranium (33% 2350).
Then 233U will be added to the stripped carrier
salt as the LiF-UF | euwtectic (73-27 mole %).

During this report period, we calculated most of
the important neutronic propesties of the reactor,
operating with 233U fuel. These results will be
used in a safety analysis and in planning the start-
up experiments. We also made some computations

of neutron spectra to use in evaluating the relevance

of MSRIE: 233U experiments to molten-salt breeder
design calculations. The techniques of analysis
were similar to those used previously for the MSRE
with 235U fuel. The results are discussed in the
sections which follow, and references are given
which provide more detailed descriptions of the
methods of analysis.

The fluorination process removes uranium and
some fission products, but leaves plutonium and
most fission products in the carrier salt. It was
necessary, therefore, to make some assumptions
regarding these concentrations at the time of the
startup with ?33U. It was assumed that all the
uranium is removed and that all the plutonium and
samarium remain in the salt. We assumed that the
changeover would be made at an integrated power
of 60,000 Mwhr and computed the plutonium and
samarium concentrations from the time-integrated
production and removal rates for these nuclides.
Fission products other than samarium were not
considered explicitly in the base-line calculations,
since their net effect on the core reactivity is
quite small. The uranium isotopic composition

50

Table 4.1. lsotopic Composition of 233y
Available for MSRE®

Fraction
Uranium Isotope (at. %)
232 0.022
233 91.5
234 7.6
235 0.7
236 0.05
238 0.14

“ORNL communication, J. M. Chandler to J. R. Engel,
May 1967.

for the new fuel (Table 4.1) is the actual composi-
tion of the uranium available for use.

4.2 NEUTRON ENERGY SPECTRA IN
MSRE AND MSBR

B. E. Prince

In a recent report, we described the results of
computational studies of MSRE neutron spectra for
the present 235U fuel salt.! We have extended
these studies to the spectra with the 23U fuel and
have compared the results with correspondiag
spectra for a typical MSBR core lattice currently
under design study.?

The characteristics of the MSBR core design used
for these calculations were taken from ref. 2. The
graphite-moderated portion of the core was 10 ft
long and 8 ft in diameter and contained fuel and

‘msk Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL-4119, p. 79.

2MSR Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL-4119, p. 193.
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Fig. 4.1. Calculated Epithermal Neutron Spectra in the 233y _Fyeled MSRE and in the MSBR.

fertile salt volume fractions of 16.48 and 5.85%
respectively. The fuel salt contained approxi-
mately 2.84 mole % UF, (~64% of total U is ?°°U
and ~5.9% is 235U), and the fertile salt contained
27 mole % ThF4. By compatison, the model of the
MSRE core used for this analysis was a cylinder
with effective dimensions of 58 in. in diameter by
78 in. in height. The fuel salt volume fraction is
22.5%, and there is no fertile salt. The uranium
content of the fuel salt was approximately 0.125
mole % UF, (~91.4% 2331)), based on calculations
summarized in the following section.

As described in ref. 1, the epithermal and themal
neutron spectra calculations were made with the
GAM and THERMOS programs respectively. In the
choice of an effective “‘thermal cutoff’’ energy
separating these spectra, there is a considerable
degree of latitude, with the single restriction that
the cutoff energy be high enough that important
calculated neutronic properties at operating tem-
perature are not strongly influenced by neglect of
upscattering corrections above the cutoff energy.

In previous studies of the MSRE, '3 we used

0.876 ev (for which the present energy group
structures for the GAM and THERMOS programs
coincide). This value was found to be sufficiently
high to satisfy the preceding criterion.® However,
because current design calculations for the MSBR
are based on the higher value of 1.86 ev, to make a
valid comparison we calculated the MSRE thermal
spectra for this higher cutoff energy.

The results of GAM-II calculations of the epi-
thermal neutron spectra in the two reactors are
shown in Fig. 4.1. As in ref. 1, use is made of the
lethargy variable, proportional to the logarithm of
the neutron energy, in plotting the results. This
relation is

lethargy = — In (energy/10 Mev) .

For a unit fission source the calculated fluxes per
unit lethargy for each GAM-II neutron group are

317. N. Haubenreich et al., MSRFE Design and Opera-
tions Report. Part III. Nuclear Analysis, ORNL-TM-
730, pp. 38--40.
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shown as solid points in Fig. 4.1 (points shown
only for the MSRE 233U spectra). The calculated
points are connected by straight line segments. As
might be expected from the gross similarities be-
tween the two reactor systems (temperatures, mod-
erating materials, total salt volume fractions),
there is a matked similarity between the two
spectra. Above energies of about 1 kev, the MSBR
flux spectra lie above that of the MSRE, due to the
smaller neutron leakage from the MSBR core. Below
about 1 kev the spectrum in the MSBR becomes pro-
gressively reduced by resonance neutron absorption
in the fertile material, and the two flux spectra
tend to approach one another in magnitude.

Results of THERMOS thermal spectra calculations
are shown in Figs. 4.2 and 4.3. Figure 4.2 com-
pates the MSRE spectrum for the 233U fuel salt
with that for the current 23%U fuel loading. The
spectra at the center of the fuel channel are chosen
as a basis of comparison. In Fig. 4.3, the MSRE
thermal spectrum with the #33U fuel salt is com-
pared with the corresponding spectra at several
points in the MSBR lattice. Note that curve 4 has
the same relative position in the MSBR lattice
(center of the larger fuel salt channel) as that of
the MSRE. For both these reactots the flux spectta
of Figs. 4.2 and 4.3 are nomalized to give the
same total integrated neutron flux below 1.86 ev,
averaged over the total volume of salt and graphite.
On this basis, relative compatisons can be made of
the energy (or lethargy) distributions and position
dependence of the spectra in each reactor. One
should note, however, that the actual magnitudes

of the total thermal flux will be quite different in
the systems, depending on the relative fission
densities and the f{issile materal concentrations.
In Fig. 4.2, the slight “energy hardening,”’ or
preferential removal of low-energy neutrons for the
235 fuel loading, reflects the latger umnium con-
centration for this case (~0.9 mole % total UF4,
33% eariched in 235U). Again, in Fig. 4.3 the
higher concentration and absorptions in fissile
uranium in the MSBR and also the absorptions in
the fertile salt produce a hardening of the energy
spectrum as compared with the MSRE. Just as in
the case of the epithermal spectra, however, the
similar temperatures and gross material compo-
sitions result in a marked similarty in the spectra.
An altemate means of comparing the neutron
spectra in the two systems is shown in Figs. 4.4
and 4.5. Here the calculated group fluxes have
been multiplied by the cortesponding group micro-
scopic fission cross section for 222U, summed
over the energy groups above each energy point,
and nomalized to one fission event in 233U
occurring in each of the thermal (£ < 1.86 ev) and
epithemal (£ > 1.86 ev) energy regions. In the
latter case, most of the fission reactions occur
between the lower cutoff energy and about 30 ev,
where the flux spectra are quite close to one
another (Fig. 4.1). As a result, there is a close
correspondence in the normalized distribution of
epithermal fission events in the two systems.
Larger differences are encountered in the thermal
fissions, as shown in Fig. 4.5. Note, however,
that the spectra at the center of the fuel channels

ORNL--DWG 67-11796

ABOVE ENERGY £

FRACTION OF EPITHERMAL (>1.86 ev) FISSIONS

/AR
7

i !

|
)

ENERGY (ev)

TF“T“*‘“’*M%

102 2 10 2

Fig. 4.4, Normalized Distributions of Epithermal Fission Events in the 233U*Fuelnad MSRE and in the MSBR.



FRACTION OF THERMAL (<186ev) FISSIONS

ORNL -DWG 67-1797

10 mam—r — e e
FLUX SPECTRA TAKEN AT
os THE CENTER OF THE
* FUEL CHANNEL
W
&
E oe  MSBR
& \
w ‘
o 04 “MSRE 233y FUEL”
<C
02
ol I ==/
001 002 005 o4 o2 05 1 2
ENERGY (ev)

are chosen as a basis for this comparison, so that
the curves in Fig. 4.5 should represent an uppet
limit of the difference between the energy distribu-
tion of thermal fissions in these systems. The
overall ratio of epithermal to thermal fissions cal-
culated for the MSRE lattice was 0.15; this is also
very close to that obtained for the MSBR lattice.

The general conclusion obtained from these
studies is that there is sufficient similarity in the
neutron spectra in these two reactors that infer-
ences drawn from physics experiments with the
2337 -fueled MSRE (i.e., critical experiments,
measurements of the effective capture-to-fission
ratio in the reactor spectra, etc.) should bear a
strong relation to the nuclear design of the MSBR.
These inferences include the adequacy of the
library of 233U cross sections and the computa-
tional techniques used to evaluate the experiments.
The present studies, however, do not consider the
equally impartant questions of control of ermror and
unncertainty in such measurements, and the sensi-
tivity of the measurement analysis to uncertainties
in cross-section data and theoretical modeling
techniques. Further studies along these lines are
planned, in order to better detemnine the relevance
of MSRE experiments with 233U fuel to the design
of the MSBR.

43 OTHER NEUTRONIC CHARACTERISTICS
OF MSRE WiTH 233U FUEL

B. E. Prince

Critical Loading, Red Werth, and
Reactivity Coefficients

A summary of the important parameters calculated
for the 233U fuel loading is given in Table 4.2.
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Fig. 4.5. Normalized Distributions of Thermal Fission
Events in the 233U-Fueled MSRE and in the MSBR.

Table 4.2, Msutronic Characteristics of MSRE
with 233U Fuel Salt at 1200°F

Minimuin critical uranium loading®
Concentration, grams of U per liter
of salt
UF4, mole %

Total uranium inventory, kgb

Control rod worth at minimum critical
loading, % Ok/k
One rod

Three rods

Increase in uranium equivalent to in-

. C
sertion of one control rod,” %
Prompt neutron generation time, sec

Reactivity coefficientsd
Fuel salt temperature, (OF)M1
Graphite temperature, (OF)”1
Fuel salt density
Graphite density
Uranium concentration®
Individual nuclide concentrations

in salt

19,
402r
14'9Sm
151

0

m
233

(s e}

234
235
236
238

ccc

239Pu

15.82

0.125
32.8

—2.75
~7.01

6.78

4.0x10"4

-6.13 x 1075
—3.23x107°
+0.447
+0.444
+0.389

—0.0313

~4.58 x 107 *

+0.0259

+0.0706

—0.00813

~0.0132 -
~0.00163

+0.4100 .
—0.0132 -
+0.00216

—2.58 x 1077

~4.93 x 107°

+0.0122

.

“Fuel not circulating, control rods withdrawn to upper

limits.

bBased on 73.2 ft° of fuel salt at 1200°F in circu-

lating system aud drain tanks.

c . . . . .
Increase in uranium concentration required to main-
tain criticality with one rod inserted to lower limit of

travel, fuel not circulating.

dAt initial critical concentration. Where units are
shown, coefficients for variable x are of the form
51(/1(8}(; otherwise, coefficients are of the form xOk/ kOx.

®Isotopic compositions of uranium as given in

Table 4.1.



These are the results of two-dimensional, four-
group diffusion calculations, with the group cross
sections averaged over the neutron spectra shown
in the preceding section. Both RZ and RO geo-
metric approximations of the reactor core were con-
sidered, in the manner used previously to analyze
the physics experiments with the *2°U fuel.* One
innovation was the use of the two-dimensional
multigroup EXTERMINATOR-2 program,® a new
version which includes criticality search options
and a convenient perturbation and reactivity coef-
ficient calculation.

The properties listed in Table 4.2 differ in
several important respects from the corresponding
properties of the present 235U fuel salt. The
fissile material concentration is only about one-
half that for the present fuel, an effect which re-
sults mainly from the absence of a significant
quantity of 238U in the new loading. This same
effect produces an increase in the thermal diffusion
length in the core, thereby increasing the thermal-
neutron leakage (as reflected in the larger magni-
tudes of the fuel temperature and density coeffi-
cients of reactivity). The increased diffusion
length also results in an increase in control rod
effectiveness (2.75% 8k/k calculated for one rod,
as compared with 2.11% calculated and 2.26%
measured worth of one rod in the present 2*3U-
fueled reactor).* On the percentage basis given in
Table 4.2, the uranium concentration coefficient
is higher for the 232U fuel by a factor of about 1.8,
owing to the absence of the 2°%U and also to the
greater neutron productivity of the **%U. On the
basis of 1 g of excess uranium added to the fuel
circulating system (70.5 ft3), the reactivity change
is +0.00123% 5k/k. This is about 3.8 times the
cormresponding reactivity change when 1 g of 235U
is added to the preseut fuel salt.

Fission Rate and Thermal Flux
Spatial Distributions

Spatial distributions of the fission density in the
fuel salt, obtained from the EXTERMINATOR dif-
fusion calculations described in the preceding
section, are shown in Figs. 4.6 and 4.7. Figure

4B. E. Prince ef al., MSRE Zero Power Physics Ex-
periments (ORNL report in preparation).

51, B. Fowler of al., EXTERMINATOR-2: A Fortran
IV Code for Solving Multigroup Neutron Diffusion Equa-
tions in Two Dimensions, ORNL-4078 (April 1967).
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4.6 shows the axial distribution of the fission
density at a radial position of about 7.3 in. from
the core center line, which is the approximate
radial position of maximum {lux with all control
rods withdrawn. The fission deasity in the salt is
nomalized to 10° fission events occurting in the
entire system. Also shown in Fig. 4.6 is the axial
distribution of neutron importance for the fast
group, which is used in the calculation of the
effects of circulation on the delayed precursors
(see later section).

Figure 4.7 shows the corresponding radial dis-
tributions of fission density in the salt, both with
all rods withdrawn and with one and three rods
fully inserted. These curves are based on calcu-
lations with an RO model of the core geometry.

The approximate geometry used for the coatrol
element and sample-holder configuration is indicated
schematically in the figure, and the angular position
of the flux traverse along the reactor diameter is
also shown. In the position where the traverse
intersects the control element (Fig. 4.7), the curves
for the center portion of the salt-graphite lattice are
connected with those for the major part of the lat-
tice by dashed straight lines extending through the
control region.

The corresponding distributions of themal flux
are very similar in shape to the fission density
distributions. These are given in Figs. 4.8 and
4.9. The magnitudes of these fluxes are based on
1 Mw of fission energy deposited in the system,
using the conversion factor of 3.17 x 101 fis-
sions/Mwsec. The flux magnitudes are also
normalized to the minimum critical uranium loading,
so that renormalization of these values would be
necessary to apply them to the exact operating
concentration. For this purpose the flux can be
assumed to be inversely proportional to the 237U
concentration. Note also that, in these calcula-
tions, the thermal neutron flux is defined as the
integral flux below a cutoff energy of 0.876 ev
(see the discussion in Sect. 4.2).

Reactor-Average Fluxes and Reaction
Cross Sections

Cross sections for important nuclide reactions
in the MSRE 733U spectrum are listed in Table 4.3.
These values of the thermal and epithermal aver-
ages are based on a cutoif energy of 0.876 ev. To
obtain the final column, we have used the average
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epithermal-to-thermal flux ratios, detemined by magnitude of the thermal fluxes, give the approxi-
averaging the EXTERMIN ATOR group fluxes over mate total reaction rates per atom for neutrons of
the volume of the fuel circulating system. These all energies in the spectrum. Table 4.3 also gives

effective cross sections, when multiplied by the the calculated magnitudes of thermal and epithemmal
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flux, averaged over the volume of the fuel circu-
lating system and normalized to 1 Mw. As dis-
cussed in the preceding section, these magnitudes
are normmalized to the minimum critical uranium
concentration. Note also that these values include
the ‘“flux dilution’’ effect of the time the fuel

spends in the external piping and heat exchanger.
(The corresponding value of the thermal flux,
averaged only over the graphite-moderated region
of the core, is 3.60 x 10!? neutrons cm ™ ? sec™!
Mw—1)
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Table 4.3. Average Cross Sections for Thermal- and Epitherma!-Neutron

Reactions in the MSRE Spectium with 233y Fyel

Cross Section Averaged

over Thermal Spectrum,

over FEpithermal Spectrum,

Cross Section Averaged
Effective Cross Section

Nuclide Energy <0.876 ev Energy > 0.876 ev in Thermal Flux
(bams) (barmns) (barns)

oLi® 442.1 17.7 473.6
"Li 0.017 0.0007 0.018
’Be 0.0047 0.0040 0.012
Boron 353.1 14.1 378.2
126 0.0019 <107* 0.0020
19g 0.0047 0.0023 0.0088
Zirconium® 0.0865 0.0764 0.222
1354, 1.32 % 10° 83.3 1.32 x 10°
149gm 3.91 x 104 92.1 3.93 x 107
151gm 2900.0 128.7 3127.0
233y (abs) 272.1 45.6 353.2
233y (fission) 249.2 (U = 2,50) 38.4 317.6
134y 43.5 38.1 111.3
235 (abs) 290.3 22.3 330.0
235y (fission) 244.2 (1 = 2.43) 13.6 268.5
236y 2.8 18.9 36.4
238y 1.3 16.7 31.0
239Dy (abs) 1402.6 22.5 1442.7
239py (fission) 836.0 (v = 2.89) 13.9 860.8

c -2
System-average neutron fluxes (neutrons cm

Thermal: 1.48 x 1012
Epithermal: 2.64 x 1012

fCross section for the reaction 6Li(n,a)3H.

PNatural isotopic composition.

“Based on 2.00 x 10° cm? of circulating fuel.

Effect of Circulation on
Delayed-Neutron Precursors

In previous studies, we described a mathematical
model found to be in close correlation with meas-
ured values of the delayed-neutron loss caused by
circulation of the present 23%U fuel.*® We have

6B. E. Prince, Period Measurements on the Molten
Salt Reactor Experiment During Fuel Circulation:
Theory and Experiment, ORNL-TM-1626 (October 1966).

applied this same computational model to the ?33U-
fueled reactor in order to obtain the reactivity
change due to circulation and also to obtain the
reactivity increments necessary to produce a given
stable period during circulation. In these calcu-
lations, temperature feedback effects are neglected.
Plutonium-239 is presest in sufficiently small
amounts to be negligible also.

The net effect of the circulation in changing the
shape of the distribution of delayed neutron emis-
sion within the reactor is shown in Fig. 4.10. This
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corresponds to the just-critical, circulating condi-
tion. By comparison, the distribution of the prompt-
neutron source, as well as the delayed-neutron
source in the noncirculating condition, is propor-
tional to the fission density curve in Fig. 4.6.

The effective (reduced) values of 8, the delayed
fractions for group 1, in the critical, circulating
condition are listed in column 4 of Table 4.4. To
obtain these values, the components of the total
delayed-neutron ‘source distribution shown in
Fig. 4.10 must be weighted by the fuel salt volume
fraction and also by the distribution of fast-group
importance shown in Fig. 4.6. These calculations
were made by using an IBM 7090 numerical inte-
gration program, based on the theory given in ref. 6.
The difference between the sums of the f3; columns
of Table 4.4 for the stationary and circulating con-
ditions is equal to the reactivity loss due to circu-
lation. In normal reactor operation, this difference
will be observed as an additional increment of
regulating rod withdrawal, asymptotically required
to maintain criticality when going from noncirculat-
ing to circulating conditions.

Table 4.4. Delayed-Neutron Fractions in the
MSRE with 233U Fuel

Delay Decay Constant Delay Fractions (n/n)

Group (sec~l)a

Stationary®  Circulating
x107*
1 0.0126 2.28 1.091
2 0.0337 7.88 3.848
3 0.139 6.64 4.036
4 0.325 7.36 5.962
5 1.130 1.36 1.3320
6 2.500 0.88 0.876
Total 26.40 17.14

fG. R. Keepin, Physics of Nuclear Kinetics, p. 90,
Addison-Wesley, Reading, Mass., 1965.

In Fig. 4.11 are curves showing the reactivity
addition required to produce a given positive stable
period, starting from the critical condition (@ = 0
at zero point of reactivity). Curve A, for the non-
circulating condition, is calculated with the



60

ORNL—-DWG 6711803

030 e [ R A F R ey w HIl T
B:CALCULATED WITH STATIC | 1 : ‘ FUEL ‘
: ~ |
025 INHOUR FORMULA,USING 1 | ‘ ) A STATIONARY |
s REDUCED VALUES OF DE- i | | P ‘
= LAYED NEUTRON FRAG - ‘ \ \ |
N TIONS K | L
82 020 > " / e } |-
= C: CALCULATED WITH NU- B FUEL
i MERICAL INTEGRATION C CIRCULATING
x \ ] |
z ! ‘ ‘
?: i | ] | ‘
2 o0 RE Al
= o ‘ P
Q | P ‘ ; P
N | Ll P
005 — ‘ | o
- I |
0 == aeu O ! ,AL,l
0001 0002 0005 001 002 005 01 02 05 2 5 10

INVERSE STABLE PERIOD (sec™

Fig. 4.11. Reactivity Addition Required to Produce a Given Stable Peried in the MSRE with 233y Fyel L.oading.

“‘static’’ inhour equation,” ® using the 3, given in

column 3 of Table 4.4. As a first approximation to
the corresponding relation for the circulating con-
dition, curve B is also calculated with the static
inhour equation, using the reduced ,81. given in
column 4 of Table 4.4. Finally, in curve C, we
show the relation obtained from the numerical inte-
gration program, which gives the complete treat-
ment of the precursor production, motion, and
decay, when the reactor is on a stable period. In
the range 0.001 = = 1.0, curve C “bows’ away
from curve B, illustrating the fact that the effec-
tive reductions in the delay fractions are actually
dependent on the reactor period.® As w becomes
large compared with the precursor decay constants,
/\l., it can be shown that curve C approaches curve
B asymptotically. Furthermore, curve B differs
asymptotically from curve A, on the vertical re-
activity scale, by an amount equal to the initial
reactivity loss caused by circulation (0.093% 0k/k,
from Table 4.4).

Samarium Poisoning Effects

At the end of 60,000 Mwhr of operation with the
current fuel charge, the '*°Sm will be very near its
equilibrium concentration corresponding to 7.4 Mw.

7A. F. Henry, Nucl. Sci. Eng. 3, 52--70 (1958).

8E. E. Gross and J. H. Marable, Nucl. Sci. Eng. 7,
28191 (1960).

The 15!Sm will achieve approximately 30% of its
equilibrium concentration. After shutdown the
1498m will be further enhanced by about 8%, owing
to decay of '*?Pm. These samarium poison con-
centrations will be present in the salt when the
reactor is brought to power with the 233U fuel
loading. For this new loading, however, the thermal
flux will be approximately 2.2 times that for the
2350 fuel. In addition, the yields of the 149 and
151 fission product chains are lower than those for
the 23U (0.77 and 0.35% for **°U, vs 1.13 and
0.44% for 235U, based on ref. 9). The net result

is that the samarium initially present in the salt
will act as a burnable poison during the first part
of reactor operation with 233U, Figure 4.12 (top
curve) shows the result of calculations of the
reactivity change corresponding to burnout of the
initial samarum and achievement of the equilibrium
poisoning at the higher flux level. Continuous
operation at a power level of 7.4 Mw is assumed.
The lower curve in Fig. 4.12 shows the correspond-
ing reactivity change caused by burnup of 2*3U
during this period. The algebraic sum of these two
curves (dashed curve) gives the approximate re-
activity effect which must be compensated for by
motion of the regulating rod. (There will be addi-
tional corrections due to other isotopic changes,
but these will be small compared with the samarium

°T. R. England, Time-Dependent Fission Product
Themnal and Resonance Absorption Cross Sections,
WAPD-TM-333, Addendum No. 1 (January 1965).
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and 233U bumup effects.) The resultant cutve in
Fig. 4.12 indicates that regulating rod insertion
will be required for about the first 70 days of
operation.

Because the samarium acts as a burnable poison,
the amount of excess uranium required for operation
will be largely governed by the requirements for
calibration of the control rods. There should be
considerable latitude in this choice, determined in
past by criteria of control rod seansitivity at the
operating point and by the maximum time of opera-
tion desited before refueling.

4.4 MSRE DYNAMICS WITH 233U FUEL

S. J. Ball

The dynamic behavior of the MSRE has been
analyzed for the case of **3-bearing fuel salt by
using the MSRE frequency tesponse code MSFR. '?
The only differences in input data for the 23°U
and the reference 23°U calculations are in those
parameters compared in Table 4.5. The most im-
portant difference is the lower delayed-neutron
fraction for the 223U, which makes the neutron
level more responsive to changes in reactivity.
For a given fast change in rod reactivity, the
immediate flux response would be two to three
times greater with 233U than with 23%U. This
effect will probably require a minor modification in

IDS. J. Ball and T. W. Kerlin, Stability Analysis of the
Molten Salt Reactor Experiment, ORNL-TM-1070 (Decem-
ber 1965).

the present MSRE tod control system to compensate
for the higher system gain.

The predicted effect of 223U on the MSRE in-
herent stability, as indicated by the phase margin,
and the natural period of oscillation are shown as
a function of power level in Fig. 4.13. The phase
margin*! is a typical measure of system stability,
the smaller phase margins indicating reduced sta-
bility. A general rule of thumb in control practice
is that a phase margin of at least 30° is desirable;
phase margins of 20° or less indicate lightly
damped oscillations and thus poor control. Hence
the predicted inherent stability for the 233U system
is greater than for 235U for all power levels.

The faster response of the 2*3U system, as indi-
cated by the smaller natural periods of oscillation,
is due to the higher gain of the neutron kinetics.
Experimentally detemined values of period of
oscillation for the 23°U system are also shown in
Fig. 4.13 for comparison.’? Although direct
measurements of phase margin were not made, the
stability characteristics as indicated by frequency
response measurements were also in good agree-
ment with the predictions.

It is concluded that no serious operational diffi-
culties are to be expected due to the differences in
dynamic behavior resulting from the ?33U fuel
loading.

11_]. i£. Gibson, Nonlinear Automatic Control, chap. 1,
McGraw-Hill, New York, 1963.

12T. W. Kerlin and 5. J. Ball, Experimental Dynamic
Analysis of the Molten Salt Reactor Experiment, ORN L.-
TM-1647 (October 1966).
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Table 4.5. Comparison of MSRE Nuclear Data for 2331 and 235U-Be<:|ring Fuel Salts

1

Static delayed-neutron fractions, 53, and precursor decay constants, A (sec )
233 235y
Group
A B A B
H 13 1 1
1 0.0126 0.228 x 1073 0.0124 0.223 x 1073
2 0.0337 0.788 x 1073 0.0305 1.457 x 1073
3 0.139 0.664 x 10 ° 0.111 1.307 x 107°
4 0.325 0.736 x 1073 0.301 2.628 x 1073
5 1.13 0.136 x 1073 1.14 0.766 x 1073
6 2.50 0.088 x 10773 3.01 0.280 x 1073
Total static 8 0.00264 0.00666
Prompt-neutron generation 4.0x10? 2.4x 1074
time, sec
Temperature coefficients
of reactivity, (OF)_1
Fuel salt —6.13 x 1070 —~4.84 +107°
Graphite ~3.23x 10 ° —3.70x 107°
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Part 2. MSBR Design and Development

R. B. Briggs

The primary objective of the engineering design
and development activities of the MSR program is
to design a molten-salt breeder experiment (MSBE)
and develop the components and systems for that
reactor. The MSBE is proposed to be a model of a
large power breeder reactor and to operate at a
power level of about 150 Mw (thermal).

A reference design of a 1000-Mw (electrical)
molten-salt breeder reactor power plant is to pro-
vide the basis for most of the criteria and for much
of the design of the MSBE. We have been spending
most of our effort on the reference design. Sev-
eral concepts were described in ORNL-4037, our
progress report for the period ending August 1966,
and in ORNL-3996, which was published in August
1966. We selected the modular concept — four 250-
Mw (electrical) reactors per 1000-Mw (electrical)
station — that has fissile and fertile materials in
separate streams as being the most promising for
immediate development and have proceeded with
more detailed study of a plant based on that con-
cept. Initial results of those studies were re-
ported in ORNL-4119, our progress report for the

period ending February 1967. During this report
period, we continued to examine the details of the
reference plant and its equipment. We also sum-
marized the objectives and program for develop-
ment of the MSBE in ORNL-TM-1851.

To date, the component and systems development
activity has been concerned largely with support
of the design and with planning. The development
program was outlined in ORNIL-TM-1855 and in
ORNL-TM-1856. Salt circulation loops and other
test facilities are being modified for tests of the
sodium fluoroborate coolant salt, models of graph-
ite fuel cells for the reactor, and molten-salt bear-
ings and other crucial components of the fuel cir-
culation pump. Essentially no experimental work
has been done yet.

We plan to complete essential parts of the ref-
etence design during the next report period and to
begin to design the MSBE. Experimental work
will begin also but will be limited to a few of the
mote obvious important problems. Design and
development on a large scale are planned to start
early in FY 1969.

5. Design

E. S. Bettis

5.1 GENERAL

E. S. Bettis R. C. Robertson

The design program during the past period has
primarily been directed toward refinement and
modification of the previously reported concepts
for the reactor and other major equipment and re-
visions to the cell layouts and piping.

The major effort was redesign of the reactor to
accommodate the new data on radiation effects in
graphite. New approaches wete tried to arrive at
a core design which could compensate for dimen-
sional changes in the graphite, but it was finally
decided to simply double the volume of the core
to lower the power density from 40 to 20 kw/liter
and thereby assure a stable core life of at least
ten years. It was also decided to include pro-
visions for replacing the complete reactor vessel
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rather than just the core and to provide space to
store the spent reactor within the biological shield-
ing of the reactor cell. While this new design rep-
resents the present status of graphite technology,
we believe that an improved graphite will be de-
veloped within the next few years and that longer
core life or higher power density than used here
can be expected in the future.

Analysis of the thermal expansion stresses in
the various systems indicated that rather extensive
modifications were needed. Changes were there-
fore made in the plant layouts, the equipment sup-
ports, and in the arrangement of the salt piping,
with the result that the calculated stresses in the
vessel attachments, supports, and piping systems
now fall well within the acceptable values.

Calculations of the radiation flux levels at the
reactor cell walls allowed designs to be prepared
for the thermal shielding used to protect the con-
crete from excessive temperatures. Drawings were
also made for the general cell wall design, in-
cluding the closure blocks at the top, the cell
penetrations, etc.

Relatively few changes were required in the
MSBR flowsheet during the past period, but for
convenience it is presented again in Fig. 5.1.

The MSBR design study is expected to be com-
plete within the next few months. The description,
cost, and performance data for the steam system
will probably need little change but will be up-
dated as required. The August 1966 design study
report on a 1000-Mw (electrical) molten-salt breeder
reactor power station (ORNL-3996) will be revised
to present firmer cost estimates based on the new
and more detailed designs for the reactor plant.

5.2 CELL ARRANGEMENT

C. E. Bettis W. Terry

H. L. Watts C. W. Collins
H. A. Nelms W. K. Crowley
J. R. Rose H. M. Poly

The reactor is now designed on the basis that
the entire vessel will be of all-welded construction
and arranged for relatively simple replacement
after the useful life of the core has been expended.
Replacement of the reactor would of course require
provisions for disposal of the spent assembly.
Rather than lift this relatively large and radio-
active piece of equipment from the reactor plant

biological shielding, which would require a large
amount of heavily shielded transport equipment,
room has been provided in the reactor cell to store
the spent unit until the second reactor vessel is
replaced. In the intervening period the activity
level of the first spent unit would have decayed

to a more manageable value. This is the basis of
the present design, but, of course, the maintenance
procedures will continue to receive careful study
and review.

Storage of the spent reactor vessel in the cell
will require an enlargement of the cell volume by
about 40%. Since simplification and rearrangement
of the interconnecting salt piping were also re-
quired to satisfy stress requirements, the layout
of the entire reactor plant was rearranged. The
new layout is shown in Fig. 5.2.

The plant consists of four modules, each having
a reactor with a thermal output of about 556 Mw.
Steam is generated at 3500 psi~1000°F and re-
heated to 1000°F in each of the modules, but the
flows are combined to serve a single 1000-Mw
electrical turbine-generator unit.

As shown in Fig. 5.3, each module consists of a
reactor cell, a steam-generating and steam reheat
cell, and a drain-tank cell, the last being shared
with one other module. A drain-tank cell thus con-
tains four fuel drain tanks, two for each reactor.
The blanket and coolant salt drain tanks are also
contained in the two drain-tank cells.

The reactor and steam cell elevations are shown
in Fig. 5.4. The equipment in these cells is
mounted on rigid supports, with thermal expansion
loops being provided in the connecting piping to
maintain the stresses within the allowable limits.
The reactor vessel is shown mounted on a single
column that is pinned at the bottom to allow some
lateral movement of the reactor. This arrangement
apparently presents few major design problems and
reduces the stresses within certain elements of
the system; but, since the stresses are not prohib-
itive even without use of the pinned column sup-
port, this arrangement may receive further review.

In previously reported MSBR concepts the re-
actor was connected to the heat exchangers through
concentric pipes in an arrangement designed to
minimize the salt volumes and to simplify the ther-
mal expansion problems. As will be explained sub-
sequently, however, the doubling of the reactor
core volume made minimization of the fuel salt
volume in the piping less important, and this piping
change had relatively little effect on fuel cycle



66

ORNL-DWG 67-10640A

e 172 i -
i
: 3 3 aft af 31 3ft ‘
41 w23 f16m = 2011 = 236N = r= e = 23f16in = (w207 ~ = 231 Gin oo At
i i ot } ‘ ‘
35 | ‘ ©_ COOLANT DUMP TANKS
! ' - N
i A { P S e S ‘ COOLANT PUMP
174 [ \‘
(; P | - REHEATERS
[ IR [
e B .
455 e i l STEAM GENERATORS
e I I
e ! . BLANKET DUMP TANKS
: | Y AEE FUEL DUMP TANKS
| —t.
| 4 |
l A ‘ BLANKET
! } ‘ . HEAT EXCHANGER
| ¥ )
4 PRIMARY
14z?f¢ j ! HEAT EXCHANGER
| 56 £t f il
| f 11
! Bl
! ] H REACTOR
|
| S
| ; Py
i I FLUSH SALT TANK
|
i
; OFF-GAS
! 40 ft CHEMICAL PROCESS ROOM
| PROCESSING
| :
| OFF-GAS T n rH F T T INSTRUMENTATION |
1 PROCESS ROOM Li. \L B N O I R ;
1 Y -
HOT CELLS |
|
- 73 ft — |
|
~ 178 f1 -
Fig. 5.2. Reactor Salt System Layout. Plan and piping for ™ 1000 Mw (elecirical) unit.
costs. The concentric piping was also found to crete from excessive temperatures due to absorbed

present stress problems at certain temperatures of
operation. For these reasons the piping was
changed to provide separate reactor inlet and out-
let lines for the fuel and blanket salt streams.
The separate piping will also simplify the main-

tenance procedures with remotely operated tooling.

The coolant, or secondary, salt piping in the
steam cell was also modified to include thermal
expansion loops and to include fixed supports for
the equipment. The location of the coolant salt
circulating pump was changed in order to gain the
necessary flexibility in the piping.

Radiation shielding, formed of 3-in.-thick steel
plates, lines the reactor cell to protect the con-

radiation. This thermal shield was designed to

attenuate a flux of 1 x 102 1-Mev gammas cm ™ ?
sec” ! and assures a concrete temperature of less
than 200°F. As shown in Fig. 5.5, the mounting
columns for the components are fitted with double
bellows seals where they penetrate the thermal
shield. It may also be noted that the columns are
supported on shock mounts to provide the requi-
site protection against seismic disturbances.

The walls of the reactor cell present the most
serious design problem. They are exposed to
gamma flux heating and to an ambient temperature
as high as 1150°F inside the cell, they must be
leak-tight to maintain containment integrity, and
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they must also provide the necessary biological a total thickness of 8 ft. The method of construc-
shielding for the reactor. tion would be to first pour the 2-ft-thick reinforced
As shown in Figs. 5.6 and 5.7, the reactor cell floor pad. A 3-in.-thick carbon steel floor plate
biological shielding consists of 7-ft-thick rein- would be laid over this, and the 3-in.-steel vertical
forced ordinary concrete arcund all sides below wall plates would be welded to it, the latter serv-
grade and an 8-ft thickness above grade. The top ing as forms for pouring the side walls. A second

consists of removable concrete roof plugs having 3-in.-thick steel plate would be erected inside the
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first with a 3-in. air gap between the two. A sim-
ilar second plate and air gap would be provided
for the floor. During reactor opetation, cooling
air would be circulated through the gap at a ve-
locity of about 50 fps to remove the heat genet-
ated by gamma absorptions in the wall. Cooling
air is also used in the removable roof plugs, the
air duct connections being flanged to facilitate
removal. The total heat losses from the reactor
cell are estimaled to be a maximum of 800,000

VIBRATION
ISCLATOR

—~ Component Support Penetration.

Btu/hr. The thermal shield could tolerate loss of
cooling air for up to 1 hr without an excessive
temperature rise.

A 3/16-in.~thick carbon steel membrane is in-
stalled inside the inner 3-in.-thick steel wall
mentioned above. This membrane is hermetically
tight and would satisfy the containment leak-rate
requirements. The membrane is continuous around
the top plugs and also at the penetrations of the
cell, as shown in Fig. 5.7. The space between it
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and the 3-in. plate is exhausted by a vacunm pump as a radiant heat reflector to reduce heat flow

which discharges into the cell atmosphere; this into the wall.
“pumped-back’’ system thus provides opportunity The fuel, blanket, and coolant salts will be
for continuous monitoring of the double contain- maintained above their liquidus temperatures by
ment system. operating the interior of the cells at temperatures
The inside surface of the sealing membrane is up to 1150°F. During normal operation the tem-
covered with a 6-in.-thick blanket-type thermal perature is self-sustaining, and, as mentioned
insulation protected on the inside by a 1/1 &in. above, the problem is one of heat removal from
skin of stainless steel. This skin also seives the wall. For warmup and low-power operation,
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however, electric heaters are provided in thimbles
around the inner walls of the cells, as shown in
Fig. 5.7. The electric leads for the heaters are
brought out through sealed bushings in the thimble
caps.

The off-gas cells and the drain-tank cells have
double containment but do not need the thermal
shield to protect against the radiation flux. The
steam cells require only the thermal insulation
and cooling air, since the radiation levels will be
relatively low and double containment is not re-
quired in these spaces.

5.2 REACTOR
G. H. Llewellyn W. C. George
W. C. Stoddart W. Terry
H. L. Watts H. M. Poly

During the past report period, the new data dis-
cussed in Sect. 6.1 became available on the di-
mensional changes that occur in graphite as a
result of neutron irradiation. Because of this
experimental evidence, we decided to redesign
the reactor even though there is optimism that a
more stable graphite will be developed within the
next few years. The MSBR cost and performance
characteristics continue to be attractive even
though penalized by designing on the basis of
the immediate technology. We also decided that
the reactor should be designed in such a way that
major redesign or modification would not be re-
quired, to take advantage of a more stable graphite
when it becomes available.

Several new approaches were tried for the core
design, one of which was to put the fertile salt
in the flow passages through the core graphite
and to allow the fuel salt to move through the in-
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terstices. This so-called ‘“‘inside-out’’ design
could probably accommodate the dimensional
changes in the graphite, assuming that suitable
adjustments were also made in the fuel enrich-
ment. A major disadvantage, however, is that the
fuel salt would also penetrate into the interstices
of the radial blanket, a position in which it is ex-
posed to relatively low neutron flux and thus pro-
duces relatively litile power. Since the flow in
this area would also be somewhat indeterminant,
this design of the reactor was not pursued further.

Attempts to design a removable graphite core
for the reactor led to the conclusion that such an
arrangement would probably be impractical. One
major problem would be containment of the highly
radioactive fission products associated with re-
moval of a bare reactor core. There would also
be the problem of assuring leak-tightness of a
large-diameter flanged opening which must be
sealed only by use of remotely operated tooling,.
As previously mentioned, it was decided to re-
place the entire reactor vessel.

Selection of a ten-year life for the reactor, or
about 5 x 1022 nvt (greater than 50 kev) total max-
imum neutron dose for any point in the core, meant
that the power density would be reduced from the
40 kw/liter used in previous concepts to 20
kw/liter. This involved doubling the core volume
from 503 ft3 to about 1040 ft3, and also required
that the reactor vessel size be increased cor-
respondingly. The factors entering into selection
of these conditions are given in Table 5.1, which
shows the effect of power density on the petform-
ance factors for the plant. At 20 kw/liter, it may
be noted that the fuel cycle cost is 0.5 mill/kwhr
and the yield is 4%/year. This appears to be the
most practical design point, although it is without
benefit of improved graphite. It should be pointed
out that the differences in capital costs shown in

Table 5.1. Performance Factors of MS8BR as Function of Average Core Fower Density

fisaile Inventory

Power Density Core Size (ft) Yield Fuel Cycle Cost Capital Cost Life l_
) JSUEA . : . ke for 1000 Mw

(kw /liter) N R (7 /year) (mills /kwhr) [$/kw (eler;trlcal)] (years) e )
Diameter Height (elec trical),l

80 6.3 8 5.6 0.44 117 2.5 880

40 8 10 5.0 0.46 116 5 1040

20 10 13.2 4.1 0.52 125 i0 1260

10 12 18 2.7 0.62 132 20 1650
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Table 5.1 do not take into account the cost of re-
placing the graphite moderator at intervals deter-
mined by radiation damage to the graphite. The
frequency of replacement and the contribution to
the power cost are greater at the higher power
densities, and this effect essentially offsets the
difference in initial cost.

Plan and elevation views of the teactor are
shown in Figs. 5.8 and 5.9. The design param-
eters are given in Table 5.2.

There are 420 two-pass fuel flow channels in
the reactor core graphite. As shown in Fig. 5.10,

each of these channels is formed from two graphite
extrusions. The outer, and longer, of the pieces
is hexagonally shaped, 53/3 in. across the flats,
and has a 2 2?’/3 ,-in.-diam hole in the center. The
total length of the extrusion is about 141/2 ft. The
inner piece is a cylinder, 2% in. OD x 1Y%, in. ID,
and fits inside the hole of the hexagonal extrusion.
The fuel salt enters the reactor through the inlet
plenum at the bottom of the core and flows upward
through the annulus between the inner and outer
graphite extrusions to the top of the reactor, where
it turns and flows through six V- by 1%-in. slots
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Table 5.2. Reactor Specifications

Average core power density, kw/liter 20
Power, Mw 556
Number required for 1000 Mw (electrical) 4
Vessel diameter, ft 14
Vessel height, ft 22
Core diameter, ft 10
Core height, ft 13.2
Core volume, ft* 1040
Fraction of fuel in core 0.134
Fraction of hlanket in core 0.064
Fraction of graphite in core 0.802
Blanket thickness, ft 1.25
Fraction of salt in blanket 0.58
Breeding ratio 1.06
Fuel yield, %/year 4.1
Fuel cycle cost, mills /kwhr 0.52
Fissile inventory, kg 314
Fertile inventory, kg 54,000
Specific power, Mw (thermal)/kg 1.8
Number of core elements 420
Velocity of fuel in core, fps 4.8
Average flux >0.82 Mev 3.33x 1013
Fuel volume, £e3
Reactor core 139
Plenums 37
Entrance nipples 13
Heat exchangers and piping 160
Processing 6
Total 355
Peak /average flux ratio ~2

to the inside of the cylindrical graphite extrusion
and returns to the bottom of the reactor and the
outlet plenum. The average velocity of the fuel
in the core is about 4.8 fps as it is heated from
1600°F to 1300°F. The effective height of the
core is approximately 137 ft, and the total length
of the two-pass flow channel, plenum to plenum,
is about 27 ft,

The hexagonal graphite pieces have a cylindrical
portion about 12 in. long turned at the bottom to
which a Hastelloy N nipple, 17/8 in. OD by 1/16 in.
in wall thickness, is brazed. The other ends of
these nipples are welded to discharge openings
in the upper plate of the inlet fuel plenum. Inner
Hastelloy N nipples, 17 in. OD by 1/16 in. in wall
thickness, are welded to the outlet plenum tube
sheet and have an enlarged upper end which fits

snugly, but is not brazed, into the inner 1 1/2—in.—ID
hole in the inner graphite cylinder of the fuel ele-
ment. The lower end of the core assembly is thus
fixed in place by attachment to the plenums, but
the upper end is free to expand or contract in the
vertical direction.

The graphite fuel pieces extend 15 in. above the
end of the fuel flow passages in order to serve as
the top axial reflector for the core. The top 3 in.
of each fuel element is turned to a smaller diam-
eter to establish a shouldet, as shown in Fig.
5.10. Triangular stampings of Hastelloy N sheet
are slipped down to this shoulder and engage
three of the elements, as shown in Fig. 5.8. These
stampings are interleaved to maintain the radial
spacing of the fuel channels, yet eliminate the
need for a large-diameter upper diaphragm drilled
to close tolerances. The center six fuel channels
engage a ring which is attached through six ribs
to the vessel itself, thus stabilizing the entire
assembly.

Immediately outside the core region of the reactor
are graphite tubes around and through which the
fertile salt of the radial blanket is circulated.
These tubes displace the more expensive fertile
salt and also, by scattering the neutrons, promote
more effective capture by the thorium atoms in the
blanket. The ratio of fertile fraction to graphite
is about 58% in this region, as determined by the
code used for optimization of the reactor design.
The graphite tubes are slipped over short nipples
extending from a mounting plate at the bottom of
the reactor, as shown in Fig. 5.9. The tubes are
radially positioned at the top by overlapping con-
nectors in much the same manner as the fuel ele-
ments.

Solid cylinders of graphite, 5 in. in diameter,
are arranged on the outer circumference of the re-
actor to serve as a reflector. A can of 1/4~ir1. wall
thickness surrounds the reflector graphite and
serves to direct the entering fertile salt down the
inside wall of the vessel and to the bottom of the
core. The fertile salt stream then divides; part
of it moves upward through the interstices between
the fuel elements, while the major portion flows
through the graphite tubes in the blanket region.

It may be noted that the fuel channels them-
selves provide sufficient graphite for moderation
of the reactor and for the top reflector without use
of any special shapes or pieces, as was required
in earlier MSBR concepts. All the graphite con-
sists of extrusions which require little in the way
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of machining or close tolerances. These design
improvements were made possible by relaxing the
restriction that the wall be thin enough to permit
reduction of the permeability to the 10~ 7-cm ?/sec
range by impregnation. This requirement was
eliminated because, as discussed in Part 5, there
appears to be more hope for obtaining very low
permeability through a surface sealing technique,
which would not be limited by wall thickness, than
through impregnation, which requires thin sections.

The fuel enters and leaves the reactor through
separate pipes rather than by the concentric pipe
arrangement employed in the previous concepts.
The new design eliminates the need for the inner
slip joint and also relieves the thermal stress
problems that existed in certain temperature ranges.
The thermal expansion loops now shown in the
salt piping add to the fuel salt volume in the sys-
tem, but this is of less significance than it would
have been in the 40-w/cm?® reactor, which had only
one-half the core volume.

5.4 FUEL HEAT EXCHANGER

T. W. Pickel W. Terry

The heat exchanger for transfering heat from the
fuel salt to the coolant salt remains essentially
unchanged since the last report. The exchanger
is shown in Fig. 5.11, and the design data are
given in Table 5.3. As mentioned previously,
there has been some change in the salt headers.
Design of the gas sparging system has not been
completed.

5.5 BLANKET HEAT EXCHANGER

T. W. Pickel W. Terry

No major changes have been made in the heat
exchanger which transfers heat from the fertile,
or blanket, salt to the coolant salt. The exchanger
is shown in Fig. 5.12, and the pertinent data are
listed in Table 5.4. The blanket heat exchanger
has been lowered in the cell so that the pump
drive shaft will be the same length as the fuel
pump drive shaft and thus allow interchangeability
of parts. The coolant salt piping has also been
modified to replace the concentric piping formerly
used.

Table 5.3. Fuel Heat Exchanger Specifications

Number required per reactor module

Rate of heat transfer, Mw
Rate of heat transfer, Btu/hr
Shell 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 side

Hot fluid or cold fluid

Entrance temperature, °F
Exit temperature, O
Entrance pressure, psi
Exit pressure, psi
AP across exchanger, psi
Mass flow rate, lb/hr

Tube material

Tube OD, in.

Tube thickness, in.

Tube length, tube sheet to
tube sheet, ft

Inner annulus
Outer annulus

Shell material

Shell thickness, in.

Shell ID, in.

Tube sheet material

Tube sheet thickness, in.
Top outer annulus
Top inner annulus
Floating head

Number of tubes
Inner annulus

Outer annulus

DPitch of inner annulus tubes, in.

Radial

Circumferential

Pitch of outer annulus tubes, in.

Type of baffle
Number of baffles
Inner annulus

Outer annulus

1
520
1.80 x 10°

Cold
(coolant salt)
850
1110
198
164
34
1.68 x 107

Hot
(fuel salt)
1300
1000
146
50
96
1.09 x 107
Hastelloy N
0.375
0.035

15.3

16.7
Hastelloy N
1

67
Hastelloy N

1.5
2.5
3.5

4347
3794

0.600

0.673

0.625,
triangular

Doughnut
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Table 5.4. Blanket Heat Exchanger Specifications

Number required 4
Rate of heat transfer, Mw 27.8
Rate of heat transfer, Btu/hr 9.47 % 107
Shell side
Hot fiuid or cold fluid Cold
(coolant salt)
Entrance temperature, °F 1110
Exit temperature, °F 1125
Entrance pressure,? psi 138
Exit pressure,? psi 129
AP across exchanger,? psi 15
Mass flow rate, 1b/hr 1.68 <107
Tube side
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,b psi a1
Mass flow rate, Ib/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 8.3

tube sheet, ft
Shell material Hastelloy N
0.50
55

Hastelloy N

Shell thickness, in.
Shell ID, in.

Tube sheet material
Tube sheet thickness, in. 1

Number of tubes

Inner annulus 834
Outer annulus ; 822
Pitch of tubes, in. 0.8125,
triangular
Total heat transfer area, £t 2 1318
Basis for area calculation Tube OD
Type of baffle Disk and
doughnut
Number of baffles 4
Baffle spacing, in. 19.8
Disk OD, in. 33.0
Doughnut ID, in. 31.8
Overall heat transfer coef- 1030

ficient, U, Btu he ™! 1t~ 2

“Includes pressure due to gravity head.

Ppressure loss due to friction only.

5.6 FUEL DRAIN TANKS

H. L. Watts T. W. Pickel

Two 60-in.-diam by 20-ft-high dump tanks are
required for draining the fuel salt {rom each of the
reactor systems. These ate shown in Fig. 5.13.
One drain tank is connected to the 5-in.-diam
overflow connection on the sump tank of the fuel
circulating pump and receives all the salt from
the reactor when it is drained. The drain time
is estimated to be short, probably less than 10
sec, and this method could be used for emergency
shutdown if necessary. The other drain tank is
connected to the fuel heat exchanger and fills
through a siphon action due to the differences in
elevation.

The maximum heat to be removed in each fuel
drain tank is 12 Mw (thermal). The two tanks are
cooled by a total of 422,000 Ib/hr of steam taken
from the high-pressure turbine-generator exhaust
at about 550 psia. The steam is heated from 650°F
to about 1000°F in vertical thimbles spaced on 3-
in. centers in each dump tank. There are 271 of

these thimbles per tank, extending to within 1 in.
of the bottom. The reentrant-type steam thimbles
are inserted in 2-in.-OD INOR-8 thimbles which
contact the fuel salt, the 0.025-in. radial clearance
between the two thimbles being filled with stag-
nant inert fuel salt to setve as a heat transfer
medium. The double thimble arrangement provides
the necessary double barrier between the steam
and the enriched fuel salt. Steam leaves the
thimbles at about 72 fps and enters the steam
chest at the top of the dump tank.

5.7 BLANKET AND COOLANT SALT
DRAIN TANKS

H. L. Watts W. C. George

The drain tanks for the blanket salt and for the
secondary coolant salt are essentially simple
storage reservoirs. Cooling systems such as
those used in the fuel salt tanks are not required.
The details of the designs for these tanks have
not been completed. The location of the tanks
in the cells is shown in Fig. 5.3.
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58 STEAM GENERATOR-SUPERHEATER The initial concepts have changed little, however,
AND REHEATER and the design work has consisted primarily of
detailing tube sheets, supports, headers, etc.
C. E. Bettis T. W. Pickel Details of this equipment will be covered in sub-
Some work was continued on the design of the sequent reports,

steam generator-superheater and on the reheater.



6. Reactor Physics

A. M. Penry

6.1 MSBR PHYSICS ANALYSIS

O. L. Smith

Optimization of Reactor Parameters

H. T. Kerr

The two principal indices by which the petfor-
mance of the Moltea-Salt Breeder Reactor is cus-
tomarily evaluated are the cost of power and the
annual fuel yield, that is, the annual fractional in-
crease in the inventory of fissionable material.
These ate used as figures of merit in assessing the
influence of various design parameters or the effect
of design changes that may be contemplated, and,
in fact, we customarily combine them into a com-
posite figure of merit,

F=y+100(C+ X)),

in which y is the annual fuel yield in percent per
year, C is that part of the power cost which de-
pends on any of the parameters considered, and X
is an adjustable constant, having no physical sig-
nificance, whose value merely determines the rela-
tive sensitivity of F to y and C. Since a large num-
ber of reactor parameters are usually involved, we
make use of an automatic search procedure, carried
out on an IBM 7090 computer, which finds that com-
bination of the variable design parameters that max-
imizes the figure of merit, F, subject to whatever
constraints may be imposed by the fixed values of
other design parameters not allowed to vary. This
procedure, called OPTIMERC, incorporates a mul-
tigroup diffusion calculation (synthesizing a two-
space-dimensional description of the flux by al-
ternating one-dimensional flux calculations), a
determination of the fissile, fertile, and fission
product concentrations consistent with the proc-
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essing rates of the fuel and fertile salt streams,
and a method of steepest gradients for optimizing
the values of the variables. By choosing different
values for the constant X in the figure of merit, F,
we can generate a curve showing the minimum cost
associated with any attainable value of the fuel
yield, and by carrying out the optimization proce-
dure for different, successive fixed values of se-
lected design parameters, we can generate families
of such curves of C vs y. (In OPTIMERC any of
some 20 parameters may either be assigned fixed
values or be allowed to vary within specified limits
subject to the optimization procedure.)

One of the design parameters which has a sig-
nificant influence on both yield and power cost is
the power density in the core. (Actually, the core
dimensions for a given total power are the param-
eters used.) The performance of the reactor is
better at high power densities. At the same time,
the useful life of the graphite moderator, which is
dependent on the total exposure to fast neutrons,
is inversely proportional to the power density (see
next section). It is necessary, therefore, to de-
termine the effect of power density on performance
with considerable care.

In Fig. 6.1 the fuel-cycle cost is used because
it contains, in fact, most of the variation of power
cost with the parameters being varied. It may be
seen from Fig. 6.1 that a reduction in power density
from 80 to 20 w/cm? involves a fuel-cycle cost
penalty of about 0.1 mill/kwhr (electrical) and a
reduction in annual fuel yield of perhaps 1.5%.
There is, of course, also an increase in capital
cost (cf. Chap. 5), but this is essentially offset by
a reduction in the cost of replacing the graphite
and reactor vessel at intervals determined by ra-
diation damage to the graphite. The combined
penalty for having to replace the graphite, com-
pared with a high-power-density core not requiring
replacement, is about 0.2 mill/kwhr (electrical),
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whether this comprises higher capital cost plus
lower replacement cost at low power densities, or
lower capital cost plus higher replacement cost at
higher power densities. Figures 6.2 and 6.3

show the variation of other selected parameters
both with power density and with the adjustable
constant X.

It is apparent from these results that the useful
life of the graphite is not increased by reducing
core power density without some sacrifice in other
aspects of reactor performance. The reduction in
yield and the increase in cost are quite modest for
a reduction of power density from 80 to 40 w/cm?,
but they become increasingly more significant for
each further factor-of-two reduction in power den-
sity. Nonetheless, it appears that with an average
power density as low as 20 w/cm?®, the MSBR can
still achieve an annual fuel yield of 3.5 to 4% and
a fuel-cycle cost of less than 0.5 mill/kwhr (elec-
trical).

Fig. 6.1. MSBR Fuel-Cycle Cost vs Annual Fuel

Yield.
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Useful Life of Moderator Graphite

A. M. Perry

Information currently used in the MSR project re-
garding the dependence of graphite dimensional
changes on fast neutron dose is derived primarily
from experiments carried out in the Dounreay I'ast
Reactor (DFR).

A curve of volume change vs fast neutron dose
for a nearly isotropic graphite at temperatures in
the range 550 to 600°C is shown in Fig. 6.4, which
is taken from the paper of Henson, Perks, and Sim-
mons.! (The neutron dose in Fig. 6.4 is expressed

R W. Henson, A. J. Perks, and J. H. W. Simmons,
Lattice Parameter and Dzmenstonal Changes in Graphite
Irradiated Between 300 and 1350°C, AERE-R5489, to be
published in the proceedings of the Eighth Carbon Con-
ference.

ORNL—DWG 67— 44809
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Fig, 6.4. Yolume Changes of Near-lsotropic Graphite
Resvlting from Meutron Irradiation. See text for dose in

terms of MSBR flux.
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in terms of an equivalent Pluto dose; the total DFR
dose, that is,

T w
f f HE, 1) dE dt
0 0

is 2.16 times the equivalent Pluto dose.) From an
ingpection of all the available data, we have con-
cluded that a dose of about 2.5 x 1022 neutrons/
cm? (equivalent Pluto dose) could be sustained
without any significant deterioration of the physi-
cal properties of the graphite, and this has been
adopted as an allowable dose, pending further de-
tailed consideration of mechanical design problems
that might be associated with dimensional changes
in the graphite,

In order to interpret these experiments to obtain
predictions of graphite damage vs time in the
MSBR), it is necessary to take into account the dif-
ference in neutron spectra in the two reactors.
This, in turn, requites assumptions regarding the

effectiveness of nentrons of different energies for
producing the observable effects with which one

is concerned. At present the best approach avail-
able is to base one’s estimates of neutron damage
effectiveness on the theoretical calculations of
graphite lattice displacements vs carbon recoil
energy carried out by Thompson and Wright.? The
Thompson and Wright “‘damage function’’ is inte-
grated over the distribution of carbon recoil en-
ergies resulting from the scattering of a neutron

of a given energy, and the result is then multiplied
by the energy-dependent scattering cross section
and integrated over the neutron spectrum in the re-
actor. Tests of the model have been made by
Thompson and Wright by calculating the rate of
electrical resistivity change in graphite relative to
the ®8Ni(n,p)°8Co reaction, in different reactor

M. w. Thompson and S. B. Wright, J. Nucl. Mater. 16,
14654 (1965).
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spectra, and comparing it with experimental de-
terminations of the same quantities. The results
indicate that the model is useful at least for pre-
dicting relative damage rates in different spectra.

A useful simplification arises from the observa-
tion that the damage per unit time is closely pro-
portional to the total neutron flux above some
energy £, where E  has the same value for widely
different reactor spectra. We have reconfirmed this
observation, to our own satisfaction, by comparing
the (calculated) damage per unit flux above energy
E  as a function of E | for spectra appropriate to
three different moderators (HZO, D,0, and C) and
for a ““typical’® fast reactor spectrum. The results
plotted in Fig. 6.5, show that the flux above about
50 kev is a reliable indication of the relative dam-
age rate in graphite for quite different spectra.

?

Figure 6.6 shows the spectra for which these re-
sults were derived. The equivalence between
MSBR and DFR experiments is simply found by
equating the doses due to neutrons above 50 kev
in the two reactors. We have not yet calculated
the DFR spectrum explicitly, but we expect it to

argy. Normalized for equal damage in graphite.

be similar to the “fast reactor’’ spectrum of Fig.
6.6, in which 94% of the total flux lies above 50
kev. Since the damage flux in the MSBR is es-
sentially propoitional to the local power density,
we postulate that the useful life of the graphite is
governed by the maximum power density rather than
by the average, and thus depends on the degree of
power flattening that can be achieved (see next
section). In the MSBR the average flux above 50
kev is about 0.94 x 10'* neutrons cm™? sec™! at
a power density of 20 w/cm®. From the DFR ir-
radiations it has been concluded that a dose of
5.1 x 1022 nvt (> 50 kev) can be tolerated. The
lifetime of the graphite is then easily computed;
this useful life is shown in Table 6.1 for an as-
sumed plant factor of 0.8 and for various com-
binations of average power density and peak-to-
average power-density ratio.

It must be acknowledged that in applying the
results of DFR experiments to the MSBR, there
remain some uncertainties, including the pos-
sibility of an appreciable dependence of the dam-
age on the rate at which the dose is accumulated
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Table 6.1. Useful Life of MSBR Graphite

Average Power

Density r /P ) Life
max av
(w/cms) {vears)
40 2.0 5.4
40 1.5 7.2
20 2.0 10.8
20 1.5 14.4

as well as on the total dose. The dose rate in the
DFR was approximately ten times greater than that
expected in the MSBR, and if there is a significant
dose-rate effect, the life of the graphite in an MSBR
might be rather longer than shown in Table 6.1.

Flux Flattening

O. L. Smith H. T. Kerr

Because the useful life of the graphite moderator
in the MSBR depends on the maximum value of the
damage flux rather than on its average value in the
core, there is obviously an incentive to reduce the
maximum-to-average flux ratio as much as possible,
provided that this can be accomplished without se-
rious penalty to other aspects of the reactor per-
formance. In addition, there is an incentive to
make the temperature rise in parallel fuel passages
through the core as nearly uniform as possible, or
al least to minimize the maximum deviation of fuel
outlet temperature from the average value. Since
the damage flux (in effect, the total neutron flux
above 50 kev) is essentially proportional to the
fission density per unit of core volume, the first
incentive requires an attempt to flatten the power
density per unit core volume throughout the core,
that is, in both radial and axial directions in a
cylindrical core. Since the fuel moves through the
core only in the axial direction, the second in-
centive requires an attempt to flatten, in the radial
direction, the power density per unit volume of
fuel. Both objectives can be accomplished by
maintaining a uniform volume fraction of fuel salt
throughout the core and by flattening the power
density distribution in both directions to the
greatest extent possible.
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The general approach taken to flattening the
power distribution is the classical one of pro-
viding a central core zone with k = 1, that is,
one which is neither a net producer nor a net ab-
sotber of neutrons, surrounded by a ““buckled”’
zone whose surplus neutron production just com-
pensates for the neulron leakage through the core
boundary. Since the fuel salt volume fraction is
to be kept uniform throughout the core, and since
the concentrations of both the fuel and the fertile
salt streams are uniform throughout their respec-
tive circuits, the principal remaining parameter
that can be varied with position in the core to
achieve the desired effects is the fertile salt
volume fraction. The problem then reduces to
finding the value of the fertile salt volume frac-
tion that gives kg, = 1 for the central, flattened
zone, with fixed values of the other parameters,
and finding the volume fraction of the fertile salt
in the buckled zone that makes the reactor critical
for different sizes of the flattened zone. As the
fraction of the core volume occupied by the flat-
tened zone is increased, the fertile salt fraction
in the buckled zone must be decreased, and the
peak-to-average power density ratio decreases
toward unity. The largest flattened zone and the
smallest power density ratio are achieved when
the fertile material is removed entirely from the
outer core zone. Increasing the fuel salt concen-
tration or its volume fraction (with an appropriate
adjustment of the fertile salt volume fraction in the
flattened zone) would permit a still larger flattened
zone and smaller Pmax/Pavg, but would be ex-
pected to compromise the reactor performance by
increasing the fuel inventory, at least if carried
too far.

There are obviously many possible combina-
tions of parameters to consider. It is not a priori
obvious, for example, whether the flattened zone
should have the same height-to-diameter ratio as
the entire core, or whether the axial buckled zones
should have the same composition as the radial
buckled zone. While we have by no means carried
the investigation of these questions as far as we
need to, we have gone far enough to recognize
several important aspects of the problem.

First, by flattening the power to various degrees
in the radial direction only and performing fuel-
cycle and economic calculations for each of these
cases, we find that the tadial power distribution
can be markedly flattened with very little effect
either on fuel cost or on annual fuel yield, our



chief indicators of performance. That is, the
radial peak-to-average power density ratio, which
is about 2.0 for the unifoirm core (which is sur-
rounded, of course, by a heavily absorbing blanket
region and hence behaves essentially as if it were
unreflected), can be reduced to 1.25 or less with
changes in fuel cost and yield of less than 0.02
mill/kwhr (electrical) and 0.2% per year respec-
tively. The enhanced neutron leakage from the
core, which results from the power flattening, is
taken up by the fertile blanket and does not rep-
resent a loss in breeding performance.

Second, attempts at power flattening in two
dimensions have shown that the power distribu-
tion is very sensitive to details of composition
and placement of the flattened zone. Small dif-
ferences in upper and lower blanket composition,
which are of no consequence in the case of the
uniform core, produce pronounced axial asymmetry
of the power distribution if too much axial flat-
tening is attempted. In addition, the axial and
radial buckled zones may interact through the
flattened zone, to some extent, giving a distri-
bution that is concave upward in one direction
and concave downward in the other, even though
the integrated ncutron current over the entire
boundary of the central zone vanishes. In view
of these tendencies, it may be anticipated that a
flattened power distribution would be difficult to
maintain if graphite dimensional changes, result-
ing from exposure to fast neutrons, were allowed
to influence the salt volume fractions very strongly.
Consequently, some revisions in the details of the
core design are under consideration as a means of
reducing the sensitivity of the power distribution
to graphite dimensional changes.

Temperature Coefficients of Reactivity

O. L. Smith C. O. Thomas

In analyzing power transients in the Molten-Salt
Breeder Reactor - as indeed for most reactors —
one must be able to determine the reactivity ef-
fects of temperature changes in the individual com-
ponents of the core, for example, the fuel salt, the
fertile salt, and the graphite moderator. Since the
fuel is also the coolant, and since only small frac-
tions of the total heat are generated in the fertile
salt and in the moderator, one expects very much
smaller temperature changes in the latter compo-
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Fig, 6.7. MSBR Multiplication Factor vs Temperature.

nents than in the fuel during a power transient.
Expansion of the fuel salt, which removes fuel
from the active core, is thus expected to be the
principal inherent mechanism for compensating
any reactivity additions to the MSBR.

We have accordingly calculated the magnitudes
of the temperature coefficients of reactivity sep-
arately for the fuel salt, the fertile salt, and the
graphite over the range of temperatures from 800
to 1000°K. The results of these calculations are
shown in Fig. 6.7.

In Fig. 6.7a we show a curve of change in mul-
tiplication factor vs moderator temperature (with
Sk arbitrarily set equal to zero at 900°K). Similar
curves of 8k vs temperature for fuel and fertile
salts are shown in Figs. 6.756 and 6.7c, and the
combined effects are shown in Fig. 6.7d. These
curves are all nearly linear, the slopes being the
temperature coefficients of reactivity. The mag-
nitudes of the coefficients at 900°K are shown in
Table 6.2.

The moderator coefficient comes almost entirely
from changes in the spectrum-averaged cross sec-



Table 6.2, Temperature Coefficients of Reactivity

Coefficient
1 di
Component I OK)—I
k dT
Moderator +1.66 x 1075
Fertile salt +2.05 x 1073
Fuel salt ~8.05 x 1077
Overall ~4.34 x107°°

tions. It is particularly worthy of note that the
moderator coefficient appears to be quite insen-
sitive to uncertainties in the energy dependence
of the 233U cross sections in the energy range
below 1 ev; that is, reasonable choices of cross
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sections based on available experimeantal data
yield essentially the same coefficient.

The fertile-salt reactivity coefficient comprises
a strong positive component due to salt expansion
(and bence reduction in the number of fertile atoms
per unit core volume) and an appreciable negative
component due to temperature dependence of the
effective resonance-absorption cross sections, so
that the overall coefficient, though positive, is
less than half as large as that due to salt ex-
pansion alone.

The fuel salt coefficient comes mainly from ex-
pansion of the salt, which of course reduces the
average density of fuel in the core. Even if all
core components should undergo equal temperature
changes, the fuel-salt coefficient dominates; and
in transients in which the fuel temperature change
is far larger than that of the other components, the
fuel coefficient is even more controlling.



7. Systems and Components Development

Dunlap Scott

Work related to the Molten-Salt Breeder Reactor
was initiated during this period. Studies were
made of the problems related to the removal of
the noble gases from the circulating salt to help
identify the equipment and systems required to
keep the !35Xe poison fraction and the fission
product afterheat to an acceptable level. Prepara-
tions were begun for operation of a small out-of-
pile loop in which a molten salt will be circulated
through a graphite fuel cell and for operation of an
isothermal MSRE-scale loop with sodium fluoro-
borate.

The major effort of the program at this time is
to help establish the feasibility of improved
concepts and to define problem areas. Since the
production of suitable and reliable salt pumps is
one of the longest lead-time items for molten-salt
reactors, a major emphasis is being placed on this
progranm.

Some of the work related to problems of the
MSBR but actually performed on the MSRE is
discussed in the MSRE section of this report.

The other work is described below.

7.1 NOBLE-GAS BEHAVIOR IN THE MSER

R. J. Kedl

In the MSBR conceptual designs, the graphite
in the reactor core is unclad and in intimate
contact with fuel salt. Noble gases generated by
fission and any gaseous compounds can diffuse
from the salt into the porous structure of the
graphite, where they will serve as heat sources
and nuclear poisons.

A steady-state analytical model was developed
to compute the migration of noble gases to the
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graphite and other sinks in the MSBR. The sink
terms considered are:

1. Decay.

2. Burnup — takes place in the graphite and in the
fuel salt passing through the core.

3. Migration to graphite — these gases ultimately
decay or are burned up.

4. Migration to circulating bubbles -- these gases
are stripped from the fuel loop to go to the
off-gas system.

Two source terms are considered: generation
directly from fission, which is assumed to occur
only in the core, and generation from decay of the
precursor, which occurs throughout the fuel loop.
The model is based on conventional mass transfer
concepts. Some degree of success has been ex-
perienced with similar models developed for the
MSRE, for example:

1. Xenon-135 poison fraction calculations. The
steady-state model is developed in ORNL.-4069.
Results of the time-dependent form of the model
are summarized in ORNL-TM-1796.

2. A model was developed to compute the con-
centrations of daughters of very short-lived
noble gases in graphite (ORNL-TM-1810).
Computed concentrations check very well with
measured values.

With this model, steady-state '35Xe poisoning
calculations have been made for the MSBR [556
Mw (thermal) fueled with 233U and moderated with
unclad graphite] to show the influence of various
design parameters involved. The reactor con-
sidered here is essentially that described in
ORNL-3996 [P. R. Kasten et al., Design Studies
of 1000-Mw (e) Molten-Salt Breeder Reactors], with
specific design parameters as listed in Table 7.1.
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Table 7.1. Design Parameters

Reactor power, Mw (thermal) 556
Fuel 233y
Fuel salt flow rate, ft3/sec 25.0
Core diameter, ft 8
Core height, ft 10
Volume fuel salt in core, £t3 83
Volume fuel salt in heat exchanger, ft3 83
Volume fuel salt in piping between core and heat exchanger, ft3 64
Fuel cell cross section
DOWNFLOW CHANNEL
o/ AN
3~ 73 in.HOLES L O O) i 5 in.
N I |
UPFLOW CHANNEL

Total graphite surface area exposed to salt, 2 3630
Mass transfer coefficient to graphite — upflow, ft/hr 0.72
Mass transfer coefficient to graphite — downstream, ft/hr 0.66
Mean thermal flux, neutrons see™ ! em™?2 5.0 x 1014
Mean fast flux, neutrons sec™lem™2 7.6 x 1014
Thermal neutron cross section for 233U, bamns 253
Fast neutron cross section for 233U, bams 36.5
Total core volume - graphite and salt, 3 503
2334 concentration in core — homogenized, atoms pam ™ cm ™! 1.11 x 1073
Graphite void available to xenon, % 10
135%¢ parameters

Decay constant, 1/hr 7.53 x 1072

Generation direct from fission, % 0,329

Generation from iodine decay, % 6.38°

Cross section for MSBR neutron spectrum, bams 9.94 x 165

“The values for the yield of 135xe from the fission of 233U are from an old
source and were used in the screening calculations. Recent values of 1.11% for
generation direct from fission and 6.16% for generation from iodine decay as reported
by C. B. Bigham et al. in Trans. Am. Nucl. Soc. 8(1), June 1965, will be used in the

future,
The xenon stripping mechanism consists in cir-~ The principal parameters to be discussed here
culating helium bubbles with the fuel salt and then will be:
removing them from the system. These bubbles 1. Diffusion coefficient of xenon in graphite.

are injected at the inlet to the heat exchanger in
the region of the pump. Xenon-135 migrates to the
bubbles by conventional mass transfer, and the
mass transfer coefficient controls the rate of

2. Parameters associated with circulating bubbles.
(2) Mass transfer coefficient to the bubbles.
(b) The surface area of the bubbles.

migration. The circulating bubbles are then 3. The surface area of graphite exposed to salt in
stripped from the salt by a pipeline gas separator the core.
at the heat exchanger outlet. The heat exchanger, In the plots that follow, the diffusion coefficient

then, is the xenon stripper region of the fuel loop. of xenon in graphite at 1200°F with units of ft2/hr
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Fig. 7.1. Effect of Diffusien Coefficient in Graphite on 135%e Poison Fraction.

is used as a parameter. Numerically, this is ap-
proximately equal to the permeability of helium

in graphite at room temperature with units of
cm?/sec, if Knudsen flow prevails. Knudsen flow
should be the dominant flow character for perme-
abilities less than 107° cm?/sec. For perme-
abilities greater than 10~ 5 cm?/sec, viscous flow
becomes important and this direct relationship
does not exist.

The gas circulated through the system is handled
in these calculations as two groups of bubbles.
The first group, referred to as the ¢
bubbles, is injected at the bubble generator and
removed with 100% efficiency by the gas separator.

once-through”’

The second group, referred to as the ‘‘recirculated”’

bubbles, is injected at the bubble generator, com-
pletely bypasses the gas separator, and recircu-
lates through the system until the bubbles are
removed with 100% efficiency on their secend pass
through the gas separator. In the accompanying
plots the bubble surface area is the quoted param-
eter. For proper orientation, note that 3000 ft2 of
bubble surface area coiresponds to an average void
fraction of 1% in the stripper region of the fuel loop
with bubbles 0.020 in. in diameter, and also cor-
responds to a gas flow rate of about 40 scfm.
Figure 7.1 shows the '35Xe poison fraction as a
function of the diffusion coefficient in graphite.



93

ORNL-DWG 6711814

9
%
&
8 [}
w
—
DIFFUSION COEFFICIENT OF Xe IN GRAPHITE=10"3 f12/hr ;oju_;
Q
0%
7 — e E -
z
Z 9
g
S T
: i
6 [ g — W o Ll
<4 a &
2 5 GE
o &
L Q. ol o
z a b
= £ zw
T T e e e B EE —
E v -
54 Z i
w o ~—
z N 7]
[o} oW
2 - A
o
& 4 P\ w D3
& @ Do
0 m W
© > o
2 2 24
= - m
2 32
3 I T SO S . 4D
o33
W=
g 28
o £F
2 N & S
\ I <t
w <L
o oo
=T I ;
\ § g)q-
1 [ 7 TR Nl T \\ ll"i &l{;;
\ \\ (—7_)) (% (&)
T — T ———3000 ©
3000 300
3000 600
0
0 1 2 3 4 5 6

MASS TRANSFER COEFFICIENT TO CIRCULATING BUBBLE (ft/hr)
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The top line is for no xenon removal through cir-

culating bubbles, and the poison fraction approaches

that for a solid-fueled reactor. The other lines are
for various circulating bubble parameters as indi-
cated. From this {igure it can be seen that the
poison fraction is not a strong function of the dif-
fusion coefficient over the range from 10~ % to 1075,
This is because the mass transfer coefficient from
salt to graphite is the controlling resistance for
migration of 13%Xe into the graphite. Since !35Xe
in the graphite is the greatest contributor to the
total poison fraction, the parameters that control
its migration will, in turn, control the poison frac-
tion. For permeabilities <10~ % the resistance of

135

Xe Poison Fraction.

the graphite starts becoming significant. The
mass transfer coefficients to graphite were com-
puted from the Dittus-Boelter equation as modified
by the heat-mass transfer analogy.

Figure 7.2 shows the effect of the mass transfer
coefficient to the bubble on the poison fraction.
This mass transfer coefficient is one of the least
well known and most significant of the parameters
involved. Available information indicates its
extreme values to be 0.7 and approximately 6
ft/hr. Values of 0.7 to 0.8 ft/hr were estimated
assuming that the bubbles behave as solid spheres
and have a fluid dynamic boundary layer. Values
near 3.5 ft/hr were estimated assuming that as the
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of Power Operation.

bubble rises, its interface is continually being
replaced by fresh fluid (penetration theory). Both
of these cases are for a bubble rising at its terminal
velocity in a stagnant fluid, There is very little
information in the literature concerning the effect
of fluid turbulence on the bubble mass transfer
coefficient. Nevertheless, from turbulence theory
it has been estimated that mass transfer coef-
ficients as high as 6 ft/hr could be realized under
MSHR conditions. The analyses that lead to this
number are generally optimistic in their assump-
tions.

The target !35Xe poison fraction for the MSBR
is 0.5%. From Fig. 7.2 it can be seen that this
goal will be easy to attain if the mass transfer
cocfficient is over 4.0 ft/hr. It is still attainable

2.0
and 4.0, but with more difficulty. From this figure
it is apparent that a small amount of recirculating
bubbles is as effective as a large amount of once-
through bubbles. One reason is that the contact
time for recirculating bubbles is about four times
that for the once-through bubbles.

if the mass transfer coefficient is between

Another variable that will strongly affect the
poison fraction is the graphite surface area in the
core. Calculations indicate that if the graphite
surface area is doubled, all other parameters re-
maining constant, the poison fraction will increase
by 50 to 70%.

This model has also been used to compute the
noble gas contribution to afterheat of the unclad
graphite. Xenon and krypton are involved in over
30 fission product decay chains. The model was
used to compute the flux of each xenon and krypton
isotope into the graphite, assuming that this flux
is constant for the entire time the reactor is at
power. From this we computed the concentration
of each noble gas and all its daughters in the
graphite as a function of time that the reactor is
maintained at power. Results of calculations for
the reactor after ten years at full power are shown
in Fig. 7.3. The reactor parameters are the same -
as used in the '*°Xe poisoning calculations. Two
curves are shown in the figure. Rather than listing
all the circulating bubble parameters involved
(e.g., void fraction, mass transfer coefficient, ete.),
it is sufficient to list the equivalent !®*5Xe poison
fraction, The aftertheat is proportional to this
value.

Work is under way in two areas.
considering ways to introduce circulating bubbles
of uniform size and about 0.020 in. in diameter.

A small model of a mechanical bubble generator
that operates somewhat like a mixer has been built
for testing with air and water. No quantitative
results are yet available. Second, a closer look
is being taken at the bubble mass transfer coef-
ficients,

First, we are

An experiment is being considered that
will yield a measured value to this parameter.



7.2 MSBR FUEL CELL OPERATION
WITH MOLTEN SALT

Dunlap Scott P. G. Smith

We have started an experimental program designed
to give an early demonstration of the compatibility
of a full-sized graphite fuel cell with a flowing salt
stream. The cell will include graphite-to-graphite
and the graphite-to-metal joints. An existing
facility, the Engineering Test Loop from the MSRE
development program, is being reactivated for this
work.

The loop will be operated with a single cell over
a range of conditions expected in the MSBR. These

are:
Flow rate 18 to 35 gpm
Temperature 1000 to 1300°F

Helium overpressure 5 to 20 psig

Design of the alterations needed for the loop to
accept the fuel cell was begun, the circulating

750 ¢m¥/min
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pump was completely renovated, and the procure-
ment of some loop materials was started. The
procurement of a representative graphite for the
fuel cell is expected to be a critical item, and,
therefore, the size of the cell in the initial tests
will be controlled by the available graphite.

7.3 SODIUM FLUOROBORATE CIRCULATING
LOOP TEST

P. G. Smith A. N. Smith

An existing MSRE-scale forced convection salt
loop is being altered to accept sodium fluoroborate
(NaBF ) as the circulating medium. 'This test is
part of a program to qualify NaBF , for use as a
coolant for the MSBR.

The galt loop is part of the Fuel Pump High-
Temperature Endurance Test Facility and normally
uses Li-Be-U fluoride salts, which have very low
vapor pressures at the temperatures of interest.
Since the NaBF _ exerts a BF | partial pressure of

ORNL~DWG 6711846
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about 500 mm Hg at the test operating temperature
(1200°F), it will be necessary to maintain an over-
pressure of BF3 in the pump bowl vapor space to
avoid a loss of BF | from the salt with the resultant
increase in salt liquidus temperature. The cover
gas system is being revised to include the neces-
sary equipment for handling and controlling the
BFa' This system, shown schematically in Fig.
7.4, includes some of the features of the cover

gas system used with the MSRE coolant salt, and
the information developed in the test will be useful
in planning the revisions which will be necessary
to prepare for testing of NaBF _ in the MSRE
coolant system.

The operating conditions for the loop are:

Temperature 1200°F
Fiow rate 800 gpm
Pump head 120 ft
Pump speed 1800 rpm

The tendency of BF , to induce polymerization of
organic materials could cause problems in the
pump lubrication system and in the off-gas line.
The helium purge to the shaft annulus will be
adjusted to minimize diffusion of BY | into the
pump bearing chamber, and filters are provided

in the off-gas line to protect the pump tank pres-
sure control valve. The BF | flow required will be
dictated by the total pump bowl pressure, the
desired BF  partial pressure, and the required
helium purge flow.

It is planned to operate the loop isothermally
for a period of about six months. The objective
will be to uncover any problems associated with
the circulation of NaBF , and to devise and test
suitable solutions or corrective measures.

7.4 MSBR PUMPS

A. G. Grindell
P. G. Smith L. V. Wilson

Survey of Pump Experience Circulating Liquid
Metals and Molten Salts

A survey of experience with pumps for liquid
metals and molten salt was made, and a report!

p, @ Smith, Experience with High-Temperature
Centrifugal Pumps in Nuclear Reactors and Their
Application to Molien-Salt Thennal Breeder Reactors,
ORNL-TM-1993 (September 1967).

was issued relating pump descriptions, operating
hours, and the problems encountered during oper-
ation.

Introduction of MSBR Pump Program

The objectives of the salt pump program for the
MSBR include the production of suitable and reli-
able pumps for the fuel, blanket, and coolant salt
circuits of the Molten-Salt Breeder Experiment
(MSBE) and its nonnuclear prototype, the Engi-
neering Test Unit (ETU). Table 7.2 presents the
pump requirements as they are presently envi-
sioned. A single conditional objective requires
that the pumps developed for the MSBE should be
capable of flow capacity scale-up by a factor of -
approximately 4 to the 550-Mw (thermal) MSBR
with little or no additional development work.

Our approach is to invite the strong participa- -
tion of U.S. pump industry in the design, develop-
ment, and production of these pumps. We will
prepare pump specifications along with a prelimi-
nary pump assembly drawing, pertinent rotor-
dynamic and heat transfer analyses, and the re-
sults of a survey of fabrication methods for sub-
mission to pump manufacturers. The pump manu-
facturers would be asked to make an independent
analysis of the pump specifications and support-
ing material and to define all the changes and im-
provements they believe necessary. Parentheti-
cally, it may prove necessary to pay for several
independent analyses. The pump manufacturers
would then be asked to bid on the production of
the detailed pump design and shop drawings, the
fabrication and assembly for shop inspection of -
the required quantities of salt pumps, and the )
shipment of disassembled pumps to ORNL for
further testing.

Two important implicit requirements are pro-
vided in this approach. The individual pump
configurations are matched to the varions MSBE
systems requirements by and at ORNL, and the
responsibility for approval of the final pump de-
sign and the detailed drawings rests with ORNL.

The principal pump components requiring de-
velopment effort are the molten-salt bearing, if
used, the shaft seal, and a full-scale rotor-dynamic
simulator, if supercritical operation of a salt pump
is required, that is, operation of the pump at
speeds above the first critical shaft speed. The
pump manufacturers would be invited to partici-
pate in this and other development work they may



Table 7.2. Pumps for Breeder Reactors

Fuel Blanket Coolant
2225 Mw (thermal) MSBR
Number required 42 42 47
Design temperature, °F 1300 1300 1300
Capacity, gpm 11,000 2000 16,000
Head, ft 150 80 150
Speed, rpm 1160 1160 1160
Specific speed, Ns 2830 2150 3400
Net positive suction head required, ft 25 8 32
Impeller input power, hp 290 250 1440
150 Mw (thermal) MSBE
Number required 1 1 1
Design temperature, °F 1300 1300 1300
Capacity, gpm 4500 540 4300
Head, ft 150 80 150
Speed, rpm 1750 1750 1750
Specific speed, IVs 2730 1520 2670
Net positive suction head required, ft 27 5 26
Impeller input power, hp 410 61 350

reference design or modular design.

deem necessary. However, it would appear more
economical to perform the molten-salt bearing de-
velopment work at ORNL, where the fuel produc-
tion facilities and the handling techniques are
already available. Proof testing of completed
pumps in molten salt prior to operation in either
the ETU or the MSBE will be conducted at ORNL.
Endurance testing of prototype pumps in molten
salt will also be conducted at ORNL in the proof-
testing facilities.

Because experience indicates that production of
suitable and reliable salt pumps is one of the
longest lead-time items for molten-salt reactor ex-
petiments, it is important to get an early start in
the pump program.

If study indicates that the MSBE salt pumps can
be operated subcritically but that the MSBR pumps
must be operated supercritically, then the con-
ditional objective may requite operation of a salt
pump at supercritical speeds during the course of
the MSBE program to build confidence in the
reliability of a pump with such a long shaft.

Fuel and Blanket Salt Pumps

Preliminary layouts have been made for the fuel
salt pump, blanket salt pump, and coolant salt
pump. The concepts of the fuel salt pumps, shown

in Fig. 7.5, and the blanket salt pump are similar,
having a shaft of the order of 34 ft long, supported
by an oil-lubricated radial and thrust bearing at
the upper end and a molten-salt-lubricated journal
bearing near the impeller at the lower end. The
main differences in the two pumps lie in {1) the
size of the fluid flow passages to, through, and
from the impeller, (2) the abseace of a pump tank
on the blanket salt pump, and (3) the sizes of the
drive motors. The similarity of the pumps which
is derived from their common environment and
placement within the cell results in common
analytical and developmental efforts in the areas
of bearings, seals, rotor dynamics, motor contain-
ment, general layout, ditect and remote mainte-
nance, ancillary systems, fabrication and assembly,
and nuclear heating.

The fuel salt and blanket sall pumps are de-
signed so that the rotary element which contains
all the moving parts can be replaced by remote
maintenance without having to cut any of the salt
lines to or from the pump. Direct maintenance can
be performed on the drive motor and the bearing-
seal assembly at the upper end of the pump. A
static seal can be brought into play to separate
and protect the maintenance area from the radio-
activity in the pump when the bearing-seal assem-
bly is to be removed.
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Nuclear heating of the pump tank and the sup-
port structure within the pump tank is removed by
circulating a portion of the fuel salt from the main
salt stream over the heated surfaces.
the nuclear heat from the shaft, a small amount of
salt is bled up the center of the shaft and fed into
an annulus between the shaft and a cooling tube
that extends the length of the pump tank. A
labyrinth seal at the lower end of the tube forces
most of the salt to flow to the upper end of the
tube, where it spills over into the pump tank. An
added benefit is the increased damping and
stiffness provided to the shaft by the salt in the
annulus.

Analyses are being made of the nuclear heating

To remove

in that portion of the pump casings and shaft for
which no cooling is provided. If a problem is
found, we can provide cooling or shielding and
thermal insulation where needed to reduce the
heat generation in the pump structure to an ac-
ceptable level.

The seal arrangement at the upper end of the
shaft is similar to that used in the MSRE salt
pumps. It consists of a face-type seal (Graphitar
against tool steel) with the lubricating oil on one
side and the helium in the shaft annulus on the
other. Helium is brought into the annulus to serve
as a split purge between the salt and gaseous
fission products at the lower end of the shaft and
any lubricating o1l that leaks through the face seal
into a leak-off line. Part of the helium passes
down the shaft through a close-fitting labyrinth,
where the increased gas velocity reduces the
upward diffusion of molten-salt vapor and gaseous
fission products. Concurrently, that portion of the
helium passing upward through the labyrinth seal
prevents the downward movement of lubricating oil
vapors and also serves to scavenge oil leakage
and vapors overboard from the pump.

Coolant Salt Pumps

Two preliminary layouts of the MSBR coolant
salt pump have been prepared. One layout utilizes
a pump with a short overhung shaft mounted on two
oil-lubricated rolling element bearings, and the
other is a long shaft with an oil-lubricated bearing
at the top end of the shaft and a molten-salt
bearing located just above the impeller. One
criterion for the pump requires variable-speed op-
eration over the range 300 to 1200 rpm. The dif-
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ficulty with the short-shaft pump is that to have
the pump operate below the first critical speed,
the shaft diameter would have to be greater than

8 in., which would present a formidable seal de-
sign and development problem. If it were designed
to operate above the first critical and below the
second critical speed, the shaft diameter would be
approximately 3 in., which is inadequate to trans-
mit the torque. For the long-shaft pump configu-
ration, however, a shaft with a diameter selected
on the basis of torque requirements would have a
first critical speed well above the maximum oper-
ating speed. The long-shaft pump would also use
the same upper bearing and seal configuration
planned for the fue! and blanket salt pumps. Hence
the long-shaft concept appears to be preferable for
the coolant pumps.

The coolant salt pump will have the impeller and
volute mounted in a pump tank of sufficient volume
to accommodate the thermal expansion of the cool-
ant salt for the most adverse thermal condition that
might arise during reactor operation. A double vo-
lute pump casing has been selected to reduce ra-
dial loads on the impeller and the resultant loads
on the molten-salt bearing, particularly when op-~
erating at off-design conditions, and to reduce the
diameter of the bridge tube, which provides a
flexible connection from the volute to the pump
tank nozzle,

We believe that the coolant pump drive motor,
although having a greater horsepower, can be de-
signed to fit the same containment vessel as that
for the fuel pump drive motor.

Water Pump Test Facility

Preliminary layouts have been prepared of a
facility for testing the fuel pump with water. The
configuration does not incorporate the long shaft
of the high-temperature pump but only mocks up
those portions which affect the fluid flow. The
layout also includes a mockup of the inlet to the
heat exchanger tube sheet with sufficient instru-
mentation to monitor the flow distribution in the
heat exchanger tubes. The distribution of the gas
injected to remove the xenon will be monitored
also.

The configuration has been designed to permit
water testing of the blanket pump in the same
facility. The purpose of the water test facility in
the pump development program is (1) to determine



head and flow characteristics of the impeller-
diffuser design, (2) to measure radial hydraulic
forces acting on the impeller (needed for designing
the molten-salt bearing), (3) to measure and re-
duce to an acceptable level the axial forces acting
on the impeller, and to determine the relationship
between the axial clearance at the bottom end of
the impeller and the axial force, (4) to observe

the fluid behavior in the pump tank, and to make
the necessary changes to reduce gas entrainment
to an acceptable level, (5) to assure that the
mocked-up molten-salt bearing will run submerged
under all operating conditions, and (6) to check
the point of cavitation inception and the required
net positive suction head of the impeller.

Molten-Salt Bearing Tests

The present layouts of the MSBE and MSBR
salt pumps require a molten-salt journal bearing
near the impeller. A molten-salt bearing presents
three important considerations: (1) the hydro-
dynamic design of the bearing to provide the
requisite lubricating film, (2) the selection of the
kind and form of the bearing materials, and (3)
the design of a bearing mounting arrangement
which will preserve the lubricating film despite
thermal distortions between pump shaft and
casings.

We are studying the use of hard, wear-resistant
coatings on the journal and bearing surfaces.
Such coatings present advantages over the
sintered, solid-body journal and bearing inserts
most often used in high-temperature process fluid
lubrication. The hard coatings are convenient to
apply and hopefully eliminate the differential
thermal expansion problems. Mechanical Tech-
nology, Inc., of L.atham, New York, has been
engaged to produce Hastelloy N specimens with
each of four different hard coatings: (1) cobalt
(6 to 8%) bonded tungsten carbide, (2) nickel
(7%) bonded tungsten carbide and mixed tungsten-
chromium carbides, (3) nickel-chromium (15%)
bonded chromium carbide, and (4) molybdenum
(7%) bonded tungsten carbide.

These coatings will be subjected to corrosion
and thermal cycling tests in molten salt at ORNL.
A test in molten salt will be made with a 3 x 3 in.
bearing using one of these coatings, if one should
prove satisfactory.

A layout is being made of a tester to accom-
modate a full-scale molten-salt bearing for the

MSBE fuel salt pump. The tester will be capable
of subjecting the bearing and its mounting arrange-
ment to start-stop wear tests and thermal cycling
and endurance tests in molten salt.

Rotor-Dynamics Feasibility Investigation

Mechanical Technology, Inc., is performing an
analysis (Reactor Division subcontract No. 2942)
of the rotor dynamics of the preliminary layout of
the MSBR fuel salt pump to determine its flexural
and torsional critical speeds and flexural response
to a dynamic unbalance. Interim results?® of the
analysis show that the pump will operate between
the fourth and fifth flexural critical speeds of the
pump system, which includes the pump shaft, inner
and outer pump casings, and the drive motor.

The third and fifth system criticals are essentially
the first and second simply supported beam criti-
cals of the shaft. The critical-speed results also
show that the pump-system criticals are relatively
independent of the bearing stiffness over a range
representative of practical bearing designs. The
stiffness characteristics of the drive motor
coupling also have little effect on system criti-
cals.

The synchronous response amplitudes resulting
from a ‘‘bowed-shaft’’
been calculated over the complete range of pump
speeds. The response results show only one sys-
tem critical to be significant from a bearing load
standpoint - namely, the ‘‘first shaft critical”’
which occurs at about 700 rpm.

In addition to passing through one shaft critical
speed, three additional system criticals must be

unbalance condition have

traversed as the pump accelerates to design speed.
These three criticals are basically cantilever
resonances of the outer casing. The first two
cantilever modes occur at quite low speeds and
hence should not be a problem from a steady-state
standpoint. However, if the pump system should
be transiently excited during normal operation,
these cantilever beam modes would be the primary
contributors to the resulting transient vibration
response of the pump system.

The third cantilever beam mode of the outer
casing also excites a simply supported resonance
of the inner casing. This mode occurs between

2P. W. Curwen, Rotor-Dynamic Feasibility Study of
Molten Salt Pumps for MSBR Power Plants, MTI-67TR48
Mechanical Technology, Inc., August 6, 1967.

s



800 and 930 rpm and makes it appear advisable to
separate the inner and outer casing frequencies by
suitable changes in the wall thicknesses and
diameters of the two casings.

A preliminary undamped torsional critical-speed
analysis has been made for the pump system, and
the results indicate that the two torsional critical
speeds that might affect pump operation can be
strongly dependent upon the electromagnetic
torsional stiffness of the drive motor. We believe
that by changing some of the component dimensions
and accounting for inherent system damping, the
pump will operate satisfactorily between the first
and second torsional critical speeds.

Fabrication Methods Survey. — Based on the
preliminary layout of the MSBR fuel salt pump, the
shaft and inner and outer casings were detailed,
and a survey is being made of potential fabrication
methods to identify fabrication problems. For the
shaft, it is important to determine the straightness
and concentricity tolerances that can be supplied.
These tolerances have considerable effect on the
provisions that must be made for the dynamic
balancing of the shaft, which must be done rather
precisely when the pump is to operate above the
first shaft critical speed. A manufacturer was
found who could fabricate shafts in the range 7 to
10 in. outside diameter with a wall thickness as
small as 1/2 in., and who would guarantee the
straightness from end to end to (.005 total indi-
cator reading (TIR) and the outside diameter—
inside diameter concentricity to 0.005 in., but at
considerable expense. As these two tolerances
are relaxed, more manufacturing capability is
available, and the fabrication costs are reduced;
however, dynamic balancing of the shaft becomes
a more important portion of the fabrication process.
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An investigation is under way to determine the
relationship between shaft precision and total
shaft cost (fabrication plus dynamic balancing) as
well as its effect on pump design.

Several manufacturers have been found who are
capable of fabricating the inner and outer casings
to the tolerances shown on the preliminary layout,
but also at considerable expense. The effects on
pump design of relaxing the preliminary values of
the tolerances are being studied.

Other Molten-Sait Pumps

Fuel Pump High-Temperoture Endurance Test
Facility, — The facility,® including the salt pump,
gas systems, instrumentation, and handling equip-
ment, is being prepared for operation with sodium
fluoroborate (NaBF4) . The new drive motor, rated
200 hp at 1800 rpm, was delivered, and the existing
motor support was modified to suit the new motor.
Also, the pump rotary element was removed
from the facility, disassembled, cleaned, and
reassembled.

Molten-Salt Bearing Pump Endurance Test
Facility. — A new salt bearing constructed of
Hastelloy N was installed on this pump.* The
gimbals support for the bearing was modified to
reduce the possibility of the support becoming
disassembled during operation. The bearing and
gimbals arrangement was satisfactorily tested
with oil as the pumped fluid at room temperature.

3MSR Program Semiann. Progr, Rept. Feb. 28, 1967,
ORNL-4119, p. 66.

*MSR Program Semiann. Progr. Rept. Aug. 31, 1966,
ORNL-4037, p. 82.



Part 3. Chemistry

W. R. Grimes

The chemical research and development effort
in close support of the MSBR program includes, as
described in this chapter, a variety of studies.

A major share of this effort is still devoted to the
immediate and anticipated problems of the operat-
ing Molten-Salt Reactor Experiment.

Sampling of the MSRE fuel and coolant salts and
interpretation of the analyses for major and minor
constituents of the melt, and examination of metal
and graphite surveillance specimens from the core
and of specimens exposed to the pump bowl gases,
continue as routine, though obviously necessary,
portions of the total effort. Minor fractions of
several fission products continue to appear in the
pump-bowl gas space. The possibility that these
may occur as volatile compounds has prompted
examination of the chemistry and the vaporization
behavior of the little-known intermediate valence
fluorides of molybdenum.

Oxide-fluoride equilibria in the LiF-BeF , sys-
tem and its more complex counterparts with added
UF, and ThF , are under study, since such
equilibria may well lead to separation processes
of value and seem to have shown us container

materials that will greatly aid our experimental

program.

The plans to substitute a lower melting and more
economical coolant for the LiF-BeF , mixture in
the MSRE have required examination of phase be-
havior among the alkali fluoroborates and of
ancillary questions of the decomposition pressure
of these materials and of possible undesirable
interactions of BF ; with metals and lubricants to
which it would be exposed.

While recovery of uranium by fluorination (both
from fuel and blanket) and recovery of fuel salt
by vacuum distillation remain as the design re-
processing methods, the recovery of protactinium
from the blanket and the removal of fission prod-
ucts from the fuel by reductive extraction into
molten metals continue to show promise and are
actively pursued.

Development studies in analytical chemistry
have been directed primarily to improvement in
analysis of radiocactive samples of fuel for oxide
and uranium trifluoride and for impurities in the
helium gas from the MSRE.

8. Chemistry of the MSRE

R. E. Thoma

8.1 MSRE SALT COMPOSITION AND FURITY

Molten fuel, flush, and coolant salts have been
intermittently circulated and stored in the MSRE

for approximately two years. In use, these salts

have been subjected to chemical analysis on a

1

regular basis.” The results of these analyses
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signify that generalized corrosion in the fuel and
coolant circuits is practically absent, and that

lChemical analyses performed under the supervision
of C. E. Lamb, Analytical Chemistry Division; spec-
trochemical data were obtained by W. R. Musick,
Analytical Chemistry Division.



the salts are currently in essentially as pure
condition as when chatrged into the reactor.

Fuel Salt

MSRE runs 11 and 12 were completed within the
current report period. During this period, small
amounts of beryllium metal were dissolved into
the fuel salt to adjust the oxidation-reduction
potential of the salt. The total concentration of
uranium in the fuel was also increased by addition
of "LiF-?3°UF | to the circulating salt. Cureatly,
the uranium concentration of the fuel salt is
approximately 4.590 wt %, of which the U3" frac-
tion of the total uranium is 1.5%. The effects of
the beryllium and 7LiF—”SUF4 additions are
evident in the results of the chemical analyses of
the fuel salt shown in Table 8.1. A refinement of
analytical procedure was introduced during run 11;
preliminary values for the detemination of ura-
nium concentrations were confirmed by a second
group of analysts before final values were re-
ported. Continuous control methods were em-
ployed by both groups. This innovation in pro-
cedure resulted in a significant improvement in
precision. Average scatter was reduced from
10.5% to £0.4% of the value, corresponding to
£0.03 and £0.02 wt % uranium.

MSRE fuel salt is analyzed by HF-H, purge
methods for evidence of oxide contamination. The
results of analyses obtained during runs 11 and 12
indicated that the fuel salt does not contain more
than 50 to 60 ppm of oxide; that is, it is currently
as free of oxide as when it was originally charged
into the MSRE.

Coolant Sait

When run 12 was terminated in August 1967, the
coolant salt had circulated in the MSRE for a
period of 12,047 hr. Coolant salt specimens were
submitted at one-month intervals during 1967.
Results of those analyses show the composition
and purity of the salt to be

Li Be F Fe Cr Ni 0

{wt %) {ppm)

13.04 9.47 76.30 63 27 12 ™200
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as compared with the composition and purity it
was known to possess a year ago:

Li Be F Fe Cr Ni (o]

(wt %)

(ppm)

13.03 9.46 76.16 S8 36 16 ™200

The two compositions are not differentiable with-
in the precision of the analytic methods. The
constancy of the trace concentrations of the
impurities attests to the fact that the cover gas,
which is supplied to both the fuel and coolant
circuits from a common source, has been main-
tained in a state of high purity throughont the
entire operational period.

Flush Sait

Whenever the MSRE fuel circuit is flushed with
flush salt, there is cross mixing of fuel and flush
salts by residues which remain in the reactor
after each is drained. We need to know the
amounts of material transferred between the fuel
and flush salts because they enter into the calcu-
lation of the book-value concentration of uranium
in the fuel salt. Sufficient analytical data are
now available to enable us to deduce the average
mass of these residues.

The concentration of uranium in the flush salt
appears to change in nearly equal increments
duting each flush operation, as shown in Table
8.2. These data indicate that fuel salt which
remains in the fuel circuit after drainage of the
fuel increases the uranium concentration of the
flush salt by 200 ppm each time the drained re-
actor is cleaned with flush salt. An increase of
200 ppm of uranium corresponds to the addition of
approximately 850 g of uranium to the flush salt.
This is the amount of uranium in 19.20 + 0. 10 kg
of fuel salt in which the uranium concentration is
between 4.570 to 4.622 wt % U, the range for the
MSRE during the period considered.

On filling the MSRE with fuel salt, "LiF-BeF
(66-34 mole %) flush salt residue is iacorporated
in the fuel salt, diluting its concentration of UF,
and ZrF  slightly. This dilution is reflected in
the uranium and zirconium analyses shown in Fig.
8.1. The decrease in zirconinm concentration of
the fuel salt from a mean value of 11.33 wt % to
10.85 wt % corresponds to dilution of the fuel by
12.7 kg of salt on each drain-flush-fill cycle.



Table 8.1. Summary of MSRE Fuel Salt Analyses, Runs 11 and 12

Sample Li Be Zr :na}yt Uy ook F Fe Cr Ni Total
No. (wt %) {(wt %) {wt %) (wt %) {(wt %) (wt %) {ppm) (ppm) (ppm) (wt %)

FP11-01 11.18 6.28 10.90 4.603 4.576 67.46 131 66 54 100.44
FP11i-02 11,10 6.27 10.65 4.599 4.575 69.16 112 75 63 101.81
FP11-03 10.42 6.21 11.08 4,604 4.575 65.72 150 61 64 99.06
FP11-04 11,10 6.33 11.19 4.562 4,575 67.87 145 62 22 101.01
FP11-05 U t/EU - 0.37%
FP11-06 11.25 6.31 10,97 4.555 4.574 67.44 131 67 33 100.54
FP11-07 11.38 6.70 11.27 4.558 4.574 69.92 172 o2 50 103.86
FP11-08 11.50 6.62 10.81 4.569 4,573 68,89 312 54 107 102.43
FPi1-09 Gas sampie
FP11-10 Be? adgition, 11.66 g
FP1i-11 10.67 6.57 10.87 4.551 4,572 69.94 165 73 43 102.62
¥FFR11-12 10.93 6.27 10.88 4.567 4.572 69.96 76 75 34 102.62
FP11-13 U T/2U = 0.42%
FP11-14 10.98 6.35 11.26 4.539 4.571 67.83 98 78 75 100.98
FP11-15 11,11 6.49 10.74 4,552 4,571 68.80 71 62 37 101,80
FP11-i6 Gas sample
FP11-17 11.33 6.47 11.21 4,553 4.571 70.25 57 58 47 103.83
FP11-18 10,73 6.67 11.17 4.576 4.570 68.68 120 56 43 101.85
FP11-i9 10.47 6.57 11.11 4.589 4.570 67.12 117 68 42 99.88
FP11-20 10.51 6.72 10.98 4,561 4,570 67.60 122 59 49 100.39
FpP1i-21 10.50 6.36 10.8¢9 4.576 4,570 66,83 168 63 46 99.19
FP1:-22 10.55 6.57 10,92 4.572 4,559 66.05 104 62 63 98.68
FP11-23 10.53 0,49 10.95 4.583 4.569 69,70 136 63 55 102.28
FP1i-24 10.55 6.51 10.90 4.547 4.569 58,50 173 67 63 101,04
FP11-25 Sampie for oxide analysis; analysis unsuccessful
¥FP11-29 10.43 6.49 10,91 4,57C 4.568 67.17 118 52 53 99.59
FP11-27 10,52 .85 10.85 4,577 4.568 66.04 72 63 80 90.84
FP11-28 Sample for oxide analysis; oxide concentration, 58 ppm
FP11-29 10.48 .46 10,92 4.584 4.567 64.62 126 64 56 97.08
FPri1-30 10.48 .39 11,02 4.597 4.557 64.51 i15 56 71 97.01
FP11-31 16.53 58 11.06 4,559 4.566 67.06 80 64 50 99.81
FP11-32 UST/NU - 0.34%
¥FP11.33 10.53 5.43 11.14 4,567 4.566 66.38 142 72 72 99,07
FP11-34 10.55% 5.33 11.37 4,582 4.566 68.99 146 64 64 101.85
FP1i-35 10.53 6.35 11.12 4.566 4.565 67.24 194 73 64 99,84
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Table 8.1. {continued)

Sample Li Be Zr Uzmm Ubook F Fe Cr Ni Total
No. (wt o) (wt %) {(wt %) {wt %) (wt %) (wt %) (ppm) (ppm) {ppm) (wt o)

FP11-36 Gas sample
FP11-37 10.55 6.33 10.75 4.541 4.565 65.93 79 80 49 96.12
FP-11-38 Sample for U3 +/§U analysis; analysis unsuccessful
FP11-39 11.57 6.44 10.92 4,536 4,565 66.55 182 69 52 100,05
FP11-40 Be? addition, 8.40 g
FP11-41 10.42 6,37 10.77 4.579 4.564 68.5 135 56 58 100.74
FP11-42 Gas sample
FP11-43 ud +/EU — no anaiysis performed
FP11-44 10.50 6.60 11.01 4.561 4,564 69,88 140 59 44 102.57
FP11-45 10.58 6.50 10.65 4,548 4,563 67.12 88 54 41 99.43
Average 10.80 + 0.35 6.46 £ 0.15 10.97 £0.18 4.570 £ 0.018 67.81 +1.46 131 +48 64 t6 54 +6
FP11-46 Gas sample
FP11-47 10.95 6.48 10.96 4,604 4.582 66.65 169 71 75 99.67
FP11-48 10.45 6.52 10.85 4,578 4.581 67.23 210 49 58 99,66
FP11-49 U +/EU — no analysis performed
FP11-50 Gas sample
FP11-51 11.20 6.45 10.97 4,571 4,580 69.61 114 61 61 102,83
FP11-52 11.33 6.45 10.79 4,566 4,580 69.27 80 60 25 102.43
FP11-53 Gas sample
FP11-54 10.93 6.63 10.95 4,551 4,579 £69.91 158 61 63 103.00
FP11-55 Special 50-g sample
FP11-56 Sample for oxide analysis; oxide concentration, 50 to 100 ppm
FP11-57 No sample obtained
FP11-58 10.48 6.60 11.27 4.607 4.578 70.95 131 81 42 104.00
Average 10.82 +0,35 6.47 £0.15 10.97 £0.17 4,571 £0,019 67.99 +1.33 133 £47 64 £7 54 16
FP11-59 13.43 7.57 0,345 0.0292 76.10 222 68 40 97.51
FP11-60 13.40 9.36 0,260 0.0268 79.23 1109 74 34 102.30
FP12-01 13.40 8.64 <0.20 0.0778 80.22 108 66 26 102.56
FP12-02 13.70 9,50 <0.20 3.0783 75.40 104 7 23 98.90
FP12-03 13.60 a.38 <0.20 0.0826 77.40 93 68 24 100.68
FP12-04 Sample for oxide analysis
FP12-05 11.20 6.74 10.94 4.550 4.548 66.32 123 52 60 99.77
FP12-06 vt t/2u - 0.37%
FP12-07 Gas sample
FP12-08 Be addition, 7,93 g
FP12-09 Be additicn, 9.840 g

SOT



Table 8.1, (continued)

Sample Li Be Zr :naiyt U ook o Fe Cr Ni Total
Ne. (wt %) {wt %) (wt %) (wt %) {wi %) {(wt ) {ppm) {ppm) (ppm) (wt %)
FP12-10 11.60 6.91 10.57 4.525 4.547 67.27 i34 71 72 101.90
FPI12-11 U TRU - 1.2%
FP12-12 11.60 6.54 10.91 4.545 4.547 66.66 113 64 62 100.78
FPI2-13 Be addition, 8.33 g
FP12-14 11.50 6.50 11.22 4.557 4.546 67.95 145 82 47 101.76
FP12.15 Be addition, 11.68 g
FP12-16 11.40 6.40 10.62 4.567 4,546 68,27 269 110 68 101.31
FP12-17 11,30 6.40 10.66 4.532 4.545 66.92 215 144 53 99.85
FPl12-18 Sample for oxide analysis; oxide concentration, 57 ppm
FP12-19 11.50 6.19 11.00 4,522 4,545 65.05 100 102 62 98,29
FP12-20 10.60 6.36 10,76 4.557 4.545 65.76 81 64 44 98.06
FP12-21 U3 T/EU = 0.5%
¥FP12-22 10.50 6.52 10.43 4,556 4.544 66.18 247 [*1Y] 50 G8.22
FP12-23 10.60 5.68 10.58 4,526 4.544 65.26 154 78 76 97.67
FP12-24 11.38 5.36 10.67 4.567 4.544 66.46 176 67 56 99.47
FP12-25 10.70 6.46 16.53 4,496 4.544 66.10 208 68 62 98.32
FP12-26 Gas sample
FP12-27 10,70 6.61 10.78 4,550 4.544 67.50 195 75 72 100.18
FP12-28 10.70 6.44 10,66 4.569 4.544 69.00 150 68 52 101.40
FP12-29 10.70 6.41 10.87 4,529 4.543 67.11 177 84 78 99.65
FP12-30-35 TLiF-?*%UF, additions
FP12-36 10.50 6.58 10.96 4,554 4,556 66.40 156 84 3590 99.15
FP12-37-40 "LiF-?*%UF, additions
FP12-41 10.60 6.52 10.68 4.562 4.565 68.00 110 64 192 100.40
FP12-42-46 "LiF-**5UF | additions
FP12-47 10.60 6.50 10.50 4.586 4.576 66.34 i20 72 70 98.56
FP12-48-50 TLiF-*¥UF, additions
FPi2-51 11.22 6.60 10.32 4,588 4.576 66,32 94 72 39 99,07
FP12-52 10.70 6.47 10.71 4.594 4.576 65.98 119 72 92 98.48
FP12-53 10,50 6.39 10.66 4.503 4.575 65.48 132 72 60 97.56
FP12-54 Sample for isotopic dilution analysis
FP12-55 10.75 6.44 11.12 4.577 4.574 65.72 156 72 300 98.66
10.80 6.42 10.95 4.575 4.574 54.57 136 58 7290 97.42

901



Table 8.1. (continved)

Sample Li Be Zr Znalvt Ubook F Fe Cr Ni Total
No. (wt %) (wt %) (wt %o} (wt %) (wt %) (wt %o) (ppm) (ppm) {ppm) (wt %)
FP12-56 Be addition, 9.72 g
FP12-37 11.33 6.59 11.08 4.587 4,574 65.14 156 34 170 98.77
11.30 6.74 11.28 4.549 4,574 66.53 160 64 424 100.46
FP12-58 11.00 6.58 10.77 4,600 4.574 66.62 138 74 66 99,60
FP12-59 Sample ladle remained in pump bowl
Average 10.93 6.25 10.78 66.50
30.40 10.15 10.24 10,03

a - . -
Corrected to compensate for isotopic composition,

201
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Table 8.2, Chemical Analyses of MSRE Flush Salt Specimens

Average Uranium

Average Increase in
Number of Samples

Run No. Found Uranijum for Flush

(ppm) Analyzed (ppm)
FP-3 (final) 195 1 195
FP-4 (initial) 218 6 218
FP-8 (initial) 460 3 230
FP-8 (final) olo 1 205
FP-9 (final) 840 1 210
¥FP-11 (final) 930 1 186
FP-12 (initial) 799 3 160
FP-13 (initial) 1186 3 197

POV

Overall average = 200 ppm

Implications of Current Experience
in Future Operations

Currently, the MSRE is entering its final perod
of operation with 23°U fuel salt. It is planned
that the MSRE will operate with *33U fuel in
1968,% as will the MSBE later, and that the con-
centration of uranium tetrafluoride in those fuels

will be only one-fourth that employed in the MSRE.

Several inferences may be drawn from the ex-
perience developed during previous ‘operation
which have significant implications regarding
operation of the MSRE when it is charged with
233y fuel, as well as for larger molten-salt re-
actors. In general, we must conclude that if
chemical analyses are to function as operational
controls, appreciably greater precision than is
now available must characterize the methods for
determining the concentration of uranium as well
as the U®" fraction in the total uranium.

The overall composition of the present fuel salt
may be determined in routine chemical analysis
with a precision of 0.2 to 0.3 wt % (Fig. 8.1).
Precision in the determination of the uranium con-
centration is considerably better, £0.02 wt % on a
statistical basis (Fig. 8.2). Such precision in the
detemination of the uranium concentration is,
however, only one-tenth that which is obtained in
outine computations of reactivity balance. The

Ip. N. Haubenreich et al. to R. B. Briggs, private
communication, Dec. 19, 1966,

high sensitivity in the reactivity balance to varia-
tions in uranium concentration vitiates applica-
tion of periodic batch analysis of fuel as a sig-
nificant control parameter in reactor operations;
such analyses have come to function primarily as
an independent basis for cross-checking burnup
and inventory computations. It is anticipated that
when the reactor is fueled with 233U, the pre-
cision of the reactivity balance will be improved
by a factor of at least 4,2 while the precision of
the chemical assay of uranium will fall in pro-
portion to the uranium concentration as it is re-
duced from 0.83 to 0.20 mole %. The limitations
on the present methods of analyzing the MSRE
fuel indicate, therefore, that it will be necessary
to develop improved methods for detemmining fuel -
composition. In reactor systems in which fre-
quent or nearly continuous chemical reprocessing
is carried out, composition of the fuel and blanket -
systems will undergo constant change. Un-
questionably, composition determination will then
be necessary by way of on-line techniques sup-
plemented by methods which have high intrinsic
accuracy.

The intrinsic corrosion potential of the fuel
salt is proportional to the UF , concentration,
which, to date, has been determined directly only
by an intricate and difficult method which is
probably near its limit of capability with salt of

3_]. R. Engel to R. E. Thoma, private communica-
tion, April 28, 1967.
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Fig. 8.2. Uranium Concenfration in MSRE Fuel Sait.

the present uranium concentration.? While this
method has been used with moderate success with
the MSRE fuel salt, the low total concentration of
uranium which is anticipated in future fuel salts
makes it improbable that this method can have
continued application. It will be of cousiderable
importance ia the near future to employ direct
spectrophotometric methods for the determination
of U3' concentration in the fuel salt. Results of
recent laboratory experiments indicate that this
approach is feasible.®

In the future, the MSRE fuel salt as well as the
fuel salts in the large reactor plants will be sub-
jected to fluorination and to HF-H , purge streams
during chemical reprocessing. Salt streams in
those teactors may be expected to contain even
lower concentrations of contaminant oxides than
currently exist in the MSRE and should therefore
not require oxide analysis.

Results of the chemical analysis for chromium
have shown sufficient precision (£:10%) that the
method has come to serve as an excellent and
reliable measure of generalized corrosion within
the MSRE. The utility of this analysis as an
indicator results from the fact that at present
the total concentration of chromium in the fuel
salt is low (70 ppm). Relatively minor changes
in cortosion are, therefore, reflected in significant
changes in chromium concentration. In future
operation it is possible that the total concentra-
tion of chromium in the fuel circuit will increase

4A. S. Meyer, Jr., to R. E. Thoma, private communi-
cation, May 12, 1967.

5]. P. Young, MSR Program Semiann. Progr. Rept.
Feb. 28, 1967, ORNL~4119, p. 163.



tenfold or more as a consequence of chemical
reprocessing. Unless either the precision of
chromium analysis is improved or low concentra-
tion of chromium is maintained in the salt which
is returned to the reactor fuel circuit, much of the
capability for immediate detection of corrosion
will have been lost.

It is anticipated that gas chromatographic
methods for analysis of gas streams will be tested
soon at the MSRE. If application of such methods
to cover gas analysis succeeds in providing a
sensitive means for the quantitative determination
of volatile fluoride, hydrogen, and oxygen-bearing
phases, a major advance toward on-line analysis
of salt purity will have been achieved.

8.2 MSRE FUEL CIRCUIT
CORRDSION CHEMISTRY

Corrosion on salt-metal interfaces in the MSRE
is signaled by an increase of chromium concen-
tration in salt specimens. An increase of 10 ppm
corresponds to the removal of approximately 40 g
of chromium from the Hastelloy N surfaces. Cur-
rently, the chromium concentration of the fuel
salt is 72 =7 ppm; this concentration represents
an increase of only 34 ppm and removal of about
170 g of chromium from the Hastelloy N container
since operation of the MSRE began in 1965. If
the total amount of chromium represented by this
increase were leached uniformly from the fuel
circuit, it would correspond to removal of chromium
from a depth of 0.22 mil. Recent evidence indi-
cates, however, that only half the chromium in-
crease observed in the fuel salt may be attributed
to corrosion in the fuel circuit.

On termination of run 7, graphite and metal
surveillance specimens were removed from the
core of the reactor and were replaced with speci-
mens contained in a new perforated metal basket.
Fuel specimens taken throughout the next run,
No. 8, were found to contain a chromium concen-
tration of 62 ppm, rather than 48 ppm, the average
concentration which had persisted almost from the
beginning of power operations. Since the only
known environmental alteration was the installa-
tion of the new surveillance specimen assemblage,
we speculated that the container basket and the
Hastelloy N specimens had sustained most of the
corrosion responsible for the observed increase
in chromium, and that corrosion might be evident
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to a depth of 10 mils. However, recent inspection
of specimens from the basket (see Part 5, this
report) did not disclose that the anticipated cor-
rosion of the metal had occurred.

On several previous occasions, salt was re-
turned to the fuel circuit after storage in the drain
tanks without developing evidence of an increase.
Nevertheless, we are forced to conclude that the
increase of chromium in the fuel salt took place
while it was stored in the drain tank during the
ten-week interval between runs 7 and 8.

Although it is not evident how the drain tank
may have become contaminated, its surface seems
to be the source of the additional chromium in the
fuel salt. If all the chromium was leached uni-
formly, corrosion in the drain tank will have
reached a depth of 0.7 mil. If the increase of
48 to 62 ppm is attributed to the drain tank, the
total increase of chromium resulting from fuel-
circuit corrosion is only 20 ppm throughout the
entire operation of the MSRE, and corresponds to
~ 100 g of chromium, or 0.13 mil of generalized
corrosion in the fuel circuit.

8.3 ADJUSTMENT OF THE UF; CONCEN.
TRATION OF THE FUEL SALT

The fuel salt, free of moisture and HF, should
remove chromium from Hastelloy N only by the
equilibrium reaction

1, 0 P n
/2Cr +UF, = ,/2CrP 5

+ UF
(@) 3

(d) (d)

When the above corrosion equilibrium was first
established in MSRE power operations, the UF,
produced in this reaction, together with that -
originally added to the fuel concentrate, should

have totaled 1500 g, with the result that as much

as 0.65% of the uranium of the system could have

been trivalent soon after the beginning of power

operation. The UF, content of the MSRE fuel

was determined after approximately 11,000 Mwhr

of operation to be no greater than 0.05%. The

fuel salt was considered to be far more oxidizing

than was necessary and certain to become more

so as additional power was produced unless ad-

justment was made in the UF | concentration. A

program was initiated early in 1967 to reduce 1 to

1.5% of the uranium inventory to the trivalent

+ ) .
state. The U3" concentration has been increased



since that time by addition of 84 g of beryllium
metal. The method of addition was described
previously. ®

The low corrosion sustained by the MSRE fuel
circuit, which is in general accord with the re-
sults from a wide variety of out-of-pile corrosion
tests, might have been expected to be greater
during the first 10,000 Mwhr of operations be-
cause the UF, concentration of the fuel was
markedly less than was intended. According to
Grimes,” ““The lack of corrosion in the MSRE
melts which appear to be more oxidizing than
intended can be rationalized by the assumption
(1) that the Hastelloy N has been depleted in Cr
(and Fe) at the surface so that only Mo and Nj
are exposed to attack, with Cr (and Fe) rea<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>