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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 materials in
suitable carrier salts. The program is an outgrowth of
the effort begun over 20 years ago in the Aircraft
Nuclear Propulsion program.to make a molten-salt
reactor power plant for aircraft. A molten-salt reactor —
the Aircraft Reactor Experiment — was operated at
ORNL in 1954 as part of the ANP program.

Our major goal now is to achieve a thermal breeder re-
actor that will produce power at low cost while simul-
taneously conserving and extending the nation’s fuel
resources. ' Fuel for this type of reactor would be
233yF, dissolved in a salt that is a mixture of LiF and
BeF,, but it could be started up with 235U or
plutonium. The fertile material would be ThEF, dis-
solved in the same salt or in a separate blanket salt of
similar composition. The ‘technology being developed
for the breeder is also applicable to high-performance
converter reactors.

A major program activity is the operation of the
Molten-Salt Reactor Experiment. This reactor was built
to test the types of fuels and materials that would be
used in thermal breeder and converter reactors and to
provide experience with the operation and maintenance
of a molten-salt reactor. The MSRE operates at 1200°F
and at atmospheric pressure and produces about 8.0
Mw of heat. The initial fuel contained 0.9 mole %
UF,, 5 mole % ZrF,, 29 mole % BeF,, and 65 mole %
7LiF, a mixture which has a2 melting point of 840°F.
The uranium was about 33% 235U. ;

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-irofi-chromium alloy with exceptional re-
sistance to corrosion by molten fluorides and with high
strength at high temperature. The reactor core contains
an assembly of graphite moderator bars that are in
direct contact with the fuel. The fuel salt does not wet
the graphite and therefore does not enter the pores.
Heat produced in the reactor is transferred to a coolant
salt in the primary heat exchanger, and the coolant salt
is pumped through a radiator to dissipate the heat to
the atmosphere.

ix

Design of the MSRE started in the summer of 1960,
and fabrication of equipment began early in 1962.
Prenuclear testing was begun in August of 1964, and,
following some modifications, the reactor was taken
critical on June 1, 1965. Zero-power experiments were
completed early in July. After additional modifications,
maintenance, and sealing of the containment, operation
at a power of 1 Mw began in January 1966.

At the 1-Mw power level, trouble was experienced
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
by radiation polymerization of a very small amount of
oil that vaporizes after leaking through a gasketed seal
into the tank of the fuel circulating pump. This
difficulty was overcome by installing a specially de-
signed filter in the off-gas line.

Full power was reached in May 1966, and the plant
was operated at full power for about six weeks. Then
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 were taken
from the core and examined.

Power operation was resumed in October 1966 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 accidentally gotten
into an off-gas line, the MSRE was operated in
December and January at full power for 30 days
without interruption. The next 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. An additional operating period of 46
days during the summer was interrupted for main-
tenance work on the sampler-enricher when the cable
drive mechanism jammed. '

In September 1967, a run was begun which continued
for six months, until terminated on schedule in March
1968. Power operation during this run had to be
interrupted once when the reactor was taken to zero
power to repair an electrical short in the sampler-
enricher.




Completion of this six-month run brought to a close
the first phase of MSRE operation, in which the
objective was to demonstrate on a small scale the
attractive features and technical feasibility of these
systems for civilian power reactors. We believe this
objective has been achieved and that the MSRE has
shown that molten-fluoride reactors can be operated at
temperatures above 1200°F without corrosive attack on
either the metal or graphite parts of the system, that
the fuel is completely stable, that reactor equipment
can operate satisfactorily at these conditions, that
xenon can be removed rapidly from molten salts, and
that, when necessary, the radioactive equipment can be
repaired or replaced.

The second phase of MSRE operation began in
August 1968, when a small facility in the MSRE
building was used to remove the original uranium
charge from the fuel salt by treatment with gaseous F,.
In six days of fluorination, 219 kg of uranium was
removed from the molten salt and loaded onto ab-
sorbers filled with sodium fluoride pellets. The decon-
tamination and recovery of the uranium were very
good.

While the fuel was being processed, a charge of 233U
that had been made in the Savannah River reactors was
converted to UF,-LiF enriching salt in ORNL’s Tho-
rium-Uranium Recycle Facility, The enriching salt was
added to the original carrier salt, and in October 1969
the MSRE became the world’s first reactor to operate
on 233U. Power operation on 223U began in January,
1969, and continued until a scheduled shutdown in
June.

The nuclear characteristics of the MSRE with the
2337 were close to the predictions, and, as expected,
the reactor was quite stable. One surprise was a
‘considerable increase in the amount of gas entrained in
the salt, which made the reactor power very noisy. A
slight reduction in the pump speed eliminated the gas.
In May, a small quantity of MSRE carrier salt reserved
from the earlier fluorination was distilled at the reactor

to demonstrate use of this process to recover LiF and
BeF, from irradiated salt. A second period of power
operation with 233U began in August, and in Sep-
tember, shortly after the end of this report period,
small amounts of PuF; were added to the fuel.

A large part of the Molten-Salt Reactor Program is
now being devoted to future moltensalt reactors.
Conceptual design studies are being made of breeder
reactors, and an increasing amount of work on ma-
terials, on the chemistry of fuel and coolant salts, and
on processing methods is included in the research and
development program,

Until two years ago most of our work on breeder
reactors was aimed specifically at two-fluid systems in
which graphite tubes would be used to separate
uranium-bearing fuel salts from thorium-bearing fertile
salts. We think attractive reactors of this type can be
developed, but several years of experience with /2
prototype reactor would be required to prove that
graphite can serve as piping while exposed to high
fast-neutron irradiations. As a consequence, a one-fluid
breeder was along-sought goal. '

In late 1967 two developments established the feasi-
bility of a one-fluid breeder. The first was demonstta-
tion of the chemical steps in a process which uses liquid
bismuth to extract protactinium and uranium selec-
tively from a salt that also contains thorium. The
second was the recognition that a fertile blanket can be
obtained with a salt that contains uranium and thorium
by reducing the graphite-to-fuel ratio in the outer part
of the core. Our studies show that a one-fluid,
two-region breeder can be built that has fuel utilization
characteristics approaching those of our two-fluid de-
signs and probably better economics. Since the graphite
serves only as moderator, the one-fluid reactor.is more
nearly a scaleup of the MSRE.

These features caused us to change the emphasis of
our breeder program from the two-fluid to the one-fluid
breeder. Most of our design and development effort is
now directed to the one-ﬂuxd system.

1":4
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Summary

_PART 1. MOLTEN-SALT REACTOR
EXPERIMENT

1. MSRE Operations

High-power operation with 233U fuel, which began in
January 1969, continued until a scheduled shutdown
on June 1.  After maintenance, inspection, and the
annual test of containment, operation was resumed in
August.

One of the prime ob]ectlves of the high-power
operation was to obtain a very accurate measurement of
the 223U o,/0, ratio. For this purpose samples were
taken after 0.5, 1.8, and 2.9% burnup of the 233U.
Experiments were conducted during this period on the
behavior of cover gas and xenon in the fuel salt at
various fuel circulation rates. Reductants and an oxi-
dant were added to the fuel salt and numerous samples
were taken to investigate the physical and chemical
behavior of the fuel mixture. During the reactor

. operation, a small amount of fuel carrier salt, stripped

of its uranium during the fluorination in 1968, was
transferred to the distillation experiment set up in the
reactor building.

There were no significant delays in the experimental
program due to equipment problems, although re-
current plugging in the off-gas system required some
attention. An indication of the absence of serious
problems is that from January to June 1, the reactor
was critical 95% of the time.

During the shutdown, core specimens were removed
and a different array installed, control rod drives were
repaired or replaced, one control rod was replaced, and
the off-gas lines were cleared either by heating and
blowing or (in the case of the overflow tank vent) by
replacing a plugged valve. Large amounts of data on
fission product distributions were obtained by remote
gamma spectrometry during the shutdown and the

* subsequent startup. (The measurements during the

startup were through holes dnlled in the shield during
the shutdown.) ‘

The valves most important to primary containment
were tested during the shutdown, and just before the
startup the secondary containment was tested at 20

X1

psig. Pressure tests of the fuel and coolant salt systems
at 60 psig were performed during five days of flush-salt
circulation.

The first experiments after the startup were aimed at
the behavior of cover gas in the flush and fuel salts and
its effect on xenon poisoning. Significant differences
were observed between helium and argon.

2. Reactor Analysis

Because some cross sections have been revised since
the physics analysis of the MSRE with 235U was made,
the analysis was repeated using the more up-to-date
values. Reaction cross sections averaged over the neu-
tron energy spectrum-and fuel volume were recalculated
for a number of nuclides in the salt, and the variation in
these cross sections with the reactor operating condi-
tions was studied. Some differences in the average cross
sections for 235U, 238U, and 23°Pu were found. These
differences change the calculated critical 235U concen-
tration by a maximum of about 2% and thus have a
relatively insignificant effect on the interpretation of
the critical experiment. However, increases in the
average 232U absorption cross section led to an increase
of nearly 5% in the calculated net depletion rate of
uranium for a specified fission rate in the reactor and
about a 20% increase in the plutonium production rate.

'. 3. Component Development

The freeze flange thermal cycle test was continued
with no external damage through cycle 400, when it

“was shut down for internal’ inspection and minor

repairs. A fluorescent dye penetrant more sensitive than
the one previously used gave a completely new pattern
of fatigue cracks and porosity 'indications. None of the
mdlcatlons are in the locations Whlch would cause
concern.

The much improved remote gamma spectrometer
system was. put into operation and performed as
planned.

In connection with the development of off-gas
systems, a model based on conventional mass transfer
concepts was developed in an attempt to describe




quantitatively the migration of noble metals in the
MSRE.
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Operation of the Mark 2 fuel pump with molten salt -

at 1200°F and 1350 gpm passed 8400 hr. After the
pump tank operating liquid level was raised, void-
fraction measurements indicated there was no detect-

able quantity of gas bubbles circulating in the salt,and

- the plugging rate in the off-gas line decreased con-
siderably.

4, Instruments and Controls

Efforts to improve reactor diagnosis by noise analysis
were hampered by limitations of the pressure-measuring
system. The analytical model used in the analysis was
verified, however, and it was shown that plugging in the
off-gas line could be detected at an early stage by
analysis of the pressure noise. Continuous indicators of
pressure and neutron noise levels were installed for use
by the reactor operators, ,

Only relatively minor maintenance and modifications
were required in the MSRE instruments and controls.

PART 2. MSBR DESIGN AND
DEVELOPMENT

§. Design

The conceptual design study of a 1000 Mw (elec-
trical) single-fluid MSBR power station is essentially
complete, and preparation of a report covering the
study has begun.

Major revisions were made to the MSBR building
design to provide a sealed 134-ft-diam cylindrical
reactor building with hemispherical top to assure
against escape of airborne contaminants during reactor
core maintenance operations. The 3-ft-thick concrete in
the building wall provides biological shielding during
the maintenance and also serves as missile protection.
The core transport cask, now a part of the polar crane
serving the reactor building, has integral hoists for
lifting the reactor core into the cask and lowering it
into the spent-core storage pit.

As a result of a review of the resistance of the
building and equipment supports to seismic disturb-
ances, the reactor plant now rests on a concrete pad
separate from the turbine plant. In this connection, the
availability of pipe supports with vibration-damping
dashpots suitable for high-temperature operation is
being investigated.

The new reactor building layout permits a waste cell

to be provided beneath the reactor cell for storage of a
30-year accumulation of discarded radioactive materials

and equipment. The maximum heat generation in the
pit is about 600 kw, stemming primarily from chemical
processing wastes. The pit will be maintained at 150°F,
or below, by cooling a side stream of the nitrogen
atmosphere with a water-cooled heat exchanger. Dupli-

_cate equipment will be provided.

The primary salt drain tank was redesigned to provide
added reliability in the cooling system through use of
40 separate and autonomous circuits employing natural
circulation of a 7LiF-BeF, coolant salt through 1500
tubes (% in. in diameter) in the drain tank and a
salt-to-water heat exchanger located outside the drain
tank cell. Heat transfer in this éxchanger is by radiation,
with no direct contact between the surfaces that could
result in water entering the salt system. The generated
steam is condensed in air-cooled finned coils in the base
of a 300- to 400-ft natural draft stack, and the
condensate is recirculated. The redesigned drain tank
also serves as a 2.5-hr holdup volume for decay of
off-gases taken from the primary system prior to their
treatment and disposal. The heat load due to the gases
is about 18 Mw (thermal). ‘

The fuel salt circulating pump bowls overflow con-
tinuously into the drain tank. The 1213°F incoming
salt from the pumps flows downward through a %-in.
annular space at the tank wall to remove gamma heat
and to limit the maximum wall temperature to about
1261°F. The fuel salt is continuously returned to the
primary loop by four jet pumps located in the bottom
of the primary drain tank. The drain tank thus achieves
added reliability through being an active part of the
primary system. )

During the past report period an analysis of the
afterheat generation in a drained primary heat ex-
changer was initiated. Deposited noble-metal fission
products are the principal source of heat, with about 60
to 80% being due to gamma emission. Based on
extrapolation of the behavior of tellurium, which
appears to be typical of the gamma emitters, and
assuming that 40% of all noble metals are deposited on
heat exchanger surfaces, the fractional distribution of
the heat is about 60% in the tube annuli, 25% in the
intermediate shell, and 10% in the innermost shell.
Reducing the size of the heat exchangers within the
range of interest does not significantly alter the fact
that about 90% of the gamma energy originating in the
tube annuli remains within the exchanger.

6. Reactor Physics .

Neutronics calculations for the reference one-fluid
MSBR performed in explicit two-dimensional geometry



xiii

confirm the results obtained with the two-dimensional
synthesis technique employed in the optimization code.

Fuel-cycle calculations for molten-salt reactors both
larger and smaller than the reference 1000 Mw (elec-
trical) MSBR show a significant dependence of breeding
performance on reactor power level. Both breeding
ratio and annual fuel yield can be expected to increase a
full percentage point if power level can be raised to
2000 Mw (electrical) and nearly two points if the power
were increased to 4000 Mw (electrical).

Analysis of the effect of varying the average power
density for the 1000 Mw (electrical) MSBR shows that
the reference design, with an average power density of
22 w/cm?, is about optimum in terms of annual fuel
yield, although the conservation coefficient could be
improved slightly by increasing the power density. No
change in ‘the reference design is contemplated, how-
ever, since the selection of core dimensions is partly
based on the lifetime of the core graphite, which is
limited by fast-neutron damage.

A new investigation of the potential performance of a
canned-core MSBR, in which a metallic or graphite
barrier separates the core from the blanket, indicates
significantly better breeding performance than for the
reference one-fluid concept, in spite of neutron cap-
tures in the barrier. Annual fuel yields twice that of the
reference design are indicated. If feasible from other
points of view, such a concept might thus provide a
useful line of development for future MSBR designs.

Gamma: and neutron heating calculations were com-
pleted for the current one-fluid MSBR design.

A digital simulation code, involving a rather detailed
model of the reactor core as well as of the primary and
secondary heat exchange circuits, has been employed to
study the response of the MSBR to various reactivity
perturbations. Frequency response calculations for the
reference MSBR at full power show no tendencies to
instability. . :

Additional calculations for various possible configura-
tions of a molten-salt breeder experiment show that
breeding ratios near unity, with 233U fuel, could be
achieved with power levels of @bout 150 Mw (thermal)
and with a maximum core power density of about 100
wlem®. o . B
' The measured value of the 23°U - capture-to-
absorption cross-section ratio in:the MSRE is in
excellent agreement with the calculated value, providing
good confirmation of cross sections and computational
models used in MSBR design calculations. Similar
experiments are in progress for 233U.

- 7. Systems and Components Development

Pressure-drop measurements were made for four
models of the bubble generator, and contraction and
expansion coefficients were determined. Addition of a
surfactant, normal butyl alcohol, was shown to
markedly reduce the coalescence of bubbles in tests
with water.

The steam-generator industrial program consists of
four phases that will result in the design, development,
and fabrication of a full-size, full-length tube unit for
testing in the Prototype Tube Test Stand; an MSBE unit
for testing in the Engineering Test Unit; and the steam
generator for use in the MSBE. Phase I will produce a
conceptual design for use with the ORNL reference
design of the 1000 Mw (electrical) MSBR. The salt
flows and temperatures for all operating conditions and
the steam and feedwater inlet and outlet temperatures
and pressures at full load will be specified by ORNL
based on. the requirements for the prevention of
freezing of the salt or excessive thermal cycling of the
system components. An alternative conceptual design
will be made for the same salt conditions, but without
the restrictions on the steam system. The request for
directive for the steam generator prototype tube test
stand has been deferred pending completion of the
conceptual system design description and availability of
funds.

The NaBF, circulating test loop was operated for a
total of 3600 hr during the report period to continue
the investigation of problems associated with corrosion
product deposition and with off-gas system restrictions.
Seven tests were made with the cold finger, and
chemical analyses made of green deposits obtained
during some of these tests indicated up to 8%
chromium. No definite conclusions were reached as to
the identity of the compounds forming the deposits. An
analysis of data on impurities found in salt -samples
taken during circulation of the clean -batch of salt
indicates that the solubility of iron at 1025°F is
500550 ppm. The analytical results for oxygen and
water in the salt have a low level of confidence. A hot
trap for retention of salt mist was found to have about
a 50% efficiency using either of two different internal
arrangements. An - examination of several possible
sources indicated that emissions of acid fluid were
resulting from contamination of the system with wet air
during routine operational and maintenance activities.

A request for proposal package to obtain the MSBE
salt pumps from the United States pump industry was
completed. The package includes the specifications for
the primary and the secondary salt pumps, the pro-




posed scope of work, information required in the
proposal, and copies of the RDT standards referenced
in the specifications. Proposals are being requested from
the Bingham Pump Company, Byron Jackson Pump
Company, and Westinghouse Electro Mechamcal Dl-
vision.

Programmatic approval was received from the AEC to
proceed with the design of.the MSBE salt pump test
stand. The conceptual system design description of the
stand was completed and released for distribution. The
preliminary design has been started and is scheduled for
completion by November 1969.

The detail design of the ALPHA pump (for up to
30-gpm use in test loops) was completed, and the
fabrication of the water test pump was initiated. Water
tests will be performed to determine the pump hy-
draulic characteristics and to control the “fountain
leakage” from its entrance into the pump tank to its
return to the impeller inlet.

Performance tests were conducted W1th the plpe
cutting and welding devices developed and fabricated as
modifications of equipment designed for the U.S. Air
Force by North American Rockwell Corporation.
Cutter performance tests included saw tracking and
runout determinations and machining studies on stain-
less steel -and Inconel piping. Life expectancy of the
cutter blades was determined for various tools, material,
and cutter speeds. A machining technique was de-
veloped for remotely preparing J-bevel pipe ends for
welding. Some tests were started on repairing weld
defects. A 7-min color movie was prepared to show the
performance of remote maintenance operations with
the orbital equipment.

8. MSBR Instrumentation and Controls

The analog model of the 1000 Mw (electrical) MSBR
is being refined and expanded to include additional
nodes for more accurate simulation and more recent
data from the project for calculation of important
coefficients. The new model includes considerable
latitude for trying different control schemes and should
be representative of expected performance over a wider
range of power levels,

As an adjunct to the transient sxmulatlon a study is
being made of steady-state part-load plant conditions to
determine - suitable profiles of temperature and flow
within the limits imposed - by salt freezing, pump
capabilities, etc.

A subcontract with the University - of Illinois for a
hybrid computer study ‘of molten-salt supercritical
steam generators has been terminated, and a final report
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of the work will be issued shortly. This work will be
continued  at the ORNL Hybrid Computing Facility,
which is expected to be operational early in 1970.

9. Heat and Mass Transfer and
Thermophysical Properties

- Heat Transfer, — New heat transfer results have been
obtained with a proposed MSBR fuel salt (LiF-BeF,-
ThF,-UF,, 67.5-20-12-0.5 mole- %). :In the - recent
experiments a replacement test section was used be-
cause the original one may have caused flow disturb-
ances leading to megular axial wall temperature pro-
files. :

The new results in the lower laminar ﬂow reglon
(Reynolds modulus, Ny, less than 1000) and in the
upper transition and turbulent flow regions (W,
greater than 3500) were characterized by regular axial
temperature profiles indicative of developing flow in
the laminar region and fully developed flow in the

. transition and turbulent regions. The existence of fully

developed flow is in marked contrast with the results
obtained using the original test section, which suggested
flow transition effects extending the full length of the
tube. The axial temperature profiles, together with the
corresponding bulk liquid temperatures, were employed
to derive heat transfer coefficients and Nusselt moduli
for comparison with the published correlations of
Sieder and Tate for laminar and turbulent flow,
Martinelli- and Boelter for laminar flow, McAdams for
turbulent flow, Colbum for turbulent flow, and Hausen
for transitional flow. The data agree best with the
equation of Sieder and Tate in the low laminar range
and with that of Colburn in the turbulent range, Ny,
greater than 12,000.

Least-squares fitting of the data to an equation which
assumes the Nusselt modulus to depend on some power
of the Reynolds modulus has resulted in dimensionless
correlations of the data for Ny, < 1000 and Ny, >
12,000 with average absolute deviations of about 5%.
No correlations could be developed in the range 1000 <
Np, < 3500 because of irregular axial temperature
profiles indicative of flow transition, the effects of
which persisted over most of the test section length.

‘Thermophysical Properties. — The effect of heat
shunting around the specimen in the present variable-
gap thermal-conductivity - apparatus on the measured
thermal conductivity has been analyzed. This problem
is particularly serious for fluids having conductivities
less than 0.05 w cm ™! °C™!, which include the salts of
interest to the MSRE and MSBR. ‘A correction factor
has been derived which depends on gap spacing,



specimen conductivity, and the fixed thermal resistance
of the gap. Applied to the measured conductivities of
the calibration fluids water, Hitec salt, and mercury,
this correction factor brings the results into good
agreement with accepted published values. The meas-
ured conductivities of the MSRE fuel and coolant salts
and proposed MSBR fuel and coolant salts have likewise
been corrected, resulting in a small decrease from
previously published values.

Xv

Mass Transfer to Circulating Bubbles. — Shakedown '

tests of the experimental facility revealed some prob-
lems with the pump and heat exchanger, which are
being corrected. The facility incorporates a variable-area
nozzle with gas injection into the throat for bubble
generation and a bubble separator which combines
centripetal and gravitational separation with the barrier
effect of a wetted screen. A theoretical description of
the mass transfer process is under development which
assumes that a bubble moves at the local velocity of the
liquid and that the flow field near the bubble-liquid
interface is primarily the turbulence fluctuations. An
improved eddy diffusivity method is being investigated
which relates this parameter to the mean flow, concen-
tration gradient, and interfacial boundary conditions.

PART 3. CHEMISTRY
10. Chemistry of the‘MSRE

Refinement of the material balance for MSRE fuel
and flush salts was effected by experimental determina-
tion of the quantity of residual carrier salt in the drain
tank. Nominal values of the uranium tetrafluoride
concentration in the fuel salt derived therefrom were
found to be in excellent agreement with the analytical
results. Comparison of the analytical values for plu-
tonium in the fuel salt with values anticipated from
nuclear data showed good agreement at the begmnmg
of 233U operations.

Variations in the void fraction of the circulating fuel
salt using helium and argon cover gases were ration-
alized on the basis of the relative solubilities of these

- gases and the probable relation of gas-salt mass transfer

in interfacial tension on these phenomena

. 11. Fission Product Behavior S

A fourth set of graphite and Hastelloy N surveillance
samples, removed from the MSRE core after the June
1969 shutdown, was subjected to radiochemical anal-
ysis. No significant difference was noted with respect to
polished or unpolished graphite surfaces, and with the
possible exception of !32Te, no significant difference

with exposure time. Although flush salt was not used,
metal surfaces were free of uranium. The quantity of
1351 on these surfaces exceeded previously observed
amounts by a factor of 3.5.

The surface tensions of MSRE fuel salt and flush salt
were measured using a capillary depression method in
graphite. The decrease in surface tension observed while
the fuel salt was being reduced by metallic beryllium
corresponds to a higher helium solubility and thus a
reduced bubble fraction at a given gas entrainment rate.

A study of the redox potential of niobium in the
MSRE fuel salt was initiated in tracer-level experiments
with ®5Nb and a molten mixture of LiF-BeF,-UF,.

Studies of the disproportionation reactions of MoF;
in LiF-BeF, mixtures were continued using mass
spectrometric methods. Appearance potentials and ioni-
zation efficiency curves for molybdenum and niobium
fluorides were shown to imply the existence of multiple
parent species. Determination of the identity and
relative abundance of parent species remains an object
of the continuing investigation.

12. Properties of Fluoroborate
Coolant Salts

Mixtures of the alkali fluoroborates continue to
exhibit chemical and physical properties which favor
their use as coolants for molten-salt breeder reactors. A
program for characterizing the physical and chemical
properties of the alkali metal fluoroborates was ex-
tended to develop a broad base of information about
this important and heretofore unexploited class of
molten salts. Measurements of the properties of these
materials were extended to include experimental deter-
mination of the liquidsolid and solid-solid transition
temperatures, densities, refractive indices, decomposi-
tion pressures, x-ray crystal parameters, fuel-coolant
mixing reactions, and equilibrium phase relationships.
Other effort was devoted to the synthesis of highly pure
crystals of sodium fluoroborate and sodium hydroxy-
fluoroborate as research materials.

Molar volumes and expansivities, derived from the
density-temperature equations of- the (molten) alkali

fluoroborates, were -calculated -at two corresponding

temperatures. Molecular polarizabilities of the five
crystalline fluoroborates were ‘calculated from the
observed indices of refraction. -

13. Physical Chemistry of Molten Salts

A study of the equilibrium phase behavior of CeFj, as
proxy for PuF,, in the system LiF-BeF,-CeF; was




xvi

initiated as a part -of a long-range study of the system
LiF-BeF, -ThF, ‘Cng (P11F3) *Evidence of lquld
.immiscibility was noted with mixtures which contain
low concentrations of LiF.

Experiments were initiated to synthesize sparingly
soluble compounds which could act as selective ion
exchangers for the rare-arth fission products. Of some
_six oxides tested, vanadium(V) oxide -and chro-
‘mium(IIl) oxide warranted further study. Measure-
ments of the solubility of thorium in thorium tetra-
fluoride were completed. The low solubility observed
indicates that the formation of thorium(lII) fluoride is
unlikely. High-temperature emf measurements with
LiF-BeF, melts were applied to determine transport

numbers of lithium and beryllium ion relative to.

fluoride ion. Such measurements were used to develop a
highly precise experimental method for determination
of liquidus curves in fluoride systems.

"By use of a modified cell design and carefully
prepared starting materials, improved values (+0.5%) for
the specific conductance of LiF-BeF,; (66-34 mole %)
and its temperature variation were obtained. Electrical
conductivities of low-melting. NaF-BeF, mixtures were
measured and the temperature dependence analyzed in
terms of the zero-mobility temperature, Ty. Values of
zero-mobility temperatures were found to be similar in
magnitude to those obtamed previously in the LIF-
BeF, system.

Viscosities of MSBR fuel and coolant mixtures were
‘measured at temperatures in the range 400 to 680°C
(~750 to 1250°F). The densities of these molten
mixtures ' were measured by dilatometric methods.
Expansivity of ThF, mixtures showed little change
with variations in the concentrations of Bng and
ThF4

14. Chemistry of Molten-Salt Reactor -
Fuel Reprocessing Technology

The effort to develop a molten-salt fuel technology
by using reductive extraction methods was expanded to
include examination of various metal additives to

~bismuth and tin for possible process application. The
addition of magnesium to bismuth resulted in the
near-stoichiometric reduction of thorium from the salt
phase. Similar results were obtained on addition of
aluminum to tin. The distributions of cerium between
the reference fuel solvent and pure tin were measured at
various thorium concentrations in the metal phase.
These values and separation factors D /Do, Were not
so favorable as those previously obtained in the
salt-bismuth extraction systems. In related experiments

the extraction of europium from the simulated MSBR
fuel solvent into an immiscible fluoroborate salt phase
was examined. Although this system was adjudged as
not feasible for application to rare-earth separations
processes, the experimental results provide a basis for
further examination of mixing reactions between the
proposed MSBR fuel and coolant salt systems.

A small pumped loop was operated to investigate the
electrolytic reduction of thorium from a simulated
MSBR fuel solvent into molten lead and its simultane-
ous back extraction into a recovery salt. Low thorium
transport rates were encountered.

Tentative evidence ‘which indicates that zirconium
may be separated from fuel mixtures without concur-
rent loss of uranium or thorium was discovered.
Separation is effected by precxpxtatlon of a platmlde
phase in bismuth.

15. Development and Evaluation of
Analytical Methods for Molten-Salt
Reactors

New . parts are being fabricated for the renovation of
the apparatus for determining the oxide content of
reductive salts. As was mentioned in the last report, the
NaF trap restricts the gas flow in the system and must
be replaced. The equipment for the voltammetric
determination of U(III) in radioactive MSRE fuel was
installed in the hot cell. The one determination which
was made showed that 0.4% of the total uranium was
present as U(III). An experimental setup at the Y-12
site is being used to follow the change in the U(IV)/
U(III) ratio in a simulated MSRE fuel as either the
U(V) is reduced or the U(I) is reoxidized. Fair
agreement for the determination of various U(IID)
concentrations has been obtained by voltammetric,
potentiometric, and spectrophotometric methods.
Reduction of the fuel resulted in disagreement between
the amount of zirconium consumed and the amount of
known species reduced. This is receiving further investi-
gation, :

- To gain experience in adapting small on-hne com-
puters to electroanalytical methods, a PDP-8 computer
was programmed to operate a cyclic voltammeter. The
PDP-8 furnished all command signals to the voltam-
meter and computed U(IV)/U(III) ratios from the
derivative of the U(IV)-U(III) reduction wave. In other
electroanalytical studies, kinetic parameters were deter-
mined for the Ni/Ni(II}) couple in molten LiF-
BeF,-ZrF, by the relaxation voltage step and chrono-
coulometric methods. :
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- Evidence derived from spectral studies has shown. that
the superoxide ion, O,”, exists in several molten
ﬂuonde solutions. This raises the possibility of radio-
lytic generation of O, from 0% in the MSRE and
should be investigated when the hot-cell spectro-
photometric facility becomes operative. The design and
fabrication of the optical components of the hot-cell
spectrophotometer have been completed by the vendor.
After receipt the entire facility will be installed in
Building 3019 for final acceptance tests. Some prob-
lems have been encountered with accessory equipment,
and these are being corrected. The possibility now
exists for the fabrication of a fixed-path-length window-
less spectrophotometric cell for studies of molten
fluoride salts. It has been demonstrated that stainless
steel “porous metal,” developed by P. R, Mallory and
Company, will adequately hold aqueous solutions for
spectral- study. This company has agreed to fabricate
experimental batches of porous metal from Hastelloy
N. : : : '

Tests of possible methods for the removal of oxide
from NaBF, hawe shown that BF; is ineffective but
that oxide can be removed by hydrofluorination. A
study is being conducted to establish the optlmum
condltlons for oxlde removal with HF.

A spectrographlc method and a polarographlc method
for the determination of bismuth in MSRP salts have
shown sensitivity limits of 0.002 and 0.05 ppm respec-
tively. .

‘ PART 5. MATERIALS DEVELOPMENT

16. MSRE Survelllance Program

 Surveillance samples of graphite and Hastelloy N were
removed from the MSRE on . June 5, 1969. Some
samples had been at temperature in the reactor for 2.6
years and.were exposed.to fast (50 kev) and thermal
(<0.876 ev) fluences of 1.1 X 10?*! and 1.5 X 10%!
neutrons/cm?® respectively. The samples were sound,
but the metal was darker in appearance than usual.
Metallography showed some cracking (3-mil depth) of
the Hastelloy N straps that hold the surveillance
assembly together. Mechanical property tests on the
Hastelloy N- samples show -a continuation . of. the
decrease in fracture strain with increasing fluence. The
reduction in :fracture strain at low temperatures is
attributed to carbide precipitation, and the reduction at
high temperatures is due to the production of helium in
the material from the ' ®B(n,a)”Li transmutation.

17. Graphite Studies

Most of the available commercial graphites have been
irradiated to a fluence of 3.8 X 10?2 neutrons/cm?.
The dimensional changes of all of the materials are too
large to allow during service, but two graphites show
exceptionally good dimensional stability up to fluences
of 2.5 to 3.0 X 10?2 neutrons/cm?. Density measure-
ments show that most of the volume change is
associated with changes in the pore structure. The x-ray
diffraction studies have concentrated on measuring the
crystalline anisotropy, and comparisons of these meas-
urements with observed dimensional changes during
irradiation: reveal the importance of - isotropy. The
knowledge gained from studies on commercial graphites
is being used to fabricate small experimental:lots of
graphite. Suitable techniques have been developed for
sealing three very different graphite substrates with
carbon to reduce the gas permeability. The desired
permeability of <10™® c¢m?/sec can be obtained rou-
tinely, and experiments are in progress to ascertain how
the permeability changes during irradiation.

18. Hastelloy N

Several chemical modifications of Hastelloy N are
being studied in an effort to develop an alloy with
improved resistance to embrittlement by neutron irradi-
ation. Additions of 1% Ti result in an alloy containing
the MC-type carbide with good pre- and postirradiation
properties. Lesser amounts of titanium lead to the
formation of mixed MC and-M,C carbides with less
attractive properties. Alloys that contain Nb, Hf,and Y
also look promising, with fracture strains of 4 to 23%
(compared with 0.5 to 3% for standard Hastelloy N). A
strong correlation between good postirradiation proper-
ties and formation of the MC:type carbide still holds.

The compatibility of Hastelloy N with several fluoride
salts is being studied, with primary emphasis on the
coolant salt sodium fluoroborate. The corrosion rate is
accelerated by the presence of moisture. A pump loop
containing coolant salt with 1500 ppm water has
corroded at an average rate of 1.3 mils/year for 4000
hr. Observations on athermal convection loop contain-
ing fertilefissile salt with a bismuth appendage show
that the corrosion behavior is not affected appreciably,
although detectable quantities of bismuth moved into
the salt stream and metal impurities were extracted
from the salt stream by the bismuth. ‘

Corrosion - data for Hastelloy N in steam are very
meager, and we have installed a facility in the Bull Run
Steam Plant for obtaining such information. The
facility became operational on August 7, 1969.
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19. Support for Chemical Processing

We “have deposited coatings of tungsten on plain
carbon steels and type 304 stainless steel in an effort to
obtain materials that have good corrosion resistance in
bismuth. Tungsten has a lower coefficient of thermal
expansion than these steels, and the coatings spall
during thermal cycling. We are attempting to reduce the
spalling problem by varying the coating parameters and
by using other substrate materials with lower expan-
sion. :

The primary problem with using molybdenum for a
chemical processing plant is the ability to join this
material. Welds are extremely brittle, and the base
metal even becomes brittle at room temperature when
it is fully recrystallized. Early compability tests on an
alloy of iron, boron, and carbon look promising.

20. Support for Components Development
Program

One of the primary problems in making good remote-
maintenance welds is to obtain good enough alignment
between the pieces to be welded to obtain a good root
pass. Various techniques for obtaining better root
passes are being evaluated.

PART 6. MOLTENSALT PROCESSING -
AND PREPARATION

21. Measurement of Distribution Coefficients
in Molten-Salt—Metal Systems

Distribution of actinide and lanthanide elements
between .molten fluoride salts and liquid bismuth
solutions is being studied as part of the development of
a reductive extraction process for single-fluid MSBR
fuels. Equilibrium data obtained at 600°C with LiF-
BeF; -ThF; (72-16-12 mole %) show that the uranium-
neptuniurm separation factor is about 3, that plutonium,
americium, and californium are nearly inseparable, and
that the plutonium-curium separation factor is about
10. Studies with several rare earths showed that the
rare-¢arth—thorium separation factors (1 to 3.5) are not
markedly temperature dependent in the range 525 to
750°C. Selective precipitation of thorium bismuthide
from thorium—bismuth—rare-earth solutions is being
evaluated as a means of enhancing the overall rare-
earth—thorium separation factors in the reductive
extraction process.

‘Since plutonium will be added to the present MSRE
fuel salt as PuF; powder, tests were conducted to
demonstrate that powdered PuF; would dissolve
rapidly in LiF-BeF, (66-34 mole %) at about 600°C. In
addition, values for the solubility of PuF; in this salt at
several temperatures were confirmed.

22. Flowsheet Analysis

Calculations have been continued on several aspects
of the flowsheet proposed for processing single-fluid
MSBR’s. Steady-state calculations indicate that isola-
tion of protactinium is feasible for a reactor fueled with
either uranium or plutonium. Approximately 90% of
the protactinium in the reactor system could be
retained in a salt volume of 200 ft®. Calculations on the
transient performance of a reactor fueled with uranium
indicate ' that the relatiwly large protactinium decay
tank tends to stabilize the isolation system and that the
system can be controlled by determination of the
uranium concentration in the salt entering the decay
tank.

Calculations on the removal of rare earths by reduc-
tive extraction indicate that about 24 stages will be
required in the extraction column in order to obtain
adequate rare-earth removal times with bismuth flow
rates of 15 gpm and process cycle times of 30 days. The

optimum feed point location is near the top of the

column for rare-earth—thorium separation factors be-
low 1.3 and is shifted downward as the separation
factor is increased.

Operation of the reductive extraction system for
rare-earth removal requires that only a negligible quan-
tity of ThF4 remain in the salt which passes through
the electrolytic cell and returns to the bottom of the
extraction column. Calculations indicate that removal
of ThF, from the salt can be effected by countercur-
rent contact of the salt with a lithium-bismuth stream
having a lithium concentration of 0.008 mole fraction
at a metal-to-salt molar flow ratio of 74.6. Two to three
theoretical stages will be required to maintzin the
desired extent of ThF,; removal.

23. Engineering Development of Process Operations

A reductive extraction system has been installed
which will allow the countercurrent contact of up to 15
liters each of molten salt and bismuth in an 0.82-in.-ID
packed column. About 200 kg of bismuth and 53 kg of
molten salt (72-16-12 mole % LiF-BeF,-ThF,) was
charged to the system and purified by contact with Hy
and H;-HF mixtures. Attempts to operate the system



have revealed difficulties with deposition of iron in
bismuth transfer lines, collection of bismuth at a low
point in a salt transfer line, and external air oxidation
of the carbon steel tubing. Measures to correct or
minimize these problems have been taken.

An electrolytic cell is an important and necessary
equipment item in the reductive extraction systems for
isolating protactinium and for removing rare earths.
Experiments with static cells were carried out which
indicate that heat generation and heat transfer in cells
can be studied using ac power, which does not produce
electrolysis products resulting from use of dc power,
and that a graphite anode cannot be used unless a
means is found for removing CF, gas from the anode
surface. Several experiments were made to study the
use of frozen salt as an electrical insulator as well as for
providing corrosion protection. It was found that
frozen layers of salt could be maintained with difficulty
in the presence of high heat generation rates, and
further studies with cells of improved design will be
carried out. A facility for testing electrolytic cells under
flow conditions is being installed. Salt and bismuth will
be circulated by gas lift pumps, and measurement of the
salt and bismuth flow rates will be accomplished by
gravity-head-type orifice flow meters. Initial experi-
ments for determining orifice coefficients with bismuth
show a greater degree of scatter than is tolerable;
however, it is believed that additional experiments will
result in acceptable operation. Analysis of mass transfer
in electrolytic cells indicates that reduction of BeF,
may be encountered if cathode current densities exceed
0.16 amp/cm?, and experiments to check this result are
planned.

Axial mixing in the salt phase of a salt-metal
contactor can reduce contactor performance. Axial
mixing coefficients were measured in a 2-in.-diam
column packed with % -in. Raschig rings using mercury
and water as substitutes for bismuth and salt. Results
indicate that the axial diffusion coefficient is 3.5
cm?/sec and is essentially constant within the range of
conditions studied. Using this value, estimates were
made of the effect of backmixing on required extrac-
tion column heights for the columns in the proposed
MSBR flowsheet. It was found that while axial mixing
is unimportant in the protactinium isolation columns, it
results in impractical column lengths in the rare-earth
removal system, which operates at a high metal-tosalt
flow ratio. Calculations also indicated that axial mixing
equivalent to backflow of 25% of the salt throughput
would result in an increase in required column length of
only 25%. Development of backflow preventers with
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this effectiveness which could be placed at intervals
along a packed column seems practical, and experi-
ments to develop such devices are under way.

Axial mixing coefficients have also been measured in
a 2-in.-diam open column using countercurrent flow of
air and water as substitutes for F, and molten salt in a
continuous fluorinator. The axial diffusion coefficient
varied from 27 to 59 cm?/sec as the air rate varied from
0.28 to 5.0 liters of air (STP) per minute and was
independent of water velocity for water velocities as
high as 7.8 cm/sec.

24. Distillation of MSRE Fuel Carrier Salt

An experiment demonstrating the high-temperature,
low-pressure distillation of irradiated MSRE fuel carrier
salt has been successfully completed. About 11 liters of
salt were distilled during 31 hr of remote operation.
Eleven condensate samples were taken at approximately
90-min intervals. The effective relative volatilities for
the major components, BeF, and Z1F,, were in agree-
ment with previous measurements, but the relative
volatilities of the rare earths !*#Ce and '*7Pm were
higher than expected by approximately a factor of 30.
Although this would not prevent the use of distillation
for recovery of LiF and BeF; from waste streams,
attempts will be made to resolve this discrepancy.

25. Design Studies for Salt Processing

Natural convection heat transfer coefficients, heat
fluxes, and the thickness of the frozen salt insulating
film were calculated for a hypothetical electrolytic cell
geometry. The calculations showed that the heat fluxes
required to maintain the frozen salt insulators intact
were reasonable, although high, and that a low-melting-
point cell coolant such as sodium or NaK would be
required. Other calculations showed that the heat
transfer properties of water and mercury were similar to
salt and bismuth. Hence the water-mercury system
would be useful for mockup purposes. _

Equipment is being designed and built to study the
continuous hydrofluorination and hydrogen reduction
treatment steps for purifying salt mixtures as a possible
replacement for the time-consuming batch process
method.

It is anticipated that about 30 g of 23°Pu per
full-power week will be added to the MSRE as fuel
starting in September. PuF; powder is being procured,
and specially modified capsules are being fabricated to
permit addition of the PuF; powder to the reactor
system via the fuel sampler-enricher system.
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Molten-Salt Reactor Experiment

P. N. Haubenreich

High-power operation with 233U fuel, already under
way for about six weeks at the beginning of this report
period, continued with only brief”interruptions for
another three months. After a two-month shutdown for
replacement of core specimens, studies of fission
product distributions, annual tests, and necesséry main-

tenance, experimental operation was resumed. Part 1 of -

this report describes the analysis of the reactor be-
havior, equipment performance, and development work
directly related to the MSRE. The studies of fuel
chemistry in the MSRE, with emphasis on the behavior

of fission products, are described in Part 3. Part §

covers the information on reactor materials that was
obtained from the MSRE.

1. MSRE Operations

1.1 CHRONOLOGICAL ACCOUNT OF OPERATIQNé

AND MAINTENANCE
J. L. Crowley T. L. Hudson
J.K. Franzreb  A. L. Krakoviak
R.H. Guymon R. B. Lindauer
P. H. Harley M. Richardson

At the beginning of the report period, power opera-
tion with 233U fuel had been under way for about six
weeks.! Dynamics tests had shown that, as predicted,
the system was quite stable despite the small fraction of
delayed neutrons, and a good start had been made on
the 2% burnup of 233U required for measurement of
the capture-to-fission ratio. In addition to these experi-
ments, which were the primary objectives of . the
changeover to 233U fuel, the behavior and effects of
helium cover-gas entrainment in the fuel loop were
being investigated. The volume fraction of entrained gas
in the fuel loop; which had been <0.1% during the
years of 235U operation, had risen to 0.5-0.7% during
the 233U startup in September 1968. With the begin-

"\ MSR Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, pp. 1-5. : i :

ning of power operation, it was observed that small-
disturbances in reactivity were occurring, -apparently
caused by fluctuations in the amount of gas clinging in
the core. These were investigated intensively, and late in

- February it was shown that the gas entrainment and the

reactivity perturbations could be eliminated by re-
ducing the fuel pump speed to 1000 rpm (from the
normal 1180 rpm). -

Reactor operation continued until a scheduled shut-
down on June 1, and, as shown in Fig. 1.1, nearly all of
the time it was at high power.

It was observed very early that varying the amount of
helium bubbles in the fuel loop by reducing the pump

-speed had a significant effect on the '3%Xe poisoning.

Early in March the power was held to 10 kw for four
days to observe the: xenon stripping transient in the
absence of helium bubbles and then to measure
reactivity effects.of changing pump speed and bubble
fraction in the absence- of xenon poisoning. The
reactivity effects of reduced fluid density agreed with
the - indication of the salt level instrument on the
amount of entrained bubbles as a function of pump
speed. Also during this low-power, low-speed operation,
the temperature coefficient of reactivity was measured
again, this time without the complication of having a

1«34’
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Fig. 1.1. Outline of 233U Power Operation Through August 1969.

gas void fraction’ that varied systematically with the
temperature.? ‘ - '
Through  the remainder of March the reactor was
operated at 7 Mw with only two brief interruptions to
switch the fuel pump power supply. (The power was
limited to 7 Mw to permit operation at reduced fuel
circulation rate or lower temperature without getting
the radiator below 1000°F.) For the last week of the
7-Mw operation the pump power frequency was held at

2MSR Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, p. 8.

58 Hz, just above the threshold for gas entrainment into
the loap, while the fuel temperature, the pump bowl
level, and the loop pressure were varied to define their
effects on the gas entrainment.

On April 3 operation at full power, with the normal
60-Hz supply to the fuel pump, was resumed. In the
next week seven 50-g samples of the fuel sait were
taken for use in the 233U crosssection ratio determi-
nation. On April 10 a blown fuse caused an unusual
electric power failure which resulted in the fuel and
coolant salts draining. When operation was resumed a
bias in the controller for the fuel drain valve caused the

C



freeze plug to be abnormally short, and after three days
of salt circulation it accidentally thawed, draining the
fuel again. :

On May 4 heat removal was stopped as a precaution
when the instrument that monitors the cooling stack
for beryllium broke down. :

During April and May several small additions of
reductants and oxidants were made to the fuel salt. One.
purpose was to observe the effects on noble metal
fission product behavior; another was to observe effects
on the physical behavior of the fuel salt. Since the
resumption of operation in September 1968, exposures
of beryllium metal in the pump bowl ‘had  been
accompanied by changes in the amount of entrained gas
in the.loop and in the rate of transfer to the overflow
tank. Between. April 15 and 25, while the reactor was
operating at full power and normal circulation rate,a
different reductant, zirconium, was added to the salt to
observe its effects. As in the beryllium additions, small
rods contained in a perforated nickel capsule were
lowered into the fuel in the pump bowl. Two additions
were made: the first put 20 g of zirconium into the salt;
the second, 24 g. The gas fraction in the loop, which
was running about 0.6 vol %, decreased by a factor of 2
while the zirconium was reacting but returned to the
earlier value after the capsule was withdrawn. In the
second of the two additions the entrained gas re-
peatedly decreased and increased as the zirconium was
immersed  and withdrawn. Addition of 30 g of pow-
dered FeF, oxidant had no detectable effect on the gas
fraction. In the effort to elucidate the effect of
reductants on the gas bubbles in the fuel, a device was
developed to measure the surface tension of the salt in
the pump bowl. (See Sect. 11.4.) This consisted of a
caged cylinder of graphite penetrated by various sized
holes into which salt could rise. The surface tensions
measured before and one day after the addition of 5.6 g
of beryllium were quite high and practically the same.
A few days later, on.May 20, exposure of a capsule
containing both perforated graphite and small beryllium
rods produced evidence of reduced surface tension.

By this time high-power operation had burned up
2.8% of the 33U, and between May 21 and 27 eleven
40-g fuel samples were taken, completing the sampling
requirements for the measurement of the o,/o, ratio
for 233U, (See Sect. 6.3.2))

Early in May a fuel processing experiment was carried
out in the reactor building concurrently with reactor
operations. This was the distillation experiment de-
scribed in Chap. 24. Partly because of its importance in
the evaluation of the reactor fuel-salt inventory, before
the fluorinated carrier salt that had been held in the

fuel storage tank was transferred to the still, a con-
siderable effort was made to obtain an accurate
measurement of its volume. When the salt had first been
put in the storage tank, indications were that 2 to 3 ft*
had been transferred, but the bubbler level instrument
was now indicating 9 ft3. To resolve the discrepancy,
35 g of SLiF was dropped into the tank to permit
measurement of inventory by lithium isotopic dilution.
Attempts to sample verified a low salt level (roughly 3
ft3). Vigorous sparging cleared .the bubbler tube of
what had been effectively a variable orifice, and it then
also indicated about 3 ft3. ,
Throughout the run, there had been minor difficulties
with restrictions in the off-gas system. (See Sect. 1.3.4.)
In May restrictions near the fuel pump threatened to
force a premature. shutdown. A partial plug which
appeared to be near the fuel pump bowl exit developed
on May 1 to the point that the normal off-gas flow
produced about a S-psi pressure drop. This caused most
of the offgas to bubble through the overflow tank and
out .its vent (except when the tank was being pres-
surized to recover salt that had gradually transferred
into it). Then on May 24 the vent line from the
overflow tank became almost completely plugged.

‘Thenceforth the gas was forced out through the normal

route, Although the restriction in this line had changed
little in three weeks, to minimize the chances of salt
mist completely plugging the line, the fuel pump was
operated at reduced speed through the scheduled
shutdown on June 1. ‘

Power operation was concluded, as planned, on June

" 1 with a manual scram of the control rods. Over the 20

weeks since the resumption of nuclear operation with
233y on January 12, the reactor had been critical 3175
hr (95% of the time) and had produced 2548 equivalent
full-power hours.

The two months from June 2 through August 1 were
occupied in maintenance and inspection, with the
critical path being a sequence of jobs each requiring the
use of the portable remote maintenance shield. Craft
work was held to 40 hr/week.

The first job in the shutdown was the removal of the
specimen array from the core, accomplished on June 6.
In a departure from previous practice, flush salt was not
circulated, so that the fission product deposition after a
fuel drain might be determined.

During the June 1 shutdown, for the first time in the
four years of nuclear operation, a control rod had failed
to scram, and the ten days after the core specimen
removal were spent in working on the rods and drives.
(See Sect. 1.3.3.) Next the overflow tank vent line was
opened, and the location of the plug was found to be in




a short ‘flanged section containing two valves. This
section was replaced and the line proved to be clear.
The remote maintenance shield was next moved to the
primary heat exchanger, where it was used with the
newly developed remote gamma spectrometry equip-
ment to map the distribution of fission products in the
heat exchanger (Sect. 1.2.5). After a week of this, a
small heater was installed remotely on the fuel off-gas
line at the pump bowl. Heat and gas pressure then
cleared the restriction there. A flange in the line was
then opened and a set of specimens removed. The shield
was moved next to the drain tank cell for replacement
of a leaking disconnect in an air line to a pneumatically
operated valve and for gamma-scanning of the salt in a
drain tank. ‘Finally the remote maintenance shifted
back over the reactor to complete the control rod work,
to install a new experimental assembly in the core
(Sect. 1.3.1), and to remove specimens hung Just
outside the reactor vessel.

Other jobs accomplished during the shutdown were
clearing the coolant off-gas line, repairing the sampler-
enricher manipulator, checking containment valves, and
replacing two valves on the off-gas sampler.

On August 5 the reactor cell was sealed and was then
pressurized to 20 psig for the annual leak test. After a
gasket on an access port in a component coolant dome
was replaced, the leak rate was satisfactorily low. The
salt loops were then heated, filled with coolant and
flush salt, and individually pressure tested at 60 psig in
the pump bowls, with the pumps running.

From August 11 through 15 flush salt was circulated
while seven samples were taken and while experiments
were carried . out on gas entrainment in the " fuel
circulating loop. Circulation of fuel salt started on
August 16. The remainder of the month was spent in
observing effects of changing fuel pump speed and the
type of cover gas (helium or argon) on entramed
bubbles and ! 35 Xe poisoning.

Operating statistics at the’ end of August are given in
Table 1.1.

Table 1.1. Some MSRE Operating Statistics®

233y Operation Total
Critical time, hr ‘ 4,254 15,769
Integrated power, Mwhr 21,276 93,717
* Equivalent full-power hours 2,662 11,668
Salt circulation, hr ]
" Fuel loop 4,825 19,867
~ "Coolant loop 7,167 T 24,073

9Through Aug. 31, 1969.

1.2 OPERATIONS ANALYSIS

One of the primary purposes of the high-power
operation .in the spring of 1969 was to determine very
accurately the ratio of captures to fissions in 233U by
measurement of uranium isotopic changes over a period
of substantial burnup. Samples were taken for this
measurement, but results had not been obtained by the
end of the report period. Operations analysis efforts
focused primarily on the behavior and effects of gas in
the fuel circulating loop. The long-term monitoring of
reactivity, heat transfer, and radiation heating con-
tinued as before. Special attention was given to reactor
heat power measurements for comparison with the total
fissions indicated by the isotopic changes. The con-
tinuing study of the behavior of fission products in the

. MSRE, pursued previously by sampling in the pump

bow!l and examination of specimens from the core, was
augmented by remote gamma-ray spectrometry on parts
of the fuel system.

1.2.1 Reactivity Balance
J. R. Engel

When the MSRE fuel charge was changed from 235U
to 233U, it was necessary to establish a new zero point
from which to start the observation of long-term trends
in reactivity. The initial point was based on the 233U
critical experiment, the excess reactivity added during
the 233U zero-power experiments, and the calculated
effect of mixing the fuel salt at the end of those tests.?
Since then the reactor has operated for more than 2500
equivalent full-power hours (about 20,000 Mwhr), and
five measurements have been made of the zero-power
reactivity with no xenon present. These points are
shown graphically in Fig. 1.2. The large circulating void
fraction and variations in its magnitude contribute to
the uncertainty in. some of. the zero-power data.
Uncertainties due to this effect are shown as error flags
on points obtained when the void fraction was high.
The point .at 12,000 Mwhr includes a —0.06% 5k/k
compensation for a fuel drain and refill, while the
20,000-Mwhr point includes a further compensation of
1+0.06% 6k/k for a drain, flush, and refill. The latter
compensation was based on the assumption that the

amount of flush salt left to mix with the fuel was the ~

same as in similar operations with 235U fuel.

SMSR Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, p. 3.
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Fig. 1.2, Zero-Power Reactivity Balances During 233y Opera-
tion.

Although the apparent decrease in reactivity indicated
by the data in Fig. 1.2 did not approach the adminis-
trative limit of 0.5% 8k/k on reactivity anomaly, all
other possible indications of abnormal reactivity loss
were scrutinized. No evidence of abnormality could be
detected.

1.2.2 Reactivity Effects of Graphite
Distortion

C. H. Gabbard

In two years of power operation with 225U fuel,
while a total of about 72,000 Mwhr was being
produced, there was a gradual drift of the calculated
residual reactivity of +0.15% (ref. 4). One effect that
was expected but had not been included in the
reactivity balance calculation was dimensional changes
in the core graphite due to fast-neutron irradiation. The
type of graphite used in the MSRE undergoes changes
as shown in Fig. 1.3. The result is that the distribution
and the amount of fuel salt in the core change both
from the graphite volume changes and from the bowing
and displacement of the graphite stringers. The changes
as the hundreds of graphite bars bow in various modes
due to the nonuniform flux distribution are quite
complex, and only recently has a computer program
been developed to describe the situation in detail.
During this report period, calculations were completed
on the reactivity effects of these ‘density changes as a
function of integrated power; the results are shown in
Fig.1.4. : S .

* Calculations using either the upper or lower limits of
the graphite damage data indicate a long-term positive
trend in reactivity. The initial decrease in the calcula-
tion using the upper graphite damage curves is caused

'4MSR Program Semiann. Progr. :Rept. Aug. 31, 1968,
0RNL4344, pp. 12-14.
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by the positive slope of the graphite damage curve at
low neutron exposures. This says that the stringers
deflected inward at low values of integrated power and
squeezed fuel out of the core; then as the integrated
power increased, the central stringers began to deflect
outward, bringing fuel back into the central region of
the core and increasing the reactivity. Conclusions
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Fig. 1.5, Cross Section of MSRE Fuel Pump Showing Flow Paths.

based on these calculations are that the gradual upward
drift in reactivity over the 72,000 Mwhr of 235U
operation was probably not due to graphite distortion,
but that during the 233U operations a positive drift of
001 to 0.02% &k/k per 10,000 Mwhr should be
produced by this effect.

1.2.3 Gas in the Fuel System
R.C.Steffy  J. R. Engel

Near the end of the last report period® we began to
develop some interesting information about the be-
havior of circulating, undissolved gas in the fuel loop.
We found that relatively small variations in fuel pump
speed had dramatic effects on the gas void fraction,
both in the pump bowl and in the loop. The investi-
gation of this behavior and of its effects on xenon
poisoning continued throughout this report period.

SMSR Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, pp. 11-16.

The mechanism by which gas bubbles are drawn into
the fuel loop is evident from an examination of Fig.
1.5. The jets of salt from the spray ring, impinging on
the surface of the salt pool, carry under copious
amounts of the gas that fills the upper part of the pump
tank. At normal pump speed (1190 rpm) about 50 gpm
of salt is discharged into the bowl from the spray ring,
and another 15 gpm flows up around the shaft. This salt
flows back into the circulating loop through the ports
below the volute, carrying with it any gas bubbles that
may be in the salt at this depth. If the pump speed is
reduced, the velocity of the jets and the downward
velocity of the salt in the pool -are reduced, thus
reducing the amount of gas at the suction ports.
Consequently the rate of gas ingestion into the loop is a
function of pump speed. (As might be expected, salt
level in the pump tank also affects ingestion rate.)

J. H. Shaffer pointed out that dissolution of cover gas
in the fuel salt can have asignificant effect on the
amount of circulating voids for a given rate of gas
ingestion. For a relatively soluble gas (like helium), a
small fraction of ingested gas at the fuel pump suction
may completely dissolve by the time the circulating

" " (
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Fig. 1.6. Effect of Fuel Pump Speed on Void Fraction in
Pump Bowl.

fluid reaches the reactor core. For a gas that is much
less soluble (like. argon), the same void fraction at the
pump suction may lead to circulating voids all around
the loop. This effect can be shown (see below) to be
highly dependent both on the gas solubility and on the
size of the bubbles that are ingested. Since dissolution
of the cover gas would tend to force into solution in the
salt any xenon carried by the gas, substantial effects on
xenon poisoning could also be expected. '

- Observed Variations in Void Fractions. — The differ-
ence in pressure between the two bubblers (Fig. 1.5) is
an indication of the average density of the fluid in the
2-in.-deep horizontal zone between the bubbler dis-
charge points. With the pump off, the density is that of
the salt; the reduction when the pump is turned on is
proportional to the volume fraction of gas bubbles in
the zone. Figure 1.6 shows the observed variation in the
void fraction in the bubbler zone as a function of pump
speed for two different cover gases, helium and argon.
Data are shown for both flush salt and fuel salt with the
equivalent of 3.in. of pure liquid above the zone. These
data show that there is no measurable difference
between helium and argon in a given salt. However,
with both gases the void fraction appears to be hlgher in
fuel salt than in flush salt. :

Figure 1.7 shows void fractions observed in the loop
at the same times as the pump bowl observations in Fig.
1.6. The fractions with flush salt in the loop were
obtained by the only quantitative indicator available
with the reactor subcritical, namely, the level change in
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Fig. 1.7. Effect of Fuel Pump Speed on Void Fraction in
Fuel Loop.

the pump bowl as gas displaces salt from the loop into
the bowl. The measurement is of the volume of gas
entering the loop; the fractions were obtained by
dividing by the total volume of the loop and so
represent averages around the loop. The precision of
this measurement is equivalent to +0.05 to £0.10 vol %
voids. With the reactor critical; the reactivity balance
provides a more precise measure of the void fraction in
the reactor core. The points for fuel salt in Fig. 1.7

‘were measured this way. A distinction between them
‘and - the flush salt ‘points is that the fuel points are

nuclear-weighted averages in the core while.the flush
salt points are averages of what may be a widely varying
fraction around the entire circulating loop including the
core. ~

The data with flush salt and helium cover gas support
all previous experience with this combination; that is,
there are no circulating voids at the normal maximum
fuel pump speed of 1190 rpm. However, when the

pump speed was increased by onmly 55 rpm (by

temporarily supplying the pump from a diesel-electric
generator operated at 63 Hz) voids did appear that
extended at least partway around the loop. Both the
absence and presence of voids were verified by pressure-




release experiments which provide a go no-go in-
dicator.t :

‘The loop void fraction was significantly higher with
fuel salt in the loop than with flush salt, and with either
salt the void fraction was higher with argon than with
helium. Comparison of the results in Figs. 1.6 and 1.7
shows that all four combinations of salt and cover gas
follow the same general pattern. The threshold pump
speed for the appearance of bubbles in the loop
depends on both the salt and the cover gas, but in all
cases voids begin to appear in the loop when the void
fraction between the bubblers is around 10%.

Although fuel pump speed ‘appears to have the
strongest effect on the circulating void fraction, changes
in other system parameters (salt temperature, overpres-
sure, and pump bowl level) also have detectable effects.
. As described in Sect. 1.2.4, evidence of these effects
was obtained by neutron noise analysis during a series
of experiments in March.

Cover Gas Solubility Effects on Bubbles. — As salt
containing bubbles of gas moves around the fuel loop,
the volume fraction of the bubbles changes with the
pressure due to the compressibility of the gas. Some of
the gas also transfers from the bubbles into solution in
the higher-pressure parts of the loop and back out in
the low-pressure sections. Effects of changes in the
dissolved cover gas around the loop were neglected in
the mathematical models used heretofore to describe
xenon behavior in the MSRE. But as indicated by the
differences between helium and argon described above,
cover gas solubility. can have an important effect on
bubble behavior. Xenon poisoning must also be af-
fected. Therefore during this report period development
was started on a mathematical model including cover
gas solubility effects. ,

As a first step in the development, we calculated
equilibrium bubble fractions for helium in fuel salt as a
function of pressure for various total amounts of
helium in the salt. Results shown in Fig. 1.8 are for four
different helium levels corresponding to salt saturated
with helium and containing 0.5, 1.0, 1.5, and 2.5 vol %
bubbles at 20 psia (the normal pressure in the fuel
pump bowl). Effects of surface tension were included in
the calculations and account for the differences be-
tween 1-and 10-mil bubbles. '

S1f there are no bubbles anywhere in the circulating salt, the
gas pressure in the voids in the core graphite does not change
appreciably during the course of a pressure experiment. When
voids are present, the effect of extra gas delivered to the
graphite during the pressurization stage is quite evident.
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Fig. 1.8. Equilibrium Void Fraction of Helium in Molten Salt
as a Function of Liquid Pressure for Various Equilibrium Void
Fractions and Bubble Diameters at 20 psia.

Note that each of the curves bends under if suffi-
ciently high pressure is attained in the fluid. This
implies that, given the conditions at 20 psia, there is no
void fraction which can exist in equilibrium with the
fluid at pressures above the pressure at the bend. All of
the helium would tend to go into solution if the fluid
pressure were above this maximum. For a given initial
void fraction, the maximum fluid pressure at which
voids can persist is dependent on the initial bubble
diameter. Smaller bubbles at 20 psia will be over-
powered by the surface tension effects at lower fluid
pressures than will larger bubbles. The fact that
everywhere below the maximum pressure, the equilib-
rium void fraction is a double-valued function of
pressure is explained as follows: With large void fraction
and large bubbles, the partial pressure of the gasin the
bubbles is near the liquid static pressure, and the partial
pressure of gas in solution is the same. For the same
number of bubbles, if the void fraction is reduced to a
very small value, the diameter of the bubbles is also
reduced to a small value, and the pressure in the
bubbles due to surface tension effects is large. Most of
the gas atoms are in solution with this reduced void
fraction, and the partial pressure in the liquid is also
high; thus, another equilibrium condition. Actually the
conditions represented by the lower line do not
represent a stable equilibrium. A slightly smaller void
fraction would tend to decrease and disappear due to
the large surface tension effects; a larger void fraction
would tend to grow to the upper equilibrium line. The
importance of this line is that it represents the smallest
possible stable void fraction which can possibly exist
with the two postulated conditions (number of bubbles
and total number of helium atoms).
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Fig. 1.9. Equilibrium Void Fractions of Helium and Argon
with Equal Void Fractions at 20 psia as a Function of Liquid
Pressure.

The effect of differences in gas solubility is apparent
in Fig. 1.9, in which the equilibrium lines for argon and
helium are drawn. The solubility of argon in molten
fluorides’ is about a factor of 10 less than the solubility
of helium. Obviously very little of the argon would be
forced into solution even under conditions in which all
of the helium would be dissolved.

- Although the calculation of equilibrium void fractlons
contributes to an understanding of the gas behavior, it
is necessary to include rate effects in the description of
the situation in the MSRE fuel loop. In the MSRE loop,
salt is suddenly pressurized from 20 psia to about 70
psia in going through the pump. Its pressure decreases
as it flows through the heat exchanger, piping, and
reactor vessel until it returns after about 25 sec to the
pump suction at 20 psia again. This was represented in
an approximate manner in simplified calculations whose
results are shown in Figs. 1.10 and 1.11. In the
calculations . for Fig. 1.10 the .salt was assumed to
contain 1.5 vol % helium bubbles at 20 psia. At time
zero it was instantaneously pressurized to 70 psia, after
which the pressure decreased linearly with time to 20
psia after 25 sec. Initial bubble sizes (at 20 psia) of 1
mil and 10 mils were considered. In both cases the
number of bubbles was assumed to remain fixed, and a
‘mass transfer coefficient of 4 ft/hr was used. For these
.conditions the larger bubbles would retain their identity
all the way around the loop, first decreasing in size,
then increasing as some of the gas dissolves and then
comes back out at lower pressure.. The small bubbles,
on the other hand, would all disappear in.5 sec. The
helium - driven into solution “from the small bubbles
could evolve from the liquid again as the pressure
dropped; at what point and how. this would occur
would depend on nucleating conditions.

Figure 1.11 shows the difference between helium and
argon for a set of assumptions similar to those used for

7G. M. Watson et al., J. Phys. Chem. 7(2), 285 (1962).
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Fig. 1.11, Time Behavior of Helium and Argon Void Frac-
tions in Molten Salt When Subjected to Varying Liquid Pressure.

Fig. 1.10. (The mass transfer coefficient for argon was
taken to be 3 ft/hr; for helium, 4 ft/hr.) Because of the
low ‘solubility of argon, the amount of gas in the
bubbles changes very little; the bubble size (or void
fraction) simply reflects the step increase and gradual
decrease in pressure.

Although the foregoing calculat:ons involve many
assumptions and approximations, they do show the
reason for the different behavior of helium and argon
cover gas in the MSRE. They also indicate that it is
possible with helium for a significant fraction of the gas
entrained at the pump suction to be driven into
solution before the salt reaches the core (about 12 sec
after leaving the pump). The size of the entrained
bubbles is quite important. In the MSRE, where there is
undoubtedly a spectrum of bubble sizes, it is possible to




have small bubbles going into solution while larger
‘bubbles are growing.

Effects on Xenon Poisoning. — During nuclear opera-
tion cover gas bubbles will also contain ! 35Xe, and the
entrainment and dissolving of various amounts of cover
gas will affect xenon stripping and concentration in the
fuel salt. Some preliminary experimental information
about this relationship was obtained in March, and
additional, more detailed, data were being collected at
the end of the report period. Since the circulating void
fraction as a function of pump speed is reasonably well
known, it is possible to extract the void fraction effect
on xenon from the pump speed and variations in the
net reactivity. Figure 1.12 shows the results obtained in
March with helium cover gas and the reactor at 7 Mw.
The poisoning at zero void fraction is probably not
single-valued because zero voids exist with helium at
any pump speed below about 1000 rpm and large
changes in fuel flow rate below this threshold would
affect the results. The data shown at zero void fraction
are for a pump speed of 1000 rpm. There is con-
siderable uncertainty in the data points where the void
fraction is near 0.2 vol %. This is due to the extreme
sensitivity of void fraction to pump speed and of xenon
poisoning to void fraction. It was not possible to
maintain the precise control over pump speed that
would have been required to define these points
accurately. There is, however, no doubt that the xenon
poisoning at intermediate void fractions is greater than
at either higher or lower void fractions. Description of
this behavior will provide a severe test of the mathe-
matical model that is being developed for xenon
poisoning in the MSRE.

1.2.4 Diagnois by Noise Analysis
R. C. Steffy

A convenient means of monitoring changes in the
volume of gas in the core subject to compression during
nuclear operation is the power spectral density of the
inherent noise in the neutron flux.® This technique is
especially useful when the reactor is at high power,
where concurrent changes in xenon poisoning tend to
mask the direct reactivity effect of shifts in the fuel
void fraction. It can also be used to measure small
changes at very low void fractions, which the reactivity
balance and pump bowl level changes are not sensitive
enough to detect.

8MSR Program - Semiann. Progr Rept. Aug. 31, 1968,
ORNL-4344, pp. 18-19.
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Fig. 1.12. Effect of Core Void Fraction on Xenon Poisoning.

Late in March the effects of fuel pressure, tempera-
ture, and .pump bowl level on circulating void fraction
were observed using neutron noise - analysis. These

“variables were changed one at a time, and the neutron
‘noise was recorded after each change. So that the tests

would be performed with about the same void fraction
as was present in a similar series  of tests performed
previously with the 23°U fuel loading,’ the fuel pump
was operated at a low speed (1040 rpm) and with
helium cover gas, giving a void fraction between 0.05
and 0.1%. The pressure noise remained relatively
constant during these tests. The neutron power spectral
density averaged between 0.6 and 1.4 Hz was found to
decrease by a factor of 10 when the reactor outlet
temperature was changed from 1190 to 1225°F, to
decrease by 25% when the fuel pump level was
increased from 53 to 61%, and to increase by a factor
of 2.3 when the pump bowl pressure was raised from 3
to 9 psig. The changes in spectral density are thought to
reflect changes in void fraction caused by each of these
parameters. (Spectral density is believed to be propor-
tional to the square of the void fraction, at least in the
void fraction range of 0.05 to 0.1%.) Changes in pump

. bowl level, although not an accurate measure of voids at

these low fractions, appeared to be in general agreement
with the noise analysis indications.

As described -in Sect. 4.1, confirmation of the
significance and usefulness -of noise analysis led to the
development and installation of two strip-chart re-
corders in the reactor control room: one displaying the
magnitude of the neutron noise in a band around 1 Hz;

°D.N. Fry, R. C. Kryter, and J. C. Robinson, Measurement of
Helium Void Fraction in the MSRE Fuel Salt Using Neutron-
Noise Analyses, ORNL-TM-2314 (August 1968). .
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the other, the pressure noise in a similar band. After its
installation early in May, the neutron noise monitor was
observed ‘to respond as expected to changes in void
fraction produced by pump speed changes. When the
overflow tank vent line became plugged late in May, the
pressure noise monitor began to show changes indic-
ative of increasing restriction in the off-gas system
about one day before the new restriction became
detectable by the measured pressure drop.

1.2.5 Fission Product Distributions in
Fuel System

A.Houtzeel R.Blumberg F.F.Dyer

-The technique of remote gamma-ay spectrometry
developed at the MSRE'® was used to study - the
distribution of fission products in the fuel salt and fuel
off-gas systems. Prior to the June 1 shutdown, portions
of the aiming and collimating systems were redesigned
and built; a highresolution Ge(Li) detector was pro-
cured, and a 4096-channel analyzer with automatic data
recording equipment was leased. (This equipment is
described in Sect. 3.1.) Because of delays in. delivery
and shakedown of the equipment, calibration with
known sources in mockups of the MSRE equipment
was deferred until after this report period. Large
amounts of data were obtained during the June-July
shutdown and the ensuing startup (over 200 spectra
during the shutdown alone). Although the reduction of
the data to absolute quantities of fission products had
to await the calibration, some very interesting informa-
tion on relative amounts and distributions of ﬁssxon
products was derived. ‘

The first scans were taken on the overflow tank vent
line in an effort to determine the location and nature of
the plug that had deweloped shortly before the shut-
down. Eighteen. spectra taken along the line showed
predominantly noble-metal fission products, with a
_concentration at the entrance of the flow control valve.
It tumned out that the plug was not there, however, but
in the inlet of the hand valve and was largely carbo-
naceous material rather than fission products.

A main target of the shutdown spectrometry was the
primary heat exchanger Because of the urgency. of
removing the core specimens, starting repair of the
control rods, and replacing the plugged vent line, the
heat exchanger scanning did not start until 30 days
after the end of power operation. Then. about a
hundred spectra were recorded in less than a week.

Y9MSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, pp. 36—40.
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Most were taken' along the center line (at 2-in.
intervals), with perpendicular traverses at two locations.
With the same setups of the remote maintenance shield,
some 20 spectra were recorded on the fuel line from the
heat exchanger to the reactor vessel.

Twenty spectra were recorded along the flexible
section -of the fuel off-gas line near the exit from the
pump bowl about five weeks after the power had been
shut down. A week later data were obtained on the
gamma spectra from a drain tank containing fuel salt.

Spectra were recorded on magnetic tape and analyzed
on the IBM 360 computer using the GAM-SPEC 3
program written by the ORNL Mathematics Division.
This versatile program has several analysis options; the
output usually chosen was an 8-ft-long plot on graph
paper of counting rate vs channel number. The com-
bination of a 1.9-kev-resolution crystal, a 4096-channel
analyzer, and the long graph permitted resolution and
identification of the very large number of peaks coming
from the mixture of fission products. Without the
calibration data it was possible only to determine
relative amounts of the nuclides, but this could be done
rather accurately for a large number of nuclides.

In both the off-gas lines the major fission products
were mostly '°*Ru, '°¢Ru, 2°Te, !37Cs, and ®SNb,
with smaller amounts of '311,132] and '4°Ba.14%La.
Some interesting comparisons were apparent. For ex-
ample, comparison of the relative concentration of
103Ru (halflife 1.01 years) with that of '37Cs
(half-life 30.0 years), tziking into account the difference
in their fission yield, indicated that the chances for a
196Ru atom to deposit in the off-gas line are of the
same order of magnitude as for a !37Cs atom. By the
same token, **Nb (halfife 35.0 days) seems to have
less chance by almost one order of magnitude for
deposition in the off-gas line than ! °® Ru (half-life 39.8
days). This deposmon probability is presumably a
complex function of the volatility, transport capability,
and halflife of both the detected isotope and its
precursors.

In the heat exchanger and fuelsalt fine primarily
1311 1321 103Ru 106Ru 129']:'e and 95Nb were
found. There was no trace of !37Cs. In contrast with
the composition in the off-gas line, here ®$Nb seems to
be more abundantly deposited than '°?Ru (again
taking the fission yield into account). The deposition of
fission products varied considerably along the center
line of the heat exchanger. For example, ° Nb concen-
trations varied by a factor of at least 3. The highest
readings were found in the vicinity of the vertical baffle
plates.




Toward the end of the shutdown, four holes were
drilled through the shielding to permit gamma spec-
trometry during operation. One hole was over the
primary heat exchanger, one over the off-gas line near
the pump bowl, one over the off-gas line between the
particle trap and the charcoal beds, and one over a fuel
drain tank. During the startup, gamma spectra were
obtained over the off-gas line near the pump and from
the heat exchanger at reactor powers of 7.5 kw and 5.5
Mw. Although it was necessary to install a lead
attenuator below the collimator for readings at high
power, good spectra were obtained in which it was
possible to identify a host of nuclides including some
very short-lived ones.

Preparations were made to calibrate the apparatus
with collimator inserts of different sizes, using a
25-curie 11°™ Ag source. Results of the calibration
were to be used to obtain absolute values for amounts
of fission products observed in the MSRE.

'1.2.6 Salt Transfer to Overflow Tank
J. R. Engel

In the last report! ! we described the relation between
indicated salt level in the fuel pump bowl and the rate
at which salt transfers to the overflow tank. Those data
were taken with the fuel pump running at full speed
(1190 rpm) with fuel salt and helium cover gas. They
showed that the minimum transfer rate was 1 to 2 Ib/hr
at low salt levels and that the rate increased rapidly as
the indicated level increased above about 58%.

"Additional data were obtained in August when the
fuel loop was operated under a variety of different
conditions. Because of an apparent zero shift in the
level indication, we have not attempted to make a
direct comparison between the two sets of data.
However, the recent data show that the transfer rate
depends on fuel pump speed and salt type as well as on
the indicated level; there appears to be no difference
associated with the choice of cover gas between helium
and argon.

Data taken at full pump speed gave a minimum
transfer rate of about 1 Ib/hr with flush salt and 1.5 to
2 1b/hr with fuel salt. They aiso showed that the
threshold level for more rapid transfer was higher for
flush salt than for fuel salt by the equivalent of about 1
in, of liquid. Data taken at lower pump speeds with fuel

Y'MSR ' Program Semiann. Progr. Rept. Feb. 28, 1969,
ORNL-4396, pp. 21~22.
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salt showed a decrease in transfer rate with decreasing
speed; the lowest rate was 0.7 Ib/hr at 800 rpm. These
observations are consistent with. the concept of
“foaming” in the pump bowl.!! (This particular foam
appears to have a high liquid fraction — possibly as high
as 50%.) It appears that the current 233U fuel salt is
more susceptible to this effect than either the flush salt
or the 235U mixture. No explanation for this difference
has been developed.

1.2.7 Coolant Sait Flow Rate .
C. H. Gabbard

Since the adoption of the revised value'? of the
coolant salt heat capacity in 1968, reactor heat balances
have given 8 Mw as -the maximum power of the
MSRE.!?® Observed changes in uranium isotopic ratios
have indicated, on the other hand, that the maximum
power is actually only about 7 Mw (ref. 14). In an
effort' to resolve this difference, we reviewed the heat
balance calculation and concluded that if there is a
significant error it must be in the coolant salt flow rate.

The coolant salt flow rate is measured by a calibrated
venturi flowmeter connected to two NaK-filled differ-
ential pressure cells. A detailed review of the original
calibration of the venturi disclosed two errors.

1. The salt density used in predicting the characteristics
with salt from the water calibration data is dxfferent
from presently accepted values.

2. The flowmeter vendor erroneously used a specxﬁc
gravity of 12.6 rather than 13.6 in converting from
inches of water to inches of mercury differential
head. (The value of 12.6 is applicable in the
common case of a mercury manometer with water
legs above the mercury.)

These two errors were corrected in the MSRE flow-
measuring system by changing the output of one of the
amplifiers in the flow transmitter and by changing the
density correction coefficient in the computer. The net
result was not a decrease, but an increase of 2.9% in the
indicated coolant salt flow rate and a smnlar increase in
the calculated heat balance power. '

The possibility of error in the two differential
pressure cells cannot be easily checked, since the range

12p5R Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, pp. 103—4.

13psR Program Semiann. Progr.' Rept. Aug. 31, 1968,
ORNL-4344, pp. 24-25.
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check requires that the salt lines between the cells and
the venturi be cut. (This will be checked after the final
shutdown of the reactor.) After the coolant salt fill in
August, the zero readings of the two cells were checked.
Cell FT-201-A was correct, but FT-201-B was reading
about 10% high. Records showed that both cells
originally read the same with salt flowing but that
FT-201-B had drifted down while FT-201-A remained
constant. The only convenient adjustment was the zero
adjustment, and this had been set up to make FT-201-B
consistent with FT-201-A at full salt flow. Since full
flow exists during normal power operation, the zero
offset on FT-201-B has no effect on the heat-balance
power.

1.2.8 Radiation Heating
C. H. Gabbard

Reactor Vessel. — The temperature differences be-
tween the reactor inlet and the lower head and between
the inlet and the core support flange continue to be
examined for any indication of sedimentation buildup
within the reactor vessel. Table 1.2 shows the tempera-
ture differences for the present report period as
compared with the previously reported data. As seen in
the table, there was an additional slight increase in these
temperature differences over the previous data. Al-
though there appears to be a slight increasing trend, the
increase is within the data scatter and cannot be taken
as an indication of sedimentation. The increase between
runs 14 and 17 was believed to be the result of the
higher neutron leakage associated with the 233U fuel.

1.2.9 Service Life
C. H. Gabbard

Thermal Cycle History. — The accumulated effective
thermal cycle history of the various components sensi-
tive to thermal cycle damage is shown in Table 1.3.
Based on the original calculations, the design life of the
fuel system freeze flanges is 93% consumed. However, a
test flange in the Freeze Flange Thermal Cycle Facility
has exceeded 400 combined heating and fill cycles, and
the design life of the MSRE flanges can be extended on
the basis of this test.

Article I-10 of the 1968 ASME Nuclear Code gives a
procedure for relating the number of test cycles to the
allowable life. Since the test flange and test conditions
are the same as in the MSRE and since the stress
calculations indicate the test cycle is somewhat more
severe, the allowable life can be obtained by applying
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Table 1.2. Power-Dependent Temperature Differences
Between Fuel Salt Entering and Points on the Reactor Vessel

Temperature Difference (°F/ Mw)

Run No. Date Core Support Flange  Lower Head

6 4/66-~5/66 - 1.90 1.39

7 1/67-5/67 1.93 1.3§
12 6/67-8/67 1.98 1.40
14 9/67-2/68 2.03 1.28
17 1/69-2/69 2.29 1.54
17 3/69-4/69 2.32 1.54
18 4/69-6/69 2.33 1.57

only the statistical variation factor of 2.6 to the number
of test cycles. A preliminary draft of RDT Standard
RDT E2-1 “Design of Nuclear Vessels™ gives a similar
procedure with a slightly more conservative factor of
3.1. Using 400 completed test cycles and the factor of
3.1 gives an allowable life of 129 test cycles or a factor
of 4.3 increase in the calculated life. If the design life of
the MSRE flanges is extended by the factor of 4.3, the
allowable cycle life will have been only 22% consumed.
Thus the proposed future operation of the MSRE will
not be limited by the freeze flange cycle life based on
the results of the Freeze Flange Thermal Cycle Facility.

Stress-Rupture Life. — The stressrupture life of the
reactor vessel was recently reviewed to determine if the
operation of the MSRE would be limited by the
possibility of stress-rupture cracking. The stress-rupture
life after significant irradiation was originally predicted
to be at least 20,000 hr,'5 which was believed to be
adequate for the desired operation. However, this
20,000 hr has now been exceeded, and a reevaluation of
the rupture life has been completed.

The reevaluation'® has indicated that the reactor can
be operated for at least another year with an acceptably
low probability of stress-rupture cracking. Although

_there "are uncertainties in . the stress-rupture data, the

analysis is believed to be conservative, because at the
low stress levels of interest in the MSRE thie rupture life
is theoretically less affected by irradiation than was
assumed in the analysis, and because the analysis was
based on the combined primary and secondary. stress
levels. In the MSRE the secondary stresses are generally

ISR. B. Briggs, Trans. Am. Nucl. Soc. 10(1), 162 (June
1967).

16R, B. Briggs, “Assessment of Service Life of MSRE,” Oak
Ridge National Laboratory, unpublished document, August 5,
1969.
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Table 1.3. MSRE Cumulative Thermat Cycle History Through August 1969

Number of Equivalent Cycles

Thaw
Component Heat and Cool Fill and Drain Power On and Off Thaw and
) : - “Transfer
Fuel system 12 53 91
Coolant system . 10 17 86
Fuel pump 15 48 91 696
Coolant pump o 11 18 86 153
Freeze flanges 100, 101, 102 12 49 91
Freeze flanges 200, 201 11 17 86
Penetrations 200, 201 11 17 86
Freeze valve ' -
103 12 29 58
104 : : - 19 11 32
105 20 19 56
106 ) ‘ 22 34 43
107 ‘ 14 14 22
108 - 15 17 27
109 : 14 23 29
110 8 4 10
111 6 4 6
112 2 1 2
204 11 15 39
13 38

206 : 11

higher than the primary stresses, and the stress levels are
reduced by relaxation of the secondary stresses. Con-
sequently the material is not exposed to the maximum
calculated stress levels for the entire period of high-
temperature operation.

1.2.10 Heat Transfer
C. H. Gabbard

There have been no explicit measurements of the
overall heat transfer coefficient of the main heat
exchanger since the end of 22*U power operation, but
the heat transfer index at full power and full pump
speed continues to be a sensitive indicator of the
heat-exchanger performance. (The heat transfer index is
defined as the ratio of reactor power to the temperature
difference between the fuel leaving the reactor and the
coolant leaving the radiator.) The average values of the
heat transfer index were 0.0406 and 0.04051 Mw/°F
for runs 17 and 18 respectively. These values are within
the 'scatter of past data'” and indicate that no

YIMSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, p. 26.

detectable loss in performance has occurred since the
beginning of power operation in 1966.

1.3 EQUIPMENT

1.3.1 New Irradiation-Specimen Array
for Core

C. H. Gabbard

A new irradiation-specimen array was designed, fabri-
cated, and installed in the reactor core for exposure
during run 19 (ref. 18). The new assembly, shown in
Fig. 1.13, contains several specimens for studying
fission product deposition and four graphite capsules
containing uranjum-bearing salts to measure the
capture-to-fission ratio of 233U. The design of the
specimen array is considerably different from the
assembly of graphite and Hastelloy N metallurgical
specimens which it replaces. The specimens are cylin-
drical and are loosely contained in a cage of three

8¢ H. Gabbard, Design and Construction of Core Irradic-
tion-Specimen Array for MSRE Run 19, ORNL-TM-2743
(November 1969). - ’ S :
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Fig. 1.13. Irradiation-Specimen Amay lnsta.lled in MSRE Core July 31, 1969.

vertical Hastelloy N rods. All but the bottom specimen,
which is pinned to the cage at the bottom, are free to
expand or contract as needed and are held down by the
weight of metal parts at the top. A new basket assembly
was fabricated from 2-in. OD, 0.062-in.-wall control-
rod-thimble material. (The perforated sheet previously
used for the basket was not available.) Near the center
of the basket, most of the wall was cut out to minimize
the neutron spectrum distortion at the uranium cap-
sules. _

The uranium samples consist of two long capsules
containing a mixture of 233U and 228U and two short
capsules containing 234U and 233U. One additional
capsule of each type was prepared for the development
of salt recovery and analytical procedures at the end of
the experiment. The UF, mixtures are in an NaF-ZrF,
carrier salt that was selected so that any contamination
by the reactor fuel or flush salt could be detected by a
lithium analysis. Each capsule also contains a set of flux
and temperature monitors. The capsules were sealed by
welding the ends of two concentric molybdenum rings
‘which were brazed to the graphite body and cap. _

Hastelloy N and graphite specimens are included for
fission product deposition studies. A direct comparison
of the deposition on Hastelloy and on graphite will be
obtained under identical exposure conditions.  The
effects of surface finish, salt velocity, and turbulence
will be studied for both graphite and Hastelloy N. A
specimen of pyrolytic graphite was included to deter-
mine the permeation of fuel salt into the graphite bath
parallel and perpendicular to the layer planes of the
graphite. The top specimen will expose a series of
electron microscope screens to a trapped gas pocket.

1.3.2 Salt Samplers
A. L. Krakoviak

During -this report period the fuel samplerenricher
was used 82 times for the wide variety of samples and
additions tabulated below:

'10-g salt sample for routine analyses 23
50-g salt sz;lmple for 233y o,/0, experiment 21
50-g salt sample for oxide analysis 1
8-cc salt sample in freeze-valve capsule 10
15-cc gas sample in freeze-valve capsule 16
Special capsule for surface tension determination 3
Zirconium rods in nickel cage 2
Empty nickel cage 1
Nickel cage containing FeF3 in plastic bag 1
Enriching capsule containing 2“’3UF4 -LiF 3

Seven of the 10-g salt samples were of flush salt; the
others were of fuel salt. All sampling attempts were
successful except one 50-g sample which was taken
when the fuel pump was operating on the variable-speed
motor-generator at a speed of 980 rpm: the salt level
was below the window in the capsule. On all subsequent
50-g samples, the fuel pump speed was increased to
1165 rpm during sampling, thus raising the actual salt
level in the vicinity of the sampler cage by the
entrainment of more gas in the salt. This indicated that
the previously abandoned capsules' ® were essentially in

Y9usr Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL4344, pp. 26-29. v




the same ‘position in the sampler cage and continued to
restrict full insertion of sampling ladles. Operations for
this period brought the total use of the sampler-enricher
to 144 uranium additions and 505 sampling operations
(including Zr, Be, Cr, and FeF, additions to the fuel).

The main problems encountered during this report
period were associated with vacuum pump No. 1 and
the two flexible containment membranes (manipulator
boots) between the manipulator and the main contain-
ment box (area 3A) of the sampler.

Repeated vacuum pump motor outages (due to
overload) resulted in minor delays in sampling. Im-
proper oil levels in the vacuum pump seemed to be the
cause of these outages. High pressure (>15 psia) in area
1C is normally vented to the auxiliary charcoal bed
through a line bypassing the pump. Apparently high
pressure in area 1C was vented through the vacuum
pump instead, thus carrying over a large portion of the
oil into the holdup tank and off-gas line downstream of
the pump. On one inspection the pump was practically
empty of oil, with no evidence of external leaks. On the
second pump inspection, the pump contained approxi-
mately 2 qt more than normal inventory. Apparently
the previously lost oil drained back into the pump
during subsequent operation. Pump operation is now
satisfactory, and the latest oil level check was normal.

The inner boot (in contact with the manipulator) was
replaced three times due to leaks during this report
period. Boot failure apparently occurred when a con-
volution in the plastic boot was pinched between two
negative-pressure-support rings as the manipulator was
retracted. These -metal rings can fall out of their
convolutions only if the boot is distended by a positive
pressire; the rings then are no longer in neat parallel
planes which fold easily but instead are at various angles
and will pinch the boot when the manipulator is
retracted with mild force.

During the report period the coolant salt sampler was
‘used to take four 10-g samples, bringing the total to 73.
No operating difficulties were encountered.

1.3.3 Control Rods and Drives
M. Richardson - R.C. Steffy

The No. 3 control rod and drive assembly, which had
been worked on in January 1969 (ref. 20), operated
satisfactorily until June 1, when it failed to drop during
the manual scram scheduled to end the run. Routine
scram-time tests from full withdrawal (50 in.) had

2OMSR Program Semiann. Progr. Rept. Feb. 28, 1969,
ORNL4396, pp. 26—27.
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shown the scram time increasing from 0.85 sec shortly
after the January maintenance to 0.95 sec in May.
(Delay time and acceleration assumed in the MSRE
safety analysis correspond to a 50-in. scram time of 1.3
sec.) At the end of the run, assembly 3 was being used
as the regulating rod because it seemed to have less
backlash than the other two assemblies, which made it
better suited for certain dynamics tests. On the June 1
shutdown scram, rods 1 and 2, which were at 43 in.,
dropped, taking the reactor subcritical. Rod 3, at 35.4
in., dropped 1.4 in. and hung. The clutch was then
engaged and the rod driven in 2-in., after which it
dropped when scrammed.

During the cooldown after the fuel drain on June 1,
each of the three rod-drive assemblies was tested by
measuring scram times from starting positions ranging
from 2 to 50 in. at 2-in. intervals. The 50-n. scram
times, which had been used previously as the primary
criterion for acceptable performance, were all less than
1.0 sec. Drop times at lower starting points, however,
showed abnormalities in assemblies 3 and 1. The plot
for assembly 3, shown in Fig. 1.14, shows abnormal
drag between 25 and 40 in. The plot for assembly 1
indicated a similar, though less severe, drag around 15
to 20 in. In  addition to the scram times, data on
position vs- time during scrams from 50 in. were
recorded on magnetic tape for later analysis (see
below).

When the drive unit (V-1) was removed from as-
sembly 3, it appeared to be in good shape except for
slight roughening of the air tube. The flexible rod (R-4)
was pulled, and although there was no external evidence
of damage, it was set aside and the spare rod (R-3)
installed in its place. Drive V-1 was reinstalled in
assembly 3 after the air tube had been polished.

During the January—May operation, the fine position
synchro transmitter and the position potentiometer on
the drive unit (V-3) in assembly 1 had become
inoperative. ‘After the drive was removed to repair
them, test drops (without a rod) showed high drag
around 20 in. The spare drive (V4) was then installed
in its place. (Rod R-1 remained in assembly 1.) -

Assembly 2, consisting of drive V-2 and rod R-1,
showed no unusual drag, but the position potenti-
ometer was giving a noisy signal. Therefore the drive
was removed, the potentiometer replaced, and the drive
reinstalled in July.

Induced activity in the drive units was not too high
for direct maintenance after removal. Maximum radia-
tion levels were 600 millirems/hr at contact at the base
flange of the drive housing after removal. The induced
activity in the removed rod was so high that close
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Fig. 1.14. Scram Times for Rod Assembly No. 3 Before and
After Maintenance.

examination was postponed. (Rod R-3, which had been
removed in September 1966 after 8000 Mwhr of
operation, was still reading in July 1969 over 20 r/hr at
18 in. from a short exposed section.)

After all three assemblies were reinstalied in the
reactor, incremental rod drops were again performed.
The scram time vs starting position for each rod showed
no regions of excessive drag. Tests were performed first
with the core cold (400°F) and then hot (1200°F),
with all rods dropping slightly faster with the system
hot. All drop times were less than 0.95 sec with the
system cold and 0.85 sec with the system at 1200°F.
The data from the hot test of assembly 3 are shown in
Fig. 1.14 for comparison with its earlier performance.
Plots for the other two assembhes were within 0.04 sec
of that for No. 3.

In an effort to provide a quick testing procedure that
would not require numerous rod drops, yet would
reveal regions of abnormal drag, a procedure developed
for the EGCR was renovated. The output from the

position potentiometer is amplified and transmitted by
wire to the main ORNL area, where it is passed through
a filter 'with. a 5-Hz time constant to remove trans-
mission noise, digitized at 2000 samples/sec, and stored
on magnetic tape. The data are then sent to the IBM
360 computer for smoothing and analysis by a program
especially developed for this purpose. This procedure is
activated during a rod drop from 50 in. to give about
1800 data points during the drop, from which velocity
and acceleration are computed. Analysis of a record of
assembly 3 before repair showed a region of near-zero
acceleration between 26 and 40 in., in good agreement
with the incremental drop test results shown in Fig.
1.14. After reinstallation, all three assemblies were
tested, and all showed reasonably constant accelerations
of 10 ft/sec? or more.

As a result of the experience with the control rods
during this period, monthly testing was made a require-
ment. During the startup in August the rod per-
formance was quite satisfactory.

1.3.4 Off-Gas Systems
A. I, Krakoviak

As in the past, partial plugging at various points in the
fuel and coolant off-gas systems caused some problems
in operation. Restrictions appeared in some. places
where they had not been detected before, but counter-
measures proved effective, and there was no serious
interference with the expenmental program of the
reactor.

Throughout much of the operation from January
through May there was a detectable restriction in the
fuel off-gas line at its exit from the pump bowl. In
January and February it was perceptible for about six
weeks before it suddently blew out while the normal
off-gas flow was being forced through it during the
routine operation of recovering salt from the overflow
tank (“burping” the overflow tank).2! On five other
occasions in the next nine weeks the pressure drop
became noticeable, but each time it blew out when the
overflow tank was burped. On May 1 it reappeéared, and
it remained detectable through the June 1 shutdown.
The restriction caused most of the pump bowl! purge gas
flow to bubble through the overflow tank except when
the overflow tank was being pressurized to push
accumulated salt back to the pump bowl. Then on May
25 the off-gas line from the overflow tank became
almost completely plugged, and it became necessary to

21MSR Program Semiann. Progr. Rept. Feb. 28, 1969,
ORNL4396, p. 27.




turn off the overflow tank bubbler flow most of the
time. Thereafter all the pump purge gas was forced out
through ‘the off-gas line from the pump bowl. This
situation caused some inconvenience during the burping
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operation, but by reducing purge flow to the pump .

bowl at these times, the operation could be done
without exceeding 15 psig in the pump bowl.

Five times between January 22 and May 12, a
restriction appeared in the fuel off-gas line downstream
of the 4-in. holdup pipe and upstream of the line to the
auxiliary charcoal bed. Each time it was cleared by
venting the fuel pump through the drain tanks and then
pressurizing downstream of the restriction. Helium at
35 psig was used .the first four times, but on the last
time this pressure was not sufficient. When 60-psig
helium was used, the restriction blew clear, and it had
not recurred at the end of the report period.

During April the inlets of the two main charcoal beds
then in service became restricted, and the two standby
beds were valved in. After the pressure drop built up in
these also, the water level around the beds was lowered,
and the installed heaters were used to heat the
steel-wool-packed inlet sections. A backblow was used
at the end of the heating cycle to clear each bed. During
the valving operations involved, the stem or stem
extension on the inlet valve to one bed (MCB-2A) broke
with the valve in the closed position. Repairs were not
attempted because of the high radiation level at the
valve and the sufficiency of the other three beds. The
inlet of the auxiliary charcoal bed showed increased
pressure drop in May, and a forward blow with helium
was not very effective in clearing the restriction.

The pressure -drop through the particle trap began
increasing noticeably, and by May it reached 0.7 psi.
(When originally installed in January 1967, the pressure
drop was less than 0.1 psi.) The reserve half of the
bed,?? which had been valved out up to this time, was
put in service in parallel on May 14, lowering the
pressure drop to 0.1 psi or less. Temperatures reflecting
fission product heating indicated that nearly all the gas
was flowing through the fresh bed.

- The restrictions in the fuel off-gas system affected the
fuel drain on June 1. To minimize outflow of radio-
active gases when the core access flange is opened, the
fuel system is normally flooded with argon in place of
helium. Because the restrictions in the off-gas system
would limit the gas purge flow during this operation,
argon flow into the pump bowl was started before the

22 5R Program Semiann. Progr. Rept. Feb 28, 1967
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drain so that as the salt drained, the reactor vessel
would be filled with argon. The drain rate was slowed,
particularly toward the end, by restrictions in the gas
lines which slowed flow of gas from the drain tanks to
the loop and out through the auxiliary charcoal bed.

Pressures during the drain disclosed that a restriction
had deweloped in the gas line entering fuel drain tank 2
(FD-2). This was cleared by heating the tank to 1250°F
and applying 60-psig helium. A similar but lesser
restriction in the gas line at the other drain tank was
partially cleared during the fuel system pressure test in
August by heating the tank to 1250°F and flowing
helium from FD-2 (at 50 psig) to FD-1 (at 2 psig). ,

During the shutdown in June, when the overflow tank
wvent line was scanned with the remote gamma spec-
trometer, an unusually strong source was observed at
the air-operated valve, about 33 ft downstream from
the overflow tank. Flanges were opened, and pressure
observations showed that the restriction was in the
flanged section containing both the air-operated valve
and a hand valve. This section was removed to a hot
cell, where polymerized hydrocarbons were found to be
blocking the hand valve inlet port. A replacement
section containing an au-operated valve but no hand
valve was installed.

The restriction at the fuel pump bowl exit was not
reamed out as had been done on three earlier occasions.
Instead the 2-kw heater that had been built for this
purpose?! was installed remotely on the pipe as near to
the pump as possible and connected to spare power and

thermocouple leads in the reactor cell. The pump tank

furnace heaters and the new heater were turned up to
bring the section of off-gas line to near 1200°F; then
gas pressure was applied to blow the restricting material
back toward the pump bowl. The heater was turned off
but left connected so that it could be used again
without reopening the reactor cell. No evidence of the
restriction appeared during the August operation.

The set of specimens exposed in the off-gas holdup
volume since April 1968 was removed during the July
shutdown for examination. Results are described in
Sect, 11.3.

Temperatures in the fuel off-gas system responded to
changes in fuel pump speed during high-power opera-
tion, indicating changes in the stripping rate of the
short-lived gaseous fission products that produce most
of the heating in the holdup volume and the particle
trap. These indications agreed with the changes in
stripping rate inferred from the ! 35Xe poisoning.

The offgas sampling system was used during the
report period to remove nine concentrated samples,
using the refrigerated molecular sieve absorber and

-



sample - bombs. In addition the system was used
extensively for online determinations, including hydro-
carbons. (See Sect. 11.3.) Recurring restrictions in the
inlet valves to the off-gas sampler were repeatedly
cleared by forward blowing with 60-psig helium. During
tests in July, the inlet block valves would not shut off
tightly and were replaced. During the startup in August
it was again necessary to blow out restrictions at the
inlet to the sampler.

The coolant offgas system was relatively trouble free
until the last week in May, when restrictions developed
in the pressure control valve and the -back-diffusion
preventer at the .discharge end of the line. During the
June shutdown the filter was replaced, the pressure
control valve and a nearby check valve were cleaned,
and the back-diffusion preventer was removed. All four
components were coated with an oily substance (pre-
sumably from the pump) which impeded the off-gas
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flow. The coolant off-gas system operated satisfactorily

during the August startup.

135 Ckomponent Cooling Syétem
P. H. Harley

No significant operating difficulties were encountered
with the component cooling pumps after the brazed
tubing systems for circulating oil to the two pumps
were replaced with welded systems in August 1968.

Component cooling pump 1 had operated con-
tinuously for 4031 hr before it was shut down for
programmed maintenance in June 1969. The oil (which
was about a gallon low) was changed, the oil filter was
replaced, and the drive belt (which had apparently been
slipping) was tightened. The other pump (CCP-2) was
used when operation resumed and by the end of August
had operated 500 hr.

1.3 6 Containment and Vent:latxon
P.H. Harley '

From March through May the air mleakage into the
reactor cell (at —2 psig) gradually increased from 17 to
28 scf/day, still well below the permissible 75 scf/day.
The cause of the increase could not be determined.
After the maintenance period in June and July, the
reactor and drain-tank cells were leak tested at 20 psig
as required annually. The leak rate at first was over 300
scf/day. -After leaks were located and stopped in a
10-in. valve bonnet and a 12-in. inspection port, the
rate was down to 150 scf/day (65% of maximum
permissible at 20 psig). When the cells were first pulled
down to —2 psig after the pressure test, the apparent

inleakage rate displayed its usual behavior under these
conditions: high at first, then decreasing to an ac-
ceptable value in five days, and leveling off in about
nine days at a low value. This was attributed to the
vaporization of water in one of the cells raising the
humidity until condensation produced a steady state.
Coincident with the leveling off of the apparent cell
inleakage, 0.4 gal/day of condensate began to collect at
the cooler in the cell atmosphere recirculating system,
indicating an in-cell water leak of that magnitude,
probably from one of the space coolers. After the
condensate began - to ‘appear, the measured mleakage
rate was 20 scf/day..

During the reactor shutdown all block valves and
check valves on lines entering the primary containment
(fuel salt and fuel off-gas systems) were leak tested.
Five measurable leaks were located and repaired. Two
check valves in gas purge lines to the fuel sampler-
enricher, which leaked 35-70 cc/min at 20 psi at first,
were leak-tight after in situ flushing with trichlorotri-
fluoroethane - (Freon TF) solvent. Two - solenoid-
operated block valves on the off-gas sampler inlet line
were replaced, as was a check valve on an intermittently
used purge line into the off-gas system.

The fan normally in use on the ventilation stack
required replacement of broken belts on two occasions
and a rough bearing once, all in July and August. In
each case stack flow was maintained by the standby
fan. After the cell maintenance was completed, all three
parallel banks of stack roughing filters were replaced as
a routine measure to. reduce pressure drop. Dioctyl
phthalate tests of the three banks of high-efficiency

particulate filters gave. efficiencies of 99.995%,
99.993%, and 99.985%. (ORNL standards require
99.95% or better.)

- Stack activity releases continued to be quite low.
Over the six-month report .period total particulate
activity released was <0.22 mc, and measurable gaseous
activity amounted to 12.5 mc. Of the latter, 7.0 mc was
released when a section of the fuel overflow tank vent
line was removed, and 3.0 mc was released during the
removal of specimens from the core. There was no
spread of contamination outside contamination zones
during the maintenance work except for one occasion
when a small amount was spread in the high bay around
the reactor cell during the removal of core sampling
tools. No significant exposure of personnel resulted.

1.3.7 Heaters and Electrical System

T. L. Hudson -

The operation of the heaters continued with only one
failure during this report period. About a 30% drop in




current on heater H-102-5 on the fuel line between the
heat exchanger and the reactor occurred in the early
part of August. After a resistance check indicated that
one of the three heater elements had failed, the spare
heater elements were placed in service.

In April a failure of a fuse on the primary side of the
MSRE main power transformer resulted in the loss of
voltage on one of the transformer windings. This
effectively changed the ‘power supply: from a three-
phase to a single-phase supply. The secondary voltage
dropped from 480 to 415 v across two windings and
increased from 480 to 830 v across the other winding.
- The motor-operated equipment continued to operate
- briefly until the individual breakers were tripped by the
high current in two of the lines. All breakers did not
trip at the same time, which made it more difficult to
diagnose the trouble immediately. The reactor was
scrammed from full power, and the diesel generators

were started, but because the tripped breakers pre-

vented starting equipment from the control room, both
the fuel and coolant systems drained before cooling air
could be restored to ‘the freeze valves. No apparent
cause for the fuse failure was found other than possnble
overheatmg from poor electrical contacts

1.3.8 Oil Systems for Salt Pumps
A. 1. Krakoviak

Although both the coolant and fuel circulating pumps
were off for about two months during this report
period, the oil systems for both pumps were kept in
operation. By the end of the report period, oil had been
circulating continuously in both systems for 27 months.
During this time, 32 samples from the fuel pump oil
system and 26 from the coolant pump oil system
showed no significant change in' physical or chemical
properties. The collection rate of oil that had leaked
past the shaft seals was normal (between 8 and 16
cc/day) while the pumps were running and zero while
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the pumps were not rotating. Inventories show that in

the 24 months through August 1969, unaccounted-for
losses from the fuel pump oil system were 5.4(*1:3)
liters; from the ‘coolant oil system, 5.6(*%) liters.
Hydrocarbons at the off-gas sampler indicated approxi-
mately 1 to 2 g of oil products per day passing that
point. '

At the beginning of power operation in August, a
radiation monitor at the oil reservoir on the fuel pump
oil system indicated radiation from the upper part of
the tank that increased and decreased with the reactor
power. The gamma spectrometer showed that the

activity was *! Ar, apparently produced by activation of
the blanket gas in the upper part of the pump. Prior to
this time only helium had been used during power
operation, and ‘no gas activation had occurred. Radia-
tion levels did not exceed 2 mr/hr.

1.3.9 Radiator and Main Blowers
M. Richardson

The radiator was inspected and found to be in
satisfactory condition at the end of run 18, Several lava
terminal blocks at the heater connections were re-
placed, and 5 ft of the soft gasket seal at the top of the
outlet door was replaced. The lifting mechanism was
lubricated, and the clutch and brakes were adjusted.

The main blower fan hubs and blades were cleaned
and inspected by dye-penetrant methods. No faults
were revealed. The filters and brushes were replaced and
the slip rings cleaned on the blower motors.

1.4 REMOTE MAINTENANCE
M. Richardson

At the start of each shutdown when remote main-
tenance is to be done in the cells, approximately two
days are spent cutting the membrane and removing the
upper blocks. It then takes approximately one day to
set up shielding and remove the lower blocks at each
location where work is to be done. In addition to this, a
good portion of the time spent accomplishing remote
maintenance is in preparation. Some approximate times
spend on various operations are indicated on ‘the
following descriptions of the jobs done during the
shutdown.

Although  the "in-cell’ monitors indicated that the
radiation levels in the cells were several thousand
roentgens per hour and there were beams of more than
100 r/hr above the maintenance shield when holes were
opened for inserting tools, etc., the maximum quarterly
dose received by anyone was 720 millirems to the skin
and 680 millirems to the critical organs. (The. ac-
ceptable weekly doses are 600 and 300 millirems
respectively.)

The removal of the speclmen array from the core was
delayed for a couple of days due to difficulty with a
heater used to melt the salt from the reactor neck. The
actual removal of the specimens and delivery to the hot
cell took less than 8 hr. Some particulate activity was
dispersed during removal of one of the tools, and,
although this did not appreciably delay the shutdown,
several days (over 100 man-hours) were spent cleaning



the high bay around the reactor cell. Installation of the
new specimen array assembly and checking that the
flanges were leak-tight took approximately 12 hr.

The radiation level from the control rod drives after
they were removed from the cell was low enough (<600
mr/hr) to allow working directly on them without
shielding. One rod was removed remotely and stored in
the reactor cell. It was replaced by a spare rod. A
discussion of the work done on the control rods and
drives is given in Sect. 1.3.3.

During work on the plugged offgas line from the
overflow tank, a line from a nitrogen cylinder was
connected to different flanges in the line to locate the
section which was plugged. This took approximately
two days. The plug was found to be in the section
containing an air-operated valve and a hand-operated
valve. An attempt was made to cut this apart in the
reactor. cell so that sections could be conveniently sent
to a hot cell for examination. After about 8 hr it was
decided that this could not be done easily and that the
entire assembly would be shipped to the hot cell. The
radiation from this was 5 r/hr at 10 ft. Two days were
spent obtaining a large carrier and making preparations.

21

The actual removal and transfer took only a few hours.
The installation of the replacement was complete and
the flanges leak-tight in one day, but due to misalign-
ment, two more days were used getting the air line
connected to the valve operator.

- A permanent heater was installed in the main off-gas
line near the fuel pump. Although this was a difficult
job, due to interferences, it was completed in less than
two days. This was mainly due to advanced planning
and practice on a mockup. Heating the line and
applying back pressure was successful in removing the
plug that had formed during the preceding run.

‘A leaky air-line disconnect to an operator of one of
the equalizer valves in the drain-tank cell was repaired.
The leak was due to a plastic seal which had deterio-
rated. The actual repairs took less than 2 hr, but there
was about a one-day delay preparing for the job after
finding that the disconnect had been installed backward
during the original installation,

When all maintenance was complete in the reactor
cell, approximately 20 hr was used to weld the
membrane and approximately 16 hr to replace and bolt
down the upper blocks.




2. MSRE Reactor Analysis

2.1 ' lNTRQDUC’I‘[ON
: B. E. Prince

Although operation of the MSRE with 235U as the
principal fissile material was terminated in March 1968,
refinements in the analysis of nuclear -operations data
from this earlier run continue to be of interest. Not
only do we seek to detect and resolve any fortuitous
agreement or disagreements between experimental data
and results calculated from theoretical models, but,
‘more important from the standpoint of the present
operation with 233U, the analysis of current data
remains coupled to the 235U run through the residues
of plutonium, uranium, samarium, and certain other
fission products, and the exposure of the core graphite
produced during the earlier run. During this semiannual
report period we carried out an extensive reexamination
of the basic nuclear data and calculations for the
235U.bearing salt. A number of revisions had been
introduced into the basic library of nuclide cross
sections since the physics analysis for the 235U loading
was first performed, and the current trend is toward the
use of the ENDF/B cross-section library (an evaluated
nuclear data file still in the process of being standard-
ized). Thus we have repeated certain of the neutronics
calculations for the 235U loading using these updated
data and have attempted to assess the consequences of
these revisions on the interpretation of MSRE experi-
ments. The first of the following sections is intended to
provide a precise definition of the calculated cross
sections of interest in the reactor analysis. The remain-
. ing sections describe the results and discuss the conse-
quences of calculations with the newer cross-section
data.

2.2 DEFINITION OF AVERAGE REACTION
CROSS SECTIONS

B. E. Prince

For those nuclides which are uniformly distributed in
the fuel salt, the changes which occur in the course of
operation are governed by the following expression for

the reaction rate: ‘
 RA=N( S avf ;o) 60, E, ) Fo) dE (1)
where | ‘ 4
R{#) = total reaction rate for ith nuclide in salt
(events/sec), | :

N{#)=number density of ith nuclide in salt
(nuclei per cubic centimeter of salt),

0{FE) = reaction cross section for ith nuclide
o (em®), ' -
#(r, E, t) = neutron flux at point r, energy E, and time
t (neutrons cm 2 sec”!),

F(r) = volume fraction of salt at point r,

Vg =all reactor volume experiencing neutron
flux (cm®).

This characteristic of uniform distribution in the salt is
basic to these circulating fuel systems and applies to all
of the important constituent nuclides in the salt. The
possibility of factoring the nuclide concentration from
the volume integration, as shown in Eq. (1), is a direct
consequence of this feature. It allows one to define a
useful microscopic reactor-average cross section which
is influenced by the salt composition only indirectly,
through changes in the neutron energy spectrum. For
our calculations, we have found it convenient to rewrite

Eq.(1) as
A
R;=Nio @1V, , 2
where we have made the definitions

=j;,Kd‘{[:dE ai(E) ¢(;9Er t) F(l')

Gl(t) E , 3)
f ved V.I; ¢ 45 o, E, £) F(r)
Ec
O(2) =fVR d?f 0 ‘:,E or, E, ) F(r) @

In these definitions, E, is a convenient cutoff energy

U
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chosen just high enough to effectively separate the
slowing-down energy range from the thermalization
range, ;. is the average thermal flux to which the salt
is exposed, and ¥ is the total volume of salt in
circulation. [Notice that an equivalent definition could,

if desired, be made on the basis of the total neutron

flux at all energies, ®, simply by replacing E, by
infinity and @, by ® in Eqgs. (3) and (4).]

To apply the preceding definitions to reaction rate
calculations, it is necessary to approximate the exact
neutron spectrum ¢(r, E). In our work with the MSRE,
we have used the GAM-II and THERMOS programs to
produce four broad-energy-group average nuclide cross
sections, where the averaging is with respect to an

-approximate core spectrum calculated by the programs.

We then applied the latter cross sections in four-group
diffusion calculations with the EXTERMINATOR pro-
gram to approximate the variation in the flux spectra in
the peripheral, salt-containing regions of the core (i.e.,
the upper and lower plenums and the radial down-
comer). Approximate expressions corresponding to the
defining equations (3) and (4) can readily be obtained
which describe this procedure. They are:

. % ? VieF 05 ®gx ,
‘ 2 ViFi®rx

E ViFr®rx
Vs ?

&)

IR

o (6

where ¥, and Fj are the volume and salt volume
fraction for the kth subregion over which the volume
fraction of salt is constant and ®,; is the EXTERMI-
NATOR flux in broad group g, averaged over subregion
k (P, is the average thermal flux in region k). The
broad-group nuclide cross sections are defined by:

Egs
Je G ®

where ¢,(E) is the approximate neutron spectrum in
the graphite-moderated core, as obtained from multi-
group calculations with the GAM-II and THERMOS
programs. As described in earlier semiannual reports,* *2
the integrals in Eq. (7) are also calculated in terms of

LMSR Program Semiann. Progr. Rept. Feb. 28, 1967, ORNL-
4119, pp. 79-93. ‘

2MSR Program Semiann. Progr. Rept. Aug. 31, 1967,
ORNL-4191, pp. 50-54.
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finite sums, using up to 99 energy groups to span the
slowing-down range and 30 groups to span the thermal
range. The cutoff energy, E,, separating these ranges
was chosen to be 0.876 ev for MSRE calculations.

2.3 RESULTS OF REVISED
CROSS-SECTION CALCULATIONS

B. E. Prince

In Table 2.1, we have listed the modified cross
sections obtained in these studies alongside the cor-
responding - values obtained in the earlier calculations.
Both calculations were made for the reactor spectrum
corresponding to the minimum critical uranium loading
(core isothermal at 1200°F, all control rods fully
withdrawn). For reference purposes, several nuclides
were included in the current studies in addition to those

Table 2.1, Revised Average Reaction Cross
Sections in MSRE Thermal Flux, with 235U
Fuel at Minimum Critical Loading

Average Cross Section (barns
. Nuclides g (bams)

Pre-1965 Data Calx:sgom
S1i 461.02 466.42
10g 1870.35 1881.13
233y (absorption) a 387.920
233y (fission) a 344.06°
234 138.19 130.40°
235y (absorption) 340.53 331.43¢
333.88¢
332.69%
235y (fission) 270.15 265.11¢
267.884
267.63%
236y 52.755 Y T § L
237\p . . a 278.41
238y , 26.318 27.668¢
238p, a 218.29
239Np a 103.14
239py, (absorption) 1470.10 1456.06
- 239py, (fission) 874.50 901.10
240 : 1267.91 1287.64
241p, (absorption) a 1137.61
241py (fission) a 836.43
242py a 174.38
- 4Not calculated.
-bCurrent ENDF/B data.

€Cross-section data library based on ref. 3.

4dORNL evaluation of 235U data; E. H. Gift, personal
communication.

€Cross-section data library based on data of G. D. Joanou and
C. A. Stevens, Neutron Cross Sections for 238U, GA-6087 Rev.
(NASA-CR-54290) (April 1965). '




considered in the earlier work. In each case, these
additional nuclides were not of significance in the 235U
operation and, for the calculations, were assumed to be
present at infinitely dilute concentrations in the salt. In
view of the importance of 235U in determining the
neutronic characteristics of the reactor, three different
sets of cross-section data currently available for these
types of calculations were compared. We found very
little difference in the magnitude of the effective
absorption and fission cross sections calculated with
these data sets. The maximum variation in the average
capture-to-absorption ratio for the sets was about 2%,
with the ratio for the ORNL-evaluated set lying
approximately midway between the current ENDF/B
data and the data set based on ref. 3. However, the
capture-to-absorption ratio for the ORNL set was about
5% smaller than the ratio obtained from the earlier
studies (column 2 of Table 2.1). The ORNL-evaluated
data were chosen as the basis of further calculations.
The other principal changes evidenced in these newer
calculations which are of significance in the interpreta-
tion of MSRE data were in the 233U and 23°Pu cross
sections. The former exerts its influence not only
‘through the neutron poisoning effect on the critical
uranium loading but, more significantly, through the
production of 23?Pu during power operation. Since the
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regions of the core or the effect of the control rod
thimbles on the thermal flux. Both effects tend to
increase the relative contribution of the epithermal
component of the average neutron flux and influence
most strongly the average cross sections of nuclides
with large resonance capture components (partlcularly
238U 234U and236m

In this same connection, the averaged cross sections
listed in Table 2.1 should be corrected for changes
caused by increasing the uranium concentration to
reactor operating conditions, and also ‘the insertions of
the control rod to compensate for the excess reactivity.
These changes also increase the average epithermal-to-

. thermal flux ratio in the reactor. In Table 2.2 we have

239py production rate is very nearly proportional to

the 238U cross section, this change in nuclear data
alone would increase the 23°Pu by about 5% from the
earlier calculations. (Other modifications besides those
shown in Table 2.1 are also required in the calculation
of the plutonium production, however, as described
later in this section.)

The changes in the 23°Pu fission and absorption cross
sections are in the direction of increasing the reactivity
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