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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 19 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
reactor 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
233UF, dissolved in a salt that is a mixture of LiF and
BeF,, but it could be started up with 23*U or plu-
tonium. The fertile material would be ThF, dissolved
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,,
S mole % ZrF 4, 29 mole % BeF,, and 65 mole % "LiF,
a mixture which has a melting point of 840°F. The
uranium was about 33% 35U,

The fuel circulates through a reactor vessel and an
external pump and heat exchange system. All this equip-
ment is constructed of Hastelloy N, a nickel-molybde-
num-iron-chromium alloy with exceptional resistance to

in the primary heat exchanger, and the coolant salt is
pumped through a radiator to dissipate the heat to the
atmosphere. '

Design of the MSRE started in the summer of 1960,
and fabrication of equipment began early in 1962, Pre-
nuclear testing was begun in August of 1964, and, fol-
lowing some modifications, the reactor was taken criti-
cal on June 1, 1965. Zero-power experiments were com-
pleted 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 diffi-
culty was overcome by installing a specially designed
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 was taken

corrosion by molten fluorides and with high strength at

high temperature. The reactor core contains an assem-
bly of graphite moderator bars that are in direct con-
tact 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
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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 Decem-
ber and January at full power for 30 days without in-
terruption. The next power run was begun later in
January and was continued for' 102 days, until termi-
nated to remove a second set of graphite and metal
specimens. An additional operating period of 46 days
during the summer was interrupted for maintenance
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 in-
terrupted 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 objec-
tive 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.tempera-
tures 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 absorbers filled with
sodium fluoride pellets. The decontamination and re-
covery 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 #33U. The nuclear characteristics with the 233U

were close to the predictions, and, as expected, the re--

actor 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 re-
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duction in the pump speed eliminated the gas. We are
investigating why the gas behavior was different after
the fuel was processed.

A large part of the Molten-Salt Reactor Program is
now being devoted to future molten-salt reactors. Con-
ceptual design studies are being made of breeder reac-
tors, and an increasing amount of work on materials, on
the chemistry of fuel and coolant salts, and on proc-
essing methods is included in the research and develop-
ment program.

Until recently, 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 de-
veloped, but several years of experience with a proto-
type 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
a long-sought goal.

About a year ago two developments established the
feasibility of a one-fluid breeder. The first was demon-
stration of the chemical steps in a process which uses
liquid bismuth to extract protactinium and uranium
selectively 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 the development effort
are now directed to the one-fluid system.

LY
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Summary

PART 1. MOLTEN-SALT REACTOR EXPERIMENT
1. MSRE Operations

This report period covered the loading of 233U,
zero-power experiments with the new fissile material,
and the resumption of full-power operation.

Criticality was attained by melting UF,-LiF eutectic
salt containing 33.3 kg of uranium (91% 233U) into the
carrier salt from which the original uranium had been
stripped. The critical loading was only 1% less than
predicted. Reactivity coefficients and control rod worth
were also in acceptable agreement with predictions.

‘Dynamics tests showed that the system was stable at all

power levels, and the experimental transfer functions
fitted the theoretical curves.

Shortly after the beginning of fuel-salt circulation,
beryllium metal was exposed to the salt to increase the
reducing power. At that time the amount of blanket gas
entrained in the circulating fuel increased from less than
0.1 vol % to about 0.6 vol % and remained there.
Various experiments were done in efforts to elucidate
the effect of the beryllium. The entrained gas was
practically eliminated from the fuel loop by operating
the pump at slightly reduced speed. g

During the approach to power, small perturbations
were observed in the nuclear power and some other
system variables, ‘These were tentatively ascribed to
gradual accumulation and sudden release of gas from
somewhere in the core. The perturbations ceased when
the circulating void fraction was reduced.

The fuel off-gas line partially plugged near the pump
bowl during the zero-power experiments, and an accu-
mulation of frozen salt mist was removed before the
beginning of power operation.

Component performance was generally good, but a
loose gear in the fuel-sampler drive mechanism caused a
three-week shutdown in December, delaying the start of
power operation. At the end of the period, fuel had
been in the core continuously for 47 days, during which
time the integrated power amounted to 747 equivalent
full-power hours.
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2. Component Development

The MSRE-type freeze flange undergoing thermal
cycle testing was inspected after 321 cycles. The crack
observed first after 268 cycles had extended only
slightly. Cycling was resumed.

The mark 2 fuel pump, which features a deeper bowl,
began test operation with molten salt and accumulated
a total of 4000 hr. The only difficulty was periodic
plugging of the off-gas line with what appeared to be
frozen salt mist. ‘

3. Instrumentation and Controls

Daily tests of rod-scram relays turned up no more
failures. (Three of fifteen failed in the previous six
months,) Two fission chamber failures occurred after
nine months and one year of service respectively. The
improvement over the three-month average life was
attributed to improved sealing against water intrusion.
Neutron chambers were installed in the drain tank cell
for the 233U loading and were afterwards removed.
Only minor modifications were made in the instru-
mentation and controls.

A moderate number of minor failures occurred in the
on-line digital computer. Numerous software changes
were made in support of reactor operations and
experiments. The conversational-mode calculational
language FOCAL was adapted to the BR-340, making
possible engineering calculations in the background
time interspersed with the routine monitoring and
computing operations of the computer.

4. MSRE Reactor Analysis

Nuclide changes and reactivity effects’ during ex-
tended power operation with 233U were computed
using updated cross-section data. The computed distri-
bution of fissions was 94% in 233U, 4% in 23°Py, and
2% in 235U at the beginning, with the 23°Pu fissions
slowly decreasing and the 233U fissions increasing with
integrated power. The reactivity effect of long-term
changes in nuclides (exclusive of uranium burnup) was
computed to be —1.1 X 1077 8k/k per megawatt-hour.




Analysis of rod-drop experiments gave a total worth
of one control rod, near the minimum critical uranium
loading, of 2.58 + 0.05% &k/k. The uranium concentra-
tion coefficient of reactivity was inferred to be about
5% smaller than had been predicted. New rod-
calibration curves for use in the on-ine reactivity
balance calculations were derived from the experiments.

A method for the calculation of time variations in
reactivity corresponding to specified variations in the
fission rate was developed and used to analyze some
observed “blips” in the MSRE power level.

Theoretical analysis of the dynamic stability of the
MSRE with 233U fuel was extended to obtain the
power dependence of all the eigenvalues of the system
mathematical mode. The dependence exhibited the
expected tendency of the system to become more
sluggish in returning to its original state at lower power
levels.

PART 2. MSBR DESIGN AND DEVELOPMENT

5. Design

Design study of a 1000 Mw (electrical) MSBR power
station was continued. The plant layout remains essen-
tially the same except that the reactor cell diameter was
increased to 66 ft to accommodate a larger reactor
vessel. The cell wall construction was modified to
provide double containment of the radioactive systems.

The size of zone I of the reactor core was increased to
14 ft diam X 13 ft high, and other dimensions were
adjusted to reduce the damage neutron flux to assure a
" 4-year life for.the core graphite and a 30-year life for
the reflector graphite. The latter will then not require
provisions for routine replacement.

The undermoderated region surrounding the most
active portion of the core was redesigned to use 2-in. by
10-in. by 14-ftlong slabs of graphite rather than
graphite spheres. This region contains 37% by volume
of salt as in the previous concepts. ’

The reflector graphite was redesigned to make use of
larger pieces and to assure a well-defined passage for
flow of fuel salt to cool the reactor vessel wall. The fuel
salt will flow radially inward from the wall annulus to
cool the reflector graphite.

Axial reflectors were added at the top and bottom to
improve the nuclear performance and to reduce the
damage flux on the Hastelloy N vessel heads. The lifting
rods used to remove the entire core assembly for
graphite replacement are now removable to eliminate
the poisoning effect during normal operation.

The top of the primary heat exchanger was modified
to use L-shaped tubes and a vertical tube sheet. The
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upper portion of the tubing contains a sine-wave bend
to reduce the stresses due to thermal expansion. The
heat exchanger design assumes use of tubing with a
knurled groove to enhance the heat transfer on both
inside and outside.

The removal of reactor afterheat has been analyzed in

- more detail. The normal method is to continue circu-

lation of both the primary and secondary salts and to
transfer the heat to the steam system. The fuel salt can
be drained to a tank provided with cooling thimbles,
and the residual heat due to deposited fission products
in the core can be removed by circulating nitrogen with
the fuel-salt pumps.

More detailed studies were completed on the tempera-
ture distributions within the reactor. It was found that
the maximum core graphite temperature would be
1307°F, occurring about 1 ft above midheight in the
reactor. The maximum temperature in the radial re-
flector graphite was found to be 1363°F. Vessel wall
temperatures were also analyzed and found to be within
acceptable limits.

The MSBR station cost estimates were revised to
more nearly reflect 1969 costs. Ata construction cost
of about $160.00 per kilowatt and a production cost of
4 mills/kwhr, the MSBR compares favorably with our
estimates of costs for water reactors.

Some conceptual design studies were begun for a
molten-salt breeder experiment. The objectives pro-
posed for the experiment can be accomplished with a
reactor with a power in the range of 100 to 200 Mw
(thermal).

6. Reactor Physics

Recent optimization studies of molten-salt breeder
reactor configurations have been based on a figure of
merit which places greater weight on fuel specific power
than does the annual fuel yield. In addition, a limitation
on the maximum fast-neutron flux in the graphite may
now also be imposed as a constraint on the optimiza-
tion. :

Since the previous progress report, we have found
that the core of the 1000 Mw (electrical) single-fluid
MSBR can be enlarged so as to extend the useful life of
the graphite from two to four years with only a slight
penalty in breeding performance. Additional modifi-
cations have been made to provide proper cooling of
the reflector and to limit the fast-neutron flux in the
reflector to a level that should not require replacement
of the reflector during the life of the reactor. Finally,
further detailing of the reactor design has resulted in
other upward revisions in the estimated salt inventory.
In all, the salt volume in our present MSBR configu-
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ration is about 20% greater than reported previously. In
the aggregate, these changes result in a reactor having a
breeding ratio of 1.065, fissile material inventory of
1470 kg (including protactinium), annual fuel yield
3.34%, and a useful core life of four years at 0.8 plant
factor.

A new analysis of the effect of thorium concentration
on MSBR performance was carried out in terms of the
new figure of merit and with careful adjustment of
neutron cross sections to fit each case being considered.
We find that 12 mole % of thorium in the salt is very
nearly optimum in terms of breeding performance.

Improved digital computer codes for preparation of
the neutron cross sections required in multigroup flux
calculations - and for carrying out multigroup two-
dimensional neutron diffusion calculations have been
put into use in the MSR program during the last several
months. They have greatly facilitated the explicit
two-dimensional calculations which are necessary to
check the 2-D synthesis calculations used in the ROD
optimization code and which are also employed in
analysis of tentative configurations for a molten-salt
breeder experiment.

Neutron transport codes have been adapted to calcu-
late also the transport of gamma rays whose sources
depend in part on the computed neutron fluxes. This
computational  tool allows one to calculate gamma
heating in complex, multizoned reactor configurations

-~ without recourse to approximate buildup factor

methods whose use is questionable in such configura-
tions. The codes were used to obtain heating distri-
butions in the MSBR.

Further analysis of possible conﬁguratlons for a
molten-salt breeder experiment shows that both the
target maximum damage flux of 5 X 10'* neutrons
cm™? sec™’ (>S50 kev) and an initial breeding ratio
(with 233U fuel) greater than unity can be achieved
with a reactor power less than 200 Mw (thermal). If one
accepts a breeding ratio only slightly less than unity,
the target damage flux can be achieved with a reactor
power of 100 Mw (thermal). o

The experiment to measure the spectrum-averaged
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values of & (the capture-to-fission cross-section ratio)

for both 235U and 233U in the MSRE is progressing
well, and has reached the point where comparisons
between measured and calculated values can be made
for the 235U samples. Tentatively, the agreement seems
excellent, the measured value of @, s being about 3.5%
lower than the calculated value based on the ENDF/B
cross-section -library. Though the experimental errors
have not been fully assessed, this difference is about the
same as the expected accuracy of the measurements.
This level of accuracy in the measurement of a

contributes about 0.7% uncertainty in ¢ for 235U, but

would correspond to about 0.4% uncertainty in n for
233U

7. Systems and Components Development

Studies on the off-gas system were continued, and a
preliminary design concept for the volume holdup tank
is presented. This tank provides about 1 hr holdup for
all gases leaving the reactor and employs a circulating
coolant which receives the solid fission products from
an impaction separator and absorbs the energy from
these and the decay of the noble gases. The system
must reject a maximum of 18 Mw of decay heat.

The ! 3% Xe distribution calculations were extended to
include the other noble-gas fission products, of which
there are over 30 kryptons and xenons. The fluxes of
these isotopes to the circulating gas bubbles, to the
graphite, out of the reactor, and to the noble-gas
removal system were calculated for conditions of the
graphite coating and the noble-gas stripping system
which yielded a !'3%Xe poison fraction of 1.27 and
0.56%. The flux of the fission product gas to the
graphite for the latter case was used to calculate the
afterheat in the graphite after about two years of
continuous operation at full power. Heat is released at
the rate of 1 Mw 10 min after shutdown and has
decayed to less than 0.15 Mw 10 hr later. An estimate
was made of the distribution of about 21 Mw of decay
heat in the off-gas system, including about 9 Mw of
heat from the decay of noble metals.

Studies were started on a bubble generator that
resembles an inverted venturi and consists of a teardrop
inside a straight section of pipe. It was found that the
primary mechanism for generating small bubbles is the
use of the energy in the turbulent field in the diffuser.
Coalescence of the small bubbles was found to increase
as the void fraction in a water stream increased much
above 0.1%; however, it was indicated that higher fluid
velocities would inhibit coalescence, ‘and this will be
checked. A third set of vanes for the vortex type of
in-line bubble separator was made as a scaled-up version
of an earlier model used on another experiment and for
which there was satisfactory performance. This model
appears to confirm the earlier experience, but testing
was just begun at the end of the period.

A request for directive for a moltensalt steam
generator test stand was sent to the AEC for approval
and authorization of expenditures. The test stand will
have a capacity of 3 Mw and will consist of a
molten-salt pump loop with a gas-fired heat source and
a water-steam loop capable of operating at subcritical
and supercritical pressures. The test stand will be used




to gain fundamental engineering data and to investigate
ideas for generating steam with molten salt.

The sodium fluoroborate test.loop was operated
almost continuously from August 19, 1968, to
November 4, 1968. During this period work was
completed on pump cavitation tests, studies were
continued on methods of controlling salt composition
and on restrictions in the off-gas line, and initial tests
were made with a cold finger to investigate cold-zone
deposition of corrosion products. During November and
December a test section was installed in the off-gas line
at the pump bowl outlet to provide pressure and
temperature profile data and to permit installation of
various traps and filters. The loop was restarted on
December 19, 1968, and circulation has continued

without interruption through February 1969. Cumu-

lative circulating time is 4600 hr, of which 3600 hr have
been with the clean batch of salt. In general, the test
work has produced no evidence of any problem which
would preclude the use of NaBF4-NaF eutectic as a
reactor coolant.

Results of the cavitation tests with the clean charge of
salt appear consistent with the notion that cavitation
inception for the PK-P pump operating with sodium
fluoroborate can be correlated on the basis of net
positive suction head and vapor pressure. ,

It was concluded that control of the fluoroborate salt
composition at the eutectic point will be easy, provided
a suitable method can be established for monitoring the
salt composition. Four monitoring methods have been
under consideration. Of these, the one with the most
promise uses the partial pressure of BF; over the salt, as
indicated by the thermal conductivity of the off-gas
stream, to calculate the salt composition.

The cause of gas-system restrictions was traced to
accumulations of salt mist at the pump bowl off-gas
nozzle and in the control valve. The test data indicate
that the trouble can be eliminated by the use of a
special hot trap at the pump bowl outlet and a
highefficiency filter immediately downstream of the
hot trap.

The conceptual layout of a primary-salt pump for the
molten-salt breeder reactor has been further defined to
consider the problems incurred by system thermal
expansion, coupling the drive motor to the pump,
pump containment requirements, and shaft seal oil
leakage. The plan to obtain the participation of the
United States pump industry in the Molten-Salt Breeder
Experiment (MSBE) salt pump program is progressing.
The specification for the MSBR primary-salt pump was
revised in the light of project and pump manufacturer
comments. An evaluation team was selected, and they

xvi

visited pump manufacturers to determine. their interest
and capabilities in the salt pump program. A request for
proposal is being prepared for submittal to pump
manufacturers. A request for directive based on pre-
liminary design and cost estimates was prepared for the
MSBE salt pump test stand, and a draft of the system
design description was also prepared for it. Design'work

" was initiated for a small pump for laboratory applica-

tions. It will be designed for molten salt and liquid
metal at temperatures to 1400°F, flow capacities to 30
gpm, and head capability to 300 ft.

We completed the fabrication and started the testing
of the automated cutting and welding equipment based
on the design developed by the Air Force and the North
American Rockwell Corporation. Initial tests of the
equipment were performed with a welding programmer
loaned to us by the Air Force, and these tests,
performed without benefit of operating experience or
equipment debugging, gave very encouraging results.
This is the first of tests to establish the feasibility of
remote welding for molten-salt reactors. A detailed
“Proposal for the Development of a Remote Control
System for Cutting and Welding Radioactive Pipe and

Vessels” was submitted to the Director, Division of

Reactor Development and Technology. The program
covers a five-year, $3,000,000 development program to
adapt the orbital equipment to fully remote operation
in high radiation fields. The equipment, once de-
veloped, would have application for maintenance of
most operating reactors.

8. MSBR Instrumentation and Controls

The preliminary investigation of an overall plant
control system of the single-fluid 1000 Mw (electrical)
MSBR was completed. This investigation included, in
addition to the studies previously reported, simulations
of the reactor heat transfer, nuclear kinetics, and a
reactivity control system. The secondary-salt flow rate
was altered at a rate proportional to the errorin steam
temperature, as suggested by previous studies, to
achieve closer control of steam temperature.

Several transient cases were run with this model,
including step and ramp changes in power demand and
reactivity and step loss of one secondary-salt coolant
loop. Normally anticipated ramp changes in load
demand resulted in less than 10°F temperature change
at the turbine throttle. Large load changes such as a
50% loss of load, however, resulted in throttle tempera-
ture variations of about 150°F. Control reactivity
requirements were less than 0.075% &k/k for the above
cases with rates of about 0.003%/sec 8k/k. The results
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also indicate that for large load changes it may be
necessary to vary primary-salt flow as well as
secondary-salt flow to reduce the temperature varia-
tions on the reactor and heat exchanger.

The calculation of the decay of neutron density in the
MSBR following shutdown was extended to investigate
the effects of the loss of all primary-salt flow. The
curves included indicate the integral of reactor power
for the first 5 min after flow interruption for various
rates and amounts of negative reactivity insertion. The
effect of delaying control rod action is also shown.

The effect of the photoneutron reaction from beryl-
lium' on neutron density following shutdown was
calculated and found to be negligible.

A dynamic analysis of a steam generator for the
MSBR was performed at ORNL. A more extensive
analysis is being carried on under subcontract with the
University of Illinois at the university’s hybrid compu-
tation facility. . ‘

Investigation of the stability of resistance ther-
mometers to gross shifts in calibration under conditions
of prolonged operation at high temperature with
occasional wide variations in temperature was con-
tinued. The testing of two sets of thermometers seemed
to indicate that cycling between room temperature and
1500°F, the maximum rated temperature, or extended
operation at 1500°F would stabilize the thermometers.

9. Heat Transfer and Thermophysical Properties

Heat Transfer. — Studies were continued with a
proposed MSBR fuel salt (LiF-BeF,-ThF4-UF,,
67.5-20-12-0.5 mole %) using the pressurized flow
system and a small-diameter resistance-heated Hastelloy
N test section. In the recent experiments care was taken
to minimize errors due to nonuniform heat loss, faulty
thermocouple installation, and erratic readout, although
there remained a possibility -that the flow may have

~been affected by a repair weld near one end of the test

section. Whereas wall temperature patterns in the
laminar flow regime were consistent with the expecta-
tion of fully developed flow beyond a rather well-
defined entrance region, the patterns in the high
transition and turbulent flow regimes continued to
reveal irregularities indicative of a laminar-turbulent
transition extending to the outlet of the test section.
Variation in the heat flux by a factor of 10 produced
no significant change in the relative amplitude of .the
irregularities in wall temperature. Comparison of ex-
perimentally determined Nusselt moduli near the exit
of the test section with those predicted by the accepted
correlations indicated a dependence - on Reynolds
modulus which was greater than would be expected for
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fully developed turbulent flow. A system identical
geometrically (except for the weld repair) to that used
in the MSBR fuel salt experiments was operated with
the salt Hitec (KNO;3-NaNQ, -NaNQj3, 44-49-7 mole %).
Not only were the wall temperature patterns indicative
of developed turbulent flow, but the Nusselt moduli
agreed well with accepted correlations. The next phase
in the experimental program will involve heat transfer
measurements with the MSBR fuel salt in the same
apparatus used for the experiments with Hitec.

Thermophysical Properties. — Preliminary thermal
conductivity measurements in both the solid and liquid
states have been made for a proposed MSBR fuel salt
(LiF-BeF,-ThF4-UF,, 67.5-20-12-0.5 mole %), using
the variable-gap apparatus. The conductivity of the
solid decreased linearly from about 0.026 w cm™
(°C)™! at 290°C to about 0.014 w cm™ (°C) ™! at the
melting point, 480°C. The ratio of liquid to solid
conductivity at the melting point was 0.84, in good
agreement with data for other salt mixtures. Over the
range of temperature from the melting point to 860°C,
the thermal conductivity of the proposed MSBR fuel
salt was found to lie between that of the MSRE fuel
and coolant salts, displaying a maximum of 0.0138 w
em™ (°C)™! at about 650°C.

Despite the added difficulties in making conductivity
measurements in the solid state and the associated
sources of error, the measured thermal resistance
displayed the same consistency as a function of gap
width as observed for liquid samples and indeed yielded
the same values for the fixed resistances associated, for
example, with gas or surface corrosion films. Thus
future experiments will include measurement of
thermal conductivity in both solid and liquid states.

Mass Transfer to Circulating Bubbles. — Design of the
facility for investigating mass transfer of oxygen (simu-
lating 3% Xe) from glycerol-water solutions (simulating
molten salt) to helium has been completed, and
construction is progressing. It has been decided to use
the variable-area nozzle method under development by
Kedl for bubble generation. Tests of a conical screen
bubble separator are encouraging. A semiempirical
dispersion criterion for bubbles in a turbulently flowing
stream has been developed which relates bubble and
pipe sizes and liquid properties to the Reynolds
modulus. Application of this criterion to the mass
transfer experiment has delineated the range of
Reynolds and Schmidt moduli for which fully dispersed
bubble flow can be expected and has indicated that
vertical orientation of the test section will probably be
necessary to obtain meaningful data in the low
Reynolds modulus range.
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PART 3. CHEMISTRY

10. Chemistry of the MSRE

A material balance for fuel and flush salts was
established from analytical chemical and physical
property data for the entire period of MSRE operations
with 235U fuel. The results, which were consistent with
on-site estimates, were used as baseline data for 233U
experiments. Generalized corrosion occurred rapidly at
the beginning of 233U operations because of the
presence of Fe?* as a contaminant in the reconstituted
fuel salt, but the corrosion was checked completely by
adjustment of U**/ZU concentration during the early
stages of these operations. Anomalous development of a
larger void fraction than had been observed previously
in the fuel salt was investigated by laboratory experi-
ments intended to simulate partially the conditions in
the MSRE fuel pump. Foam development, thought to
be a significant factor, was not observed. In other
experiments foam behavior in molten salts was studied
in glass apparatus with high-speed photography.

11. Fission Product Behavior

Additional results of postirradiation examination of
the third surveillance specimen assembly confirmed that
local variation in graphite porosity significantly affects
diffusion of activities through salt-graphite interfaces.

Programs were developed for calculation of fission
product inventories during 233U operation of the
MSRE. Discovery that the °*Nb oxidation-reduction
equilibrium provides a sensitive measure of the redox
potential of the fuel salt identified its potential use as a
corrosion indicator in molten-salt reactors.

Operation of the MSRE off-gas sampler-analyzer
showed the presence of 1 to 3 g/day of hydrocarbons in
the stream. Mass spectrometric analysis of samples
taken during power operations with 235U and 233U
showed appropriate response of xenon and krypton
isotopic ratios to the fuel used.

Transport properties of fission products which “vola-

tilize” from the surface of radioactive salt mixtures
were studied in both hot-cell tests and via tracer experi-
ments using chemical traps and probes. The aerosol
particles produced were found to have average diam-
eters of 4 to 20 A.
" The chemistry of the noble metal fission product
fluorides was investigated in laboratory experiments.
The fluorides and oxyfluorides of niobium, molybde-
num, and ruthenium were prepared and characterized.
Their stabilities were determined using mass spectro-
metric methods,

12. Physical Chemistry of Molten Salts

The solubilities and heats of solution of CeFj in
LiF-BeF,-ThF4 and LiF-ThF, mixtures were deter-
mined at 600 and 800°C. Solubility of CeF; was

" correlated with solvent composition and found to

depend on the sum of BeF, and ThF, concentrations.

Zone melting and cyclic slow-cooling experiments
were conducted with LiF-BeF,-ThF; mixtures
(72-16-12 and 57-33-10 mole % with 0.3 and 0.025
mole % CeF; added). Behavior was consistent with
published and recent phase studies of the solubility of
CeF; in the LiF-BeF;-ThF, system. Cyclic slow cooling

" provided equal or better thorium separation than zone

melting, although appreciable separations were not
obtained for thorium or cerium in the LiF-BeF,-ThF,
(72-16-12 mole %) mixture.

Studies of the equilibrium phase behavior in the

- system NaFKF-BF; were continued. Liquid-liquid

immiscibility in the systems LiF-KBF,, Li,BeF4KI,
and Li,BeF4-KBF, was observed in accord with pre-
diction. Composition-temperature relationships of the
conjugate monotectic liquids were established. The
crystal structure of the low-temperature form of KBF,
was determined from three-dimensional x-ray diffrac-
tion data.

The solubility of thorium metal in molten LiF-ThF,
(73-27 mole %) at 620°C was established as 0.1 mole %.
Densities of molten MSR fuel and coolants were
measured at their typical operating temperatures with
heretofore unprecedented accuracy. The establishment
of a program for the investigation of visible-ultraviolet
absorption spectroscopy in molten fluorides was com-
pleted, including the development of the diamond-
windowed spectrophotometric cell which is unreactive
to fluorides and the production of fluoride solvents and
solutes of the purity required for spectroscopy.

The distribution of U* between molten LiF-BeF,-
ThF,-UF, and a (U,Th)O, solid solution was investi-
gated for possible application to molten-salt reactor fuel
reprocessing. The exchange process was found to be
rapid and reversible.

Efforts were continued to develop an Ni-NiO-BeO
electrode as a reference electrode in molten fluorides.
The results obtained were reproducible but were not in
agreement with cell potentials calculated from available
thermochemical data. Transference numbers were meas-
ured in molten mixtures of LiF and BeF;. It was found
that £y ;+ = 1.0 £ 0.05 in the range 0.3 <xg,p, <0.5,
and possibly over the entire concentration range. The
mobility of the beryllium ions is zero within experi-
mental error. The suitability of molten potassium
nitrate for use as a molten-salt conductance standard in
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‘cell-constant determinations has been demonstrated.

The specific conductance is well represented (0 =
0.0008) by the equation

K =-0.7098 + 4.6203
X 10734°C) — 2.0221 X 107¢#2 |

As part of a continuing investigation of electrical
conductivities in the molten LiF-BeF; system, pre-
liminary results are reported for the temperature
dependence of pure molten beryllium fluoride over the
range 530—685°C.

13. Chemistry of Molten-Salt Reactor Fuel
Reprocessing Technology

Development chemistry for molten-salt reactor fuel
reprocessing technology has been devoted to the reduc-
tive extraction concept whereby constituents of the
fuel are selectively extracted into molten bismuth
containing either lithium or thorium as the reducing
agent. The chemical feasibility of 233Pa isolation has
been demonstrated by a process which also requires the
prior reduction of uranium from the salt mixture and
its subsequent oxidation into the salt effluent of a
233p; extraction column. Recent studies have ex-
amined the effects of metal additives to bismuth, and
varied process applications to achieve improved rare-
earth separations.

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

The oxide content of the 233U fuel in the MSRE was
found to be 61 ppm, essentially identical to that of the
2359y fuel. The oxide apparatus is expected to require
major repairs shortly but will probably last through the
MSRE operations. Three approaches were studied as
possible methods for the determination of U(III) in the
radioactive MSRE fuel. Of these the total reducing
power and hydrogen transpiration methods were found
to be impractical for the analysis of the 233U fuel at
this time. A voltammetric method in which the poten-
tial of a noble electrode poised by the U(IV)/U(III)
couple is measured vs the position of the U(IV)->U(III)
voltammetric wave "offers the possibility of more
immediate measurements. The technique requires the
insertion of three platinum electrodes in the salt. An
apparatus has been designed that will permit the
insertion of electrodes in MSRE fuel that is remelted in
the original sampling ladle. Tests with simulated fuel
have demonstrated that U(IV)/U(III) ratios can be

maintained for several hours and that the frozen salt
could be exposed to the atmosphere for periods
necessary for hot-cell transfers without significant loss
of U(ILI). .

The accuracy of the measurements was established in
separate experiments in which MSRE-type melts con-
taining U(IV)/U(III) in ratios from 7 to 140 were
measured voltammetrically and potentiometrically vs an
Ni/NiF reference. The melts were simultaneously sam-
pled for a spectrophotometric determination of U(III)
concentrations. Satisfactory agreement was obtained
between the voltammetric and spectrophotometric
determinations. Also, the potentiometric measurements
were in agreement with values calculated from reported
values of free energies. Potentiometric measurements vs
the Ni/NiF reference electrode are also reported for
Be(II)/Be, Zx(IV){Zr, and corrosion product couples in
LiF-BeF, -ZrF, and for the Fe(II)/Fe and Fe(111)/Fe(II)
couples in LiF-NaF-KF. A pronounced cathodic shift of
the Fe(Ill)/Fe(Il) couple in LiF-NaF-KF indicates a
strong complexing of Fe(Ill) by free fluoride in the
melts.

It appears that the facility for the spectrophotometry
of radioactive molten fluoride salts can be completed as
scheduled. Delivery of the optical system has been
scheduled for August. Three of the major salt-handling
components, the optics furnace, its top assembly, and

. the transport container, have been fabricated and

subjected to preliminary testing and modification. The
sample loading furnace is almost completed. A hot cell
has been decontaminated, and the necessary in-cell
services are being designed. The successful sampling of
fluoride melts for the determination of U(III) by a
technique similar to the one to be used in the hot cell
confirmed the validity of the method designed for
radioactive samples. These experiments also demon-
strated the use of the absorption of U(1V) to determine
the path length of melts in windowless cells.

Absorption spectra in molten Li;BeF, are sum-
marized for a variety of 3d transition-metal ions. All of
these spectra, which include a representative of each
configuration except 3d°, are consistent with ions
situated in high symmetry, either octahedral or dis-
torted octahedral. Cobalt(Il) maintains high symmetry
even in melts enriched in BeF,.

Observations of wetting and nonwetting behavior of
LiF-BeF, melts in various container materials were
accumulated and analyzed. Conditions found necessary
for wetting to occur include an electrically conductive
container together with an active metal in contact with
a melt containing one or more soluble species of the
active metal. Sparingly soluble oxides did not cause
wetting.




Liquid contaminants in the He-BF; cover gas of the
circulating NaBF, loop have been tentatively identified
as hydrolysis products of BF;. An apparatus has been
assembled to study these materials and to develop
techniques for their removal from off-gas systems.

A variety of analytical techniques are being tested for
the determination of traces of bismuth in MSRP salts.
Presently, the detection limit for the iodide spectro-
photometric method is 10 ppm. Emission spectro-
graphic, polarographic stripping, and isotope exchange
methods are being investigated for determinations at
the 1-ppm level or lower.

PART 4. MOLTEN-SALT IRRADIATION
EXPERIMENTS

15. Molten-Salt Convection Loop in the ORR

Wetting studies indicated that very stringent gas
purification measures will have to be used in future
small-scale experiments, such as the in-pile thermal
convection autoclave, if wetting by the salt and
concomitant confusion of the experimental results are
to be avoided. Titanium or uranium metal hot trapping
at the points of entry of gas streams into the loop are
indicated as minimum requirements.

PART 5. MATERIALS DEVELOPMENT

16. MSRE Surveillance Program

Several magnetic particles were removed from the
MSRE pump bowl with a permanent magnet. These
particles were mixtures of iron and nickel with trace
amounts of chromium and molybdenum and ranged
from 20 to <1 u in size.

17. Graphite Studies

Several new graphites were obtained for evaluation.
These materials have been characterized by the meas-
urement of several physical properties and have been
included in other phases of our program., The tech-
niques were developed for making several physical
property measurements on graphite, including thermal
conductivity, electrical resistivity, anisotropy by x-ray
diffraction, and structure studies by transmission elec-
tron microscopy. Several graphites have been irradiated
toa fluence of 2.5 X 1022 neutrons/cm? (>50 kev) at

XX

715°C. Dimensional measurements indicate that (1) the .

maximum density and the associated fluence are in-
versely proportional to the original density, (2) the

crystallite growth rates at maximum density are de-
pendent only on the preferred orientation, and (3)
grades H337, H364, and AXF show an initial delay
before densifying and offer improved dimensional
stability. .

Our graphite sealing studies have concentrated on
optimizing the processing parameters for various
graphite substrates. Some sealed AXF samples were
irradiated to a2 maximum fluence of 1.3 X 1022
neutrons/cm® (>S50 kev). Although the permeabilities
increased, one sample had a helium permeability of at
least 1.7 X 107 cm?/sec. Other samples have been
sealed and are being irradiated.

18. Hastelloy N

Titanium and carbon additions improved the mechan-
ical properties of a base alloy of Ni—12% Mo—7% Cr.
Samples of Ni—12% Mo—7% Cr—0.05% C containing
various amounts of titanium were aged for various times
at 650 and 760°C. Mechanical property tests showed
that changes took place, but these changes were not
sufficient to account for the variations noted over this
temperature range during irradiation. Electron micros-
copy revealed that the good properties were associated
with a fine MC-type precipitate and that the poorer
properties were noted at higher temperatures, where a
coarse M,C-type carbide was formed. The MC-type
carbide can be stabilized with higher concentrations of
Ti, Hf, Nb, Zr, and Y, and postirradiation creep tests
show that good properties result.

Our corrosion studies continued to affirm the excel-
lent compatibility of Hastelloy N with the lithium-
beryllium-fluoride salts. A loop constructed of type
304L stainless steel has a higher, but acceptable,
corrosion rate and has operated for over six years

without difficulty. Our proposed coolant salt, sodium .

fluoroborate, is somewhat more aggressive, but our
thermal convection loops indicate that acceptable cor-

rosion rates are attainable when the water content of -

the salt is low. We have operated a pumped loop of
Hastelloy N containing sodium fluoroborate for about
1500 hr. The salt composition has shown some erratic
changes in metallic impurities, but operation has pro-
ceeded without difficulty.

19. Support for Chemical Processing

Molybdenum and graphite seem compatible with fuel
salts and with bismuth and are potentially useful
construction materials for a chemical processing plant
for MSBR’s. The primary remaining problem is fabri-

v



a4,

N

)

xXxi

cation, since both materials are difficult to join.
Techniques have been developed for brazing both
materials, but these joining materials may not be
compatible with bismuth. We are also examining the
possibility of coating iron-base alloys with molybdenum
to prevent temperature-gradient mass transfer of the
iron by the bismuth.

20. Support for Components Development ﬂogram

We have procured some of the equipment necessary
for making welds in Hastelloy N by processes that are
potentially useful for remote applications. Useful ex-
perience has also been gained through the use of some
automatic welding equipment that utilizes the MIG
welding process. '

Several plasma-sprayed bearing surfaces on Hastelloy
N have received cursory evaluation. The coatings did
not spall during thermal cycling, but several small flaws
did develop.

PART 6. MOLTEN-SALT PROCESSING
AND PREPARATION

21. Flowsheet Analysis

The proposed process flowsheet for a 1000 Mw
(electrical) single-fluid MSBR includes a system for
233py jsolation based on reductive extraction using
molten bismuth. The salt is processed at a rate
equivalent to 1 reactor volume in three days. Calcula-
tions using revised equilibrium distribution data show
the system to be theoretically practical. The flowsheet
also includes a system for rare-earth removal which
processes the contents of the reactor on a 30-day cycle.
Calculations indicate that a cascade of perhaps 24 stages
will be necessary to effect rare-earth removal with bis-
muth flow rates as high as 15 gpm. An important vari-

- able in this calculation was the fraction of thorium elec-

trolyzed from the salt as it passed through the
electrolytic cell unit. A computer code has been
developed to perform steady-state material balance
calculations which describe the nuclear, chemical, and
physical processes occurring in the fuel of an MSBR.

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

Distribution of uranium, protactinium, plutonium,
thorium, rare earths, and other fission products be-
tween molten fluoride salts and liquid bismuth solu-

tions is being studied in support of a reductive
extraction process for single-fluid MSBR fuels. Equi-
librium data were obtained with a variety of LiF-BeF, -
ThF, salts at 600°C. These data show that uranium and
zirconium will coextract but that they should be easily
separated from protactinium. Plutonium can probably
be separated from protactinium if the reductant con-
centration in the metal phase is very low. Protactinium
should be easily separated from the rare earths and
thorium; the Pa-Th separation factors were 2000 to
4400 with the salt compositions used. The rare-earth—
thorium separation will be much more difficult; separa-
tion factors were in the range of 1.0 to 3.5. A metal
transfer process is being evaluated as an alternative to
reductive extraction for the rare-earth—thorium sepa-
ration.

The mutual solubilities of nickel and thorium in
bismuth were determined at 600°C. The results can be
expressed as a mole fraction solubility product pr =
6.2X 1077,

23. Engineering Development of
Process Operations

Electrolytic cells will be required for operation of
reductive extraction systems in an MSBR fuel process-
ing plant. The cells will be used to oxidize materials in
bismuth streams effluent from extraction contactors as
well as for reducing lithium and thorium into bismuth
streams which are fed to the contactors. Experiments
have been carried out in quartz cells (4 in. OD) which
used bismuth pools as the electrodes and 66-34 mole %
LiF-BeF, as the electrolyte. Current densities up to 4.5
amp/cm? were observed. The current was linearly
dependent on applied voltage, which suggests that there
is essentially no limiting current in the range covered by
the experiments. Corrosive conditions will exist in the
vicinity of anodic surfaces, and it is planned that such
surfaces be protected by a frozen salt layer. A small
all-metal static cell has been installed for study of this
method of operation. - :

Equipment has been installed for semicontinuous
engineering experiments on reductive extraction. The
equipment allows purification and countercurrent con-
tact of up to 15 liters each of molten salt and bismuth
containing thorium through a 0.82-in.-ID, 2-ft-long

- column packed with Y-in. right circular cylinders.

Preliminary testing and degassing of the equipment has
begun, and charging of bismuth and molten salt
(72-16-12 mole % LiF-BeF,-ThF,) will have been
completed soon.

The hydrodynamic properties of contactors are being
studied in simulated systems using water and mercury.




Quantitative measurements have been made of flooding
rates, pressure drop, and dispersed phase (Hg) holdup.
Information was also obtained on flow patterns and
drop sizes. Four packing materials and one baffled
cartridge have been studied in a 1-in.-ID column. A
mathematical model describing the hydrodynamic
aspects of a dispersed-flow column was developed.

A system is being built to allow the steady-state
testing of a variety of electrolytic cell designs. Provision
is made for circulating up to 0.5 gpm of bismuth and
0.25 gpm of salt through the cell containment vessel,
for sampling the inlet and outlet streams from the cell,
and for visually observing operation of the cell.

xxii

24. Distillation of MSRE Fuel Carrier Salt

An experimental molten-salt still is being installed at
the MSRE for demonstrating low-pressure, high-
temperature distillation of 48 liters of irradiated MSRE
fuel carrier salt. Minor equipment modifications sug-
gested by nonradioactive tests were made. A condensate
sampler similar to equipment used for addition of 233U
to the fuel drain tanks was built.

The still was tested by transferring 16 liters of
nonradioactive salt into the system and distilling about
2 liters of this salt.
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Part 1 Molten-Salt Reactor Expcnmg .

P N Haubenrexch

Loading of 232U into the MSRE commenced a few

days after the beginning of the six-month period’

reported here. Part 1 of this report describes the critical

" experiment, the zero-power determinations of nuclear

characteristics, and, finally, operation at full power of
the world’s first 233U-fueled reactor. Resultsare
reported which show the adequacy of the nuclear data
and the procedures used to predict the characteristics of
the system with 233U. An experiment to measure
accurately the capture-to-fission ratio of 233U in a
molten-salt reactor neutron spectrum was in progress at
the end of the report period. Results of dynamics tests
showed the expected response and proved the system to
be quite stable and easy to control, despite the very low

delayed neutron fraction of 233U. Beginning early in
the 233U operation, the amount of gas entrained in the
pump and circulating with the fuel was higher than ever’
before. Fuel chemistry in the aftermath of processing
and its possible relation to the ‘gas entrainment are
discussed in Part 3 of this report. One effect of the
higher gas content (up to 0.7 vol %) was sporadic small
perturbations in salt level and nuclear power. Analysis
of the perturbations, described in Part 1, shows that
their effects are too small to affect the operation or the
life of the reactor, and the cause is probably related to-
the specific situation in the MSRE which permits gas to
cling in the core. Development work directly related to
the MSRE is also described in Part 1.

1. MSRE Operations

P:N. Haubenreich

1.1 CHRONOLOGICAL ACCOUNT OF
OPERATIONS 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

- B. H. Webster

At the end of August 1968, the fuel salt had just been
fluorinated to remove the 33%-enriched 235U that had
fueled the reactor since the nuclear startup in June

1965, and reduction of the corrosion product fluorides

was under way.! After treatment with hydrogen and
finely divided zirconium, the salt was passed through a

IMSR Program Semiann. Progr. Rept. Aug. 31, 1968,

ORNL-4344, pp. 1-11.

‘filter and returned to the reactor drain tanks on

September 8. Samples showed acceptably low concen-
trations of corrosion products, thus clearing the way for
use of the carrier salt for the operation with 233U. The

. principal reactor-associated "activities for this report

period are shown graphically in Fig. 1.1.

The amount of uranium (91% 2> 3U) which had to be
added to:attain criticality at the reference condition
(1200°F, rods fully withdrawn, no circulation) was
predicted to be 33.9 kg. Equipment had been attached

“to drain tank 2 to permit addition of batches of

enriching salt containing up to 7 kg of uranium. Three
batches totaling 21 kg of uranium were added before
the salt was pushed up into the fuel loop to determine

‘the neutron multiplication. This was repeated after the

addition of one more 7-kg batch. The final addition
through the drain tanks wa$ 5 kg of uranium, bringing

* the total added to 32.9 kg. When the core was filled




after this addition, extrapolation of the subcritical
multiplication indicated that only 0.35 kg more

uranium was required. A capsule of enriching salt-

containing 96 g of uranium was added through the
sampler-enricher to check out its operation and to
refine the extrapolation to the critical loading. Then the
salt was drained and secured in drain tank 1.

As long as uranium was being loaded into the drain
tank, the drain-tank cell could not be sealed. Therefore,
before the -reactor was taken critical, the loading
equipment was removed from FD-2, the cell was sealed,
and the containment was leak-tested at 20 psig. The
critical experiment was then resumed, with uranium
being added, 96 g at a time, through the sampler-
enricher directly into the circulating fuel .salt. On
October 2 criticality was attained after the addition of
33.29 kg of uranium, slightly less than had been
predicted originally. Capsule additions continued for
the next 38 days, by which time a total of 27 capsules
had been added and one control rod had been almost

fully inserted. Initial criticality had been attained after
4 capsules. After 6 capsules the reactor was critical with
the fuel circulating. On October 8, after the addition of
the tenth capsule, the reactor power was raised to 100
kw to observe the dynamics. This was the first time that
a 233U-fueled reactor had ever operated at significant
power, and the occasion was marked by a ceremony
including AEC Chairman Glenn Seaborg and Commis-
sioner Wilfred  Johnson, among . others. Chairman
Seaborg, who headed the team that had discovered
233y, was at the controls when the power was raised.
At his side was R. W. Stoughton, of the ORNL
Chemistry Division, who with Seaborg and J. W.
Gofman first identified 233U on February 2, 1942.
After each of the capsule additions subsequent.to
initial criticality, the critical control rod position and

the rod sensitivity were measured with and without the
fuel circulating. Two sets of rod-drop tests were done to-

obtain total rod worth. After the last addition the
critical rod position was determined at temperatures
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Fig. 1.1. MSRE Operations, September 1968—February 1969.




from 1175 to 1225°F, with and without the fuel
circulating. '

The fuel was circulated for two months during the
course of the uranium additions and reactivity meas-
urements. (There was a one-day interruption when the
fuel drained following an instrument power failure.)
Throughout this period there was abundant evidence of
an unusual amount of gas entrainment in the circulating

- fuel — about 0.5—0.7 vol % compared with <0.1 vol %

during the years of operation with 235U. This was
manifested most clearly as a change in pump-bowl level
after start or stop of fuel circulation, but also showed
up in the effects of pressure and fuel circulation on
reactivity. A dependence of the core bubble fraction on
fuel temperature showed up as a difference in the
temperature coefficients of reactivity measured with
the fuel circulating and with it stationary and practi-
cally free of gas.

Examination of records of pump-bowl level showed
that the increased amount of gas in the fuel loop had
started rather suddenly on September 15, after about
16 hr of fuel circulation. Comparison of pressures on
the two bubblers in the pump bowl showed that the
density of the fluid several inches below the surface
decreased by about 20% at the same time. Subsequently
the transfer of salt into the overflow tank was abnor-
mally high. These changes occurred 2 hr after the start
of a 12-hr exposure of a beryllium rod in the pump
bowl. (The 21 kg of uranium_that had been added to
this point was practically all in the U** state, and the
beryllium was intended to reduce some to U* soasto
provide a reducing environment to forestall corrosion.)
The correlation of the gas changes with the exposure of
beryllium metal was confirmed on October 13, when
another beryllium rod was immersed in the pump bowl
for 10 hr. During this interval the pump-bowl level and
the reactivity showed the circulating bubble fraction
changing erratically between 0.3 and 0.6 vol %. The gas
fraction remained high after the beryllium was re-
moved, and-the rate of transfer to the overflow tank
was as high as 29 Ib/hr. (It had gotten down to about 4
Ib/hr before this second beryllium addition.) Also,
during the following day, pressure drops began to show
a restriction in the fuel off-gas line near the pump bowl.
In order to investigate these phenomena, reactor opera-
tion was continued, at very low power (about 50 w),

for almost three weeks after the last uranium addition.

The nickel cages in which the beryllium rods were
suspended in the fuel salt had come out with deposits
of magnetic material that proved to be mixtures of iron,
chromium, and nickel. This was taken to mean that the
corrosion product fluorides had not been completely

reduced in the chemical processing and that some had
been reduced by the beryllium. Magnets lowered into
the pump bowl brought out samples of the magnetic
powder, suggesting that the reduced metals tended to
float in the pump bowl. Because it appeared that the
reduction achieved by the first two beryllium rods was
mainly of iron and chromium, a third rod was exposed
on November 15 to reduce some U* to U*. Again
there were effects on the gas in the pump bowl and in
the loop. A week later an experimental assembly of
alternate short sections of beryllium rod and permanent
magnets was exposed in a nickel cage. Examinations
through the sampler-enricher periscope after 5 min, 1
hr, and 6 hr showed only small amounts of metal
powder on the assembly.

A shutdown had been scheduled before the beginning
of sustained power operation, and on November 28 the
fuel and coolant salts were drained. The original
purpose was to mix the fuel salt in the loop and in the
drain tank, which by now had different wranium
concentrations as a result of the capsule additions. But
the pressure drop across restriction in the off-gas line at
the fuel-pump bowl had gradually increased to about 4
psi, so the reactor cell was opened, and the line was
rodded out with a flexible tool designed to retrieve
some of the plugging material. The deposit appeared to
be mostly frozen salt mist. The coolant was drained,
because for some months there had been indications of
partial obstructions in the off-gas line from this system,
presumably from oil residues, and heaters and an oil
trap had been designed to be installed near the coolant
pump. Cleanout of the coolant off-gas line revealed
deposits ranging from tarry near the pump to light oil
farther away. '

On December 12 fuel circulation started for run 16.
The intended approach to full power was delayed,
however, because the analog input system for the
on-line computer, which was needed for the dynamics
tests, was not operating properly. After five days of
operation at 10 kw while the computer problems were
being worked on, the fuel sampler drive became
inoperative. In order to gain access to the drive unit, it
was necessary to drain the fuel and remove the shield
blocks over the reactor. .

A temporary containment enclosure and shielding
were set up, and the drive was lifted part way out of the
sampler shield so repairs could be made. These con-
sisted in cutting into the drive box and welding a loose
gear to its shaft and then patching the containment
box. '

Before the reactor was started up again, control rod
drive No. 3 was inspected and worked on. Although the




drop time for this rod was still acceptable, it had crept
up gradually over the previous several months. Analysis
of acceleration and examination of the drive and the
rod itself showed only a general increase in stiffness or
drag. A small weight added to the drive produced quite
satisfactory performance.

Maintenance was completed and nuclear operation
was resumed on January 12. The first day was spent at
very low power, confirming the earlier temperature
coefficient measurement. Then the power was raised to
1 Mw, where it was held for dynamics tests, observation
of nuclear heating, and fuel sampling. On January 17
the power was stepped up to S Mw.

With the beginning of S5-Mw . operation, a new
phenomenon was noted. This was the occurrence of

small perturbations, at a frequency of 10 to 20 per

hour, that affected the nuclear power, the fuel-pump
level and pressure, and temperatures in the reactor
outlet. The perturbations, or “blips,” were too small to
be of immediate consequence, but intensive efforts
were started to determine the mechanism (see Sect.
1.3.4).

Analysis of the behavior of the several signals during
typical blips indicated that the reactivity perturbations
(about 0.01 to 0.02% &k/k) were most probably caused
by a temporary reduction in the amount of gas held up
in - the reactor core. Furthermore, examination of
recorded data showed that a peculiar behavior of the
salt level in the annulus of the reactor access nozzle
which accompanied the reactivity perturbation had
begun on September 15, when the gas fraction in the
circulating salt had increased. Operation at 1, 3, and 5
Mw with sensitive instrumentation showed that the
frequency with which the disturbances occurred and
the amount of reactivity associated with them were
independent of power. Further evidence that the blips
were related to gas in the core came when a beryllium
rod was exposed to the salt on January 24. For several
hours while the beryllium was in, the gas fraction in the
loop was about half what it had been and there were no
blips. The gas and the blips came back after the
beryllium was removed.

After the conclusion that the blips were not evidence '

of some potentially damaging situation, the reactor was
taken to full power of 8 Mw on January 28. Tests at
this level showed, as they had at lower powers, that the
dynamic response of the reactor system was quite close
to predictions. The small delayed neutron fraction of
2337 was more than offset by the longer neutron
lifetime and larger negative temperature coefficient of
reactivity with the more dilute fuel, making the system
more strongly damped and giving a larger stability
margin than in the *3* U operation.

After a total of nine days at full power, the power
was reduced to 5 Mw to permit operation at lower fuel
temperature without getting the coolant radiator below
1000°F. Variation of fuel temperature, pressure, and
salt level showed slight effects on gas in the loop. The
effect of these variables on blips seemed to be over-
shadowed by a gradual decline in frequency and size.

Gas in the fuel loop is a result of injection of bubbles
into the salt in the pump bowl by the jets from the
xenon stripper. It appeared therefore that the amount
of gas could be drastically reduced by slowing down the
pump to cut the velocity of the jets and the flow of salt
into the pump suction. While a variable-frequency
power supply for the fuel pump was being set up and
checked out, a thermal convection experiment was run
on February 12. The fuel pump was turned off, the
reactor was taken critical, and the heat load was
gradually increased by raising the radiator doors. The
reactor was operated at various powers up to 350 kw
and thermal convection circulation rates up to about 30
gpm, for a total of 6 hr. The nuclear power followed
the heat load without control rod adjustment, and there
were no blips. (The blip frequency with forced circu-
lation and entrained gas just before the experiment had
been around five per hour.)

After the thermal convection experiment, normal
high-power operation was resumed and continued until
the variable-frequency pump power supply could be put
into service. This was ready on February 27. Starting at
half speed, the pump was brought up in steps to full
speed while the reactor was held at 10 kw to observe
the noise in the nuclear power. At half speed, the salt
level, the reactivity, and the neutron noise showed
practically no bubbles in the loop. A rather sharp
threshold occurred between 90 and 95% of full flow,
where all indications showed bubbles appearing in the
fuel loop. The power supply was dropped back to 50
cps (83% of full flow), and the power was raised to 7
Mw. For the next five days, operation continued at
these conditions. The neutron noise (the small, random
fluctuations in power) was far less than had been
observed in 233U operation, and there were no blips.
The pump speed was then returned to normal, the
bubbles and noise came back, and blips began to occur
again. A discussion of this and other evidence on the
blips is given in Sect. 1.3.4.

At the end of February the reactor had been
operating continuously for 47 days. A restriction had
built up again in the fuel off-gas line at the pump bowl,
becoming detectable on January 17 and gradually
increasing until February 27, when it blew out with an
8-psi AP across it. Partial restrictions, believed to be
organics, appeared in the coolant off-gas line and at the

"
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entrance to the main charcoal bed and were relicved by
application of heat. Otherwise there was nothing
threatening a shutdown.

Operating statistics at the end of February are given
in Table 1.1. :

1.2 233U ZERO-POWER TESTS
J.R.Engel

The program of zero-power tests with 233U was very
similar to that followed during the initial experiments
with the 235U fuel. The purpose was to first establish
the critical fuel loading under the simplest attainable
conditions and then measure the control rod worth and
the temperature and fuel-concentration coefficients of

reactivity. We originally planned to measure the loss of
delayed neutrons due to circulation of the precursors,
but the high circulating void fraction and the attendant
“noise” that it produced in the neutron flux prevented
a direct evaluation. However, indirect confirmation of
the validity of the calculated value was obtained from
rod-drop measurements, The results of the various
measurements, which are described below, are sum-
marized in Table 1.2.

1.2.1 Critical Experiment
B.E.Prince  J.R. Engel

Analysis of the critical experiment with 233U was of
interest as a check on the data and the procedures used

Table 1.1. Some MSRE Operating Statistics

233y Operation, Total
August 1968—February 1969 Through February 1969
Critical time, hr 1821 13,336
Integrated power, Mwhr 5994 78,435
Equivalent full-power hours 747 9753
Salt circulation, hr :
Fuel loop 2238 17,280
Coolant loop 4469 21,375

Table 1.2. MSRE Nuclear Characteristics with 233U

Pr Value
operty - Calculated Observed

Base-line critical concentration,® 15.30 15.15

grams of uranium per liter :
Control rod worth, % sk/k :

One rod 2.75 2.58

Three rods 7.01 6.9

d

Temperature coefficient of reactivity, -88x1075° -8.5X107%

©6k/I°F ' ~7.4X1075
Concentration coefficient of reactivity, 0.389 0.369

® k/k)[(a c/ob S
Change in B¢ due to fuel circulation -1.005 X 1072

~ @A£1200°F with fuel stationary and all control rods withdrawn to their upper

limits.

byUranium of the isotopic composition of the material added during the

critical experiment (91% 2 330).

CAssumes no gas in the fuel and the operating urax_xium concentration. The
predicted temperature coefficient at the initial critical concentration was —9.4 X

1075,
dyith very little gas.

€With about 0.5 vol % gas circulating.




to predict the critical loading. This comparison was
complicated and rendered more uncertain because the
fuel carrier salt had been used for the 235U operation
and contained many of the products formed during the
first 72,000 Mwhr of reactor operation. The processing
to recover the 235U removed the uranium and those
fission products that form volatile fluorides, but
practically all the plutonium and the rare-earth fission
products remained in the salt. In addition a heel of fuel
salt was unavoidably left in the drain tanks when the
main charge was transferred to the fuel storage tank to
be processed for uranium recovery. All of these factors
contribute to the uncertainty in predicting the critical
loading.

The original theoretical calculations to predict the
233y critical loading were performed in the summer of
19672 A major application of the results was the
specification of the amount of 233U feed material that
had to be prepared® for the actual experiment.
Although we were aware of many of the factors listed
above, the reactor was still operating with 235U, so we
could only estimate their effects on the critical loading.
These calculations led to a predicted critical concen-
tration of 15.82 gfliter (uranium of the isotopic
composition of the feed material). While this result
provided an adequate basis for specifying material
requirements, it could not be regarded as a “best
effort™ at predicting the critical concentration for the
conditions that actually prevailed at the time of the
experiment.

Some of the factors that affected the critical uranium
concentration were not fully evaluated until after the
critical experiment had been completed. When these
data became available, we attempted to evaluate the
corrections to the original calculations that we knew
were required to make the conditions for the compu-
tational model conform to the actual conditions at the
time of the experiment. The most important of the
necessary changes and updating were as follows:

1. In the original calculations, we had assumed that the
operation with 235U would be terminated at
approximately 60,000 Mwhr exposure. At the time
of shutdown from MSRE run 14, the actual ex-
posure was 72,440 Mwhr.

2MSR Program Semiann. Progr. Rept. Aug. 31, 1967,
ORNL4191, p. 54. :

33. M. Chandler and S. E. Bolt, Preparation of Enriching Salt
7Li~233UF4 for Refueling the Molten Salt Reactor, ORNL-
4371 (March 1969).

2. In connection with item 1, the residues of plu-
tonium and samarium remaining in the fuel salt had
to be reevaluated.

3. For the earlier calculations the concentrations of the
most important neutron-poisoning impurities, ® Li in
the salt and !°B in the graphite, were assumed equal
to the concentrations at the start of operation with
235(. Hence corrections had to be introduced for
the burnout of these nuclides.

4. The calculations had been based on the assumption
that no residue, or heel, of uranium would remain in
the reactor system after the transfer and processing
of the fuel salt. From isotopic dilution measure-
ments made in the course of the uranium additions,
we concluded that 1.935 kg of uranium (isotopic
assay: 32.97% 235U, 66.23% 232U) from the first
loading had been left in the drain tanks. This became
a part of the fuel salt when the uranium-free salt was
returned from the storage tank for the start of the
233y operation.

S. A special addition of 0.89 kg of depleted uranium
was made in order to obtain the isotopic abundances
necessary for the planned experiment to measure the
capture-to-absorption cross-section ratio in 233U,
This addition had not been considered in the earlier -
calculations.

6. Certain changes had been made in the evaluated
library of cross-section data for the fissile isotopes
since the earlier calculations were performed.

The above modifications were introduced into the
theoretical model, and the associated changes in the
multiplication constant, as well as the changes in
uranium required to compensate for the multiplication
changes, were evaluated. The results are summarized in

Table 1.3. It is apparent that the largest single correc-

tion is that associated with the uranium heel, but all the
corrections are significant. Application of these correc-
tions to the originally predicted value led to a revised
prediction of 15.30 gfliter. (Note that this value is
applicable to stagnant salt at 1200°F with all three
control rods withdrawn to. their upper limits.) The
observed loading was 15.15 gfliter, a discrepancy of
only 1% in concentration or 0.4% in K g;.

In addition to the effects listed in Table 1.3, there are
two other reactivity effects that were not explicitly
included in either the original calculation or the revised
prediction. One of these is the negative reactivity
contribution of the low-cross-section fission products
remaining from the first fuel loading. The magnitude of
this reactivity effect depends on the extent to which
various fission products left the salt during the 235U
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Table 1.3. Changes in Theoretical Calculation of 233U Critical Loading

Reactivity Effect Uranium Equivalent?

, Correction (% Ak/6) % AUJU)

Isotogpic changes at 72, 440 Mwhr :

239pyd T +0.095 -0.243

10 . +0.379 ~0.973

149gm+ 151gy° +0.061 -0.156

614 +0.217 -0.558
Uranium heel ) .

235 +0.554 ‘ -1.424

238y -0.147 40.376
Depleted uranium addition -0.102 +0.262
Cross-section changes +0.212 -0.545
Net +1.269 —-3.261

SUranium with isotopic composition of enriching salt (91% 233y,
b ssumes no removal during chemical processing.
©Net change is positive since effect of dilution by the drain tank salt heel was

not accounted for in original calculations.

operation and also on any separation which may have
occurred during fluorination to remove the uranium.
The effect could be as large as —0.5% 8k/k if all these
fission products remained in the salt. Since it is
impossible to estimate the degree of retention realis-
tically with currently available information, we did not
include any poisoning for this class of fission products.

The second reactivity effect is that associated with
the distortion of the moderator graphite due to neutron
irradiation. Results of a detailed analysis of this
phenomenon in the MSRE indicate that the reactivity
effect at the time of the 233U loading was probably
between —0.04 and +0.07% &kfk. The spread. in
probable values results from variations in the observed
distortion of individual specimens of grade CGB
graphite (the material in the MSRE core) as a function
of neutron exposure. Although the variations are small
compared with the total dimensional change which
occurs at high exposures, they represent a substantial
fraction of the change associated with the neutron
exposures experienced in the MSRE. Since the reac-
tivity effect of this distortion is very small, it was
neglected in the evaluation of the critical experiment.

1.2.2 Control Rod Calibration
J.R. Engel

_After the achievement of criticality, more uranium
was added to the fuel loop to build up the excess
reactivity required for routine power operation of the
reactor. Measurements were made after the addition of

each capsule of fuel to provide data on the reactivity
worth of the control rods. We planned to add enough
excess reactivity to the loop to permit calibration of
one control rod over its entire range of travel. The
scheduled loop drain at the end of the calibration (to
homogenize the entire fuel charge) would then produce

. a fissile concentration with the desired reactivity worth

— just sufficient for the proposed 233U burnup
experiment. The unscheduled drain after the addition
of the 18th enriching capsule produced some enhance-
ment of the uranium concentration in the drain tank
prior to the scheduled event. Consequently, the cali-
bration was stopped before the control rod was fully
inserted in order to limit the final concentration to the
prescribed value. ,

The differential - worth of one control rod was
measured as a function of its position and the positions
of the other two rods using the classic rod-bump—
period technique. These measurements were made both
with the fuel salt stagnant and with the normal
circulation rate. In addition, two series of rod-drop
experiments were performed during the uranium load-
ing to obtain integral-worth values. Each series con-
sisted in dropping the rods singly, in pairs, and as a
group, also with the salt stagnant and circulating.

In contrast to the original measurements with the
235y fuel, the differential worth measurements pro-
duced relatively scattered results. A potentially strong
contributor to this scatter is the increasing uncertainty
in the exact control rod position as a result of wear in
the drive mechanism (a problem similar to that en-




countered in the dynamics tests). Since the rod travel
required to establish a given stable reactor period was
much smaller with 233U than with 23°U, this uncer-
tainty has a greater effect on the results. Another
potential source of scatter is minor variations in the
core void fraction during individual period runs. In
several cases abrupt changes in the “‘stable” period were
observed, but the cause could not be identified. As a
consequence of the general scatter in the period
measurements, the rod-drop measurements were relied
upon for most of the calibration data. A detailed
discussion of the evaluation of the control rod calibra-
tion is presented in Sect. 4 of this report. The final
results are included in Table 1.2. '

1.2.3 Temperature Coefficient of Reactivity
C. H. Gabbard

A temperature coefficient of reactivity was measured .

three times with 233U fuel, each time by slowly
changing the temperature of the entire system and
observing the control rod position required for criti-
cality at several points from 1175 to 1225°F. There was
considerable variation among the values found in these
experiments, and they were generally smaller than the
theoretical value. These differences can be attributed to
the presence of gas in the core, whose steady-state
volume depends on temperature and circulation rate.
The first measurements were made in November, near
the end of the initial low-power run. The fuel pump was
operated to circulate the salt while the salt and graphite
temperatures were being changed and leveled off. Then
the pump was turned off to allow gas bubbles that were
circulating with the salt to agglomerate and float up out
of the core. Data on critical rod position and tempera-
tures were logged on the computer and manuaily, both
with the pump running and after it had been off for 15
min, at each of nine temperatures. Temperature coeffi-
cients were computed by plotting rod effects vs
temperature. The points with the pump off fell very
close to a straight line with a slope of —7.75 X 1075
(8k/K)[°F. The points with the fuel circulating were
more scattered but gave a distinctly different slope:
—6.9 X 1075 (8k/k)/°F. The difference was not
unexpected, since we knew there was an appreciable
amount of entrained cover gas circulating with the salt,
and past experience had shown the circulating void
fraction increasing with decreasing temperature.* Thus

“MSR  Program Semiann. Progr. Rept. Feb. 29, 1968,
ORNL-4254, p. 5.

the fluid density change due to the dependence of gas
entrainment on temperature would tend to offset the
salt density change with temperature, reducing the

magnitude of the reactivity effect of slowly varying

temperature. But even the value with the pump off was
significantly less than that predicted on the basis of no
gas in the salt. Therefore the series of measurements
was repeated with great care in January, immediately
after the start of run 17. The results with the pump off
were practically the same as before, but with circulation
the measured value was —7.4 X 1075 (8k/k)/°F. The
inference was that the variation of the void effect
(bubble fraction) with temperature had changed.

After the variable-frequency power supply was put in
service and the loop bubble fraction was observed to be
very low at reduced fuel circulation rates, the tempera-

“ture-coefficient measurement was repeated. With the

pump running at reduced speed and practically no
bubbles circulating with the salt, the data gave a value
of —8.5 X 1075 (8k/k)/°F. This higher value suggests
that the effects of gas had not been completely
eliminated in the earlier experiment by simply stopping
the pump. That is, a varying amount of gas remained in
the core long after the pump was turned off. Direct
evidence of gas remaining in the core was an observed
effect of pressure on reactivity after 12% hr of

" natural-convection circulation and an observation made
. when the fuel pump was first started at reduced speed.

Prior to the latter observation the fuel had been
circulating at the normal rate with a void fraction of
about 0.5 vol %. The pump was stopped for 1.5 hr
while the power supply was changed. Although the salt
level showed that most of the bubbles floated out of

the loop while the pump was off, when it was restarted

at half speed there was a level decrease, indicating
further densification of the loop fluid.

The predicted value of isothermal temperature
coefficient of reactivity was —8.8 X 10~° (5k/k)/°F at
operating fuel concentration (—9.4 X 107° at critical
concentration). The only directly comparable observed
value is the one measured with no circulating gas, and it

is only 3.4% smaller. This value, —8.5 X 107%°

(8k/K)/°F, is used in the reactivity balance to compute
effects of overall temperature shifts when the reactor is
being operated with a very low void fraction. When the
pump is operated at full speed, with a void fraction
around 0.5 vol %, the reactivity balance uses —7.4 X
1075 (8k/K)/°F.

The individual contributions of the fuel and the
graphite to the overall temperature coefficient were not
measured experimentally, but separate values are
needed in analyses of rapid transients. In view of the
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close agreement between the overall coefficient ob-
served with no gas and the predicted isothermal
coefficient, the predicted graphite temperature coeffi-
cient, 3.2 X 107° (8k/k)/°F, is presumed to be accurate
enough. For rapid changes in temperature, where the
number of moles of gas circulating with the salt has no
time to change, the calculated effect of the gas on the
fuel temperature coefficient is very slight, about —0.05
X 1075 (8k/k)/°F change for 0.5 vol % gas.’ Therefore
the fuel coefficient for dynamic analyses is taken to be
—(8.5 — 3.2) X 1075 (8k/k)/°F.

1.2.4 Concentration Coefficient of Reactivity
J.R. Engel

Data were collected on the variation of the critical
control rod configuration with uranium concentration
throughout the addition of excess uranium for the
control rod calibration. These data were reduced, with
the aid of the final rod calibration, to a concentration
coefficient of reactivity for uranium of the isotopic
composition of the enriching material (91% 233U). The
value observed near the initial critical concentration was
0.369 (6k/k)/(6C/C).

1.3 OPERATIONS ANALYSIS

Startup of the MSRE with 233U fuel did not require
modification of the equipment and operating pro-
cedures that had been used throughout the years of
operation with 235U, Because of the different nuclear
characteristics and critical loading of the new fissile
material, however, the dynamic characteristics of the
reactor system were expected to be different. Con-
siderable effort was devoted, therefore, to testing and
analyzing this aspect of the operation. There was also
keen interest in the radiation heating and reactivity
behavior, since the fission product yields and neutron
fluxes were changed. In addition, there were the
possible aftereffects of the salt processing to be
watched for. It turned out that there were in fact some
changes, notably the behavior of gas in the fuel system.
Analyses of these subjects are described in this section.

1.3.1 System Dynamics
' R. C. Steffy

One of the most obvious differences between opera-
tion with 233U and with 235U is the smaller fraction of
delayed neutrons with the 233U, In fact, when the fuel
is circulating, the effective fraction is only 0.0019,
about a third of what it had been with 23°U and the

smallest of any reactor. But the transient response and
the stability of the system are affected by many other
parameters as well, and the lighter fuel loading with
233U produced a larger temperature coefficient of
reactivity and a longer neutron lifetime. The combined
effect of the changes was calculated, and the system
was predicted to be stable and not difficult to control.6
During the very-low-power operation with 233U,
dynamics tests designed to determine the neutron level
to reactivity transfer function were performed both
‘with the fuel circulating and stationary. Then during
the approach to full power, tests were performed at 1,
5, and 8 Mw. The results of these tests showed that the
dynamic behavior of the 233U-fueled MSRE was in
good agreement with the theoretical predictions.

Tests were performed using pulse, step, pseu-
dorandom binary, and pseudorandom ternary test
patterns. However, the small signal strength inherent in
the aperiodic signals (pulse and step) was masked by the
high level of neutron noise induced by the circulating
bubbles (see Sect. 1.3.3) and made results of these tests
unusable. Analysis of the data from the pseudorandom
ternary tests was not completed by the end of this
report period, but the pseudorandom binary tests gave
good results,

The initial testing technique which we employed to
implement the pseudorandom test patterns was the
flux-demand technique, 2 method whereby the flux is
forced to follow the test pattern, as opposed to the
conventional method of forcing the control rod to
follow the test pattern. Although this technique
appeared to offer some advantages,” it did not work
very well because of an equipment limitation. The
natural fluctuations of the flux signal caused the servo
to have to move the control rod continually in trying to
force the flux to follow a particular test pattern. During
this rapid movement the gear-driven indicators were not
capable of reporting the exact position of the end of
the chain-driven flexible hose on which the poison
elements are strung. This loose coupling between
indicated and actual control rod position introduced a
significant amount of error in the calculation of the
input reactivity. An example of results obtained from
one of these tests is shown in Fig. 1.2. The scatter in
the data is obviously excessive, although it falls around
the theoretical predictions.

5p. N. Haubenreich et al, MSRE Design and Operations

"Report. Part III. Nuclear Analysis, ORNL-TM-730, p. 189

(February 1964).
SMSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, pp. 46—52.

Ibid., pp. 14-18.
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Fig. 1.2. Frequency-Response Plots for the 233y Fueled
MSRE at 8 Mw — Comparison of Theoretical Prediction with
Experimental Results Obtained Using Flux-Demand Technique.
(@) Magnitude ratio, (b) phase angle.

To circumvent this error from the control rod
‘indicators, it was necessary to revert to a form of the
more conventional method of direct control rod
manipulation. In order to get repeatable rod position-
ing, which is necessary for a pseudorandom binary or
ternary test, the flux signal going to the control rod
servo system was disconnected, and a voltage propor-
tional to the rod position was inserted. The normal
demand part of the servo circuit was also disconnected
and fed with a voltage equivalent in magnitude but
opposite in sign to the steady-state rod signal. Super-
imposed on the steady-state demand signal was a
voltage which followed the desired test pattern. This
improved the quality of the indicated control rod
position for two reasons. First, the rod was typically
moved about 0.3 in. and then was not disturbed again
until the next pulse was due (pulse width varied
between 3 and 5 sec, depending upon the particular
test). This eliminated both the small jerks and the
continuous rod movement. Second, for a pseudoran-
dom binary test, 2 withdrawal was always followed by
an equal-in-magnitude insert and vice versa, This tended
to eliminate the accumulation of uncorrectable errors
which occcur when the inserts and withdraws are
random with respect to each other. When an insert
always follows a withdraw and a withdraw always

10

follows an insert, the indicated rod position still may
not be the same as the actual rod position, but the
discrepancy is a constant, and the error thus induced in
the final results may be corrected by applying a
constant scale factor.

Results of tests performed at 8 Mw using this
“rod-demand” technique are shown in Fig. 1.3. The
experimentally determined magnitude ratio,

I(8N/N,)/(8k/ko)l, has been normalized to agree with

the theoretical curves at 0.45 radian/sec. Scatter in the
results is obviously much less than was present in the
flux-demand tests.

The dip in the theoretical prediction of the magnitude
ratio at ~0.25 radian/sec is an effect of the loop
circulation, which has a transit time of about 25 sec.
The dip shows up in the experimental results, but it is
not as pronounced as predicted. This implies that the
theoretical model does not allow for enough mixing of
the salt in the external loop. Work was started on
improving the model so as to give a better approxi-
mation to the physical conditions. This should also
improve the relation between the experimental and the
theoretical phase angle at the higher frequencies.
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In summary, the results of the dynamic testing of the
233U fueled MSRE showed that the dynamic response
of the reactor is very close to the theoretical pre-
dictions. Equipment limitations required that the test
results be normalized, but testing methods were being
improved, with the goal of eliminating this step.

1.3.2 Gas in the Fuel Salt

A.Houtzeel J.R.Engel

One of the most prominent differences between the
operation in this report period and earlier operation is
the change in the volume fraction of helium bubbles
circulating with the fuel salt. Throughout nearly all of
the operation up to September 1969, the circulating
void fraction was much less than 0.1 vol % (ref. 8).
Void fractions as high as ~0.2 vol % were achieved, but
only for short times during special tests to study the
effects of voids on other reactor parameters. Beginning
16 hr after the start of fuel circulation during the 233U
critical experiment, the void fraction has been 0.5 to
0.7 vol % whenever the fuel is circulating at the normal
rate. The basic reason for the change has not yet been
positively identified, although the characteristics and
effects of the change have been examined in consider-
able detail.

The existence of circulating voids is reflected in many
of the reactor operating parameters, some of which
provide a quantitative measure of the total voids in the
fuel loop while others are only relative or qualitative
indicators. The most direct indication of voids in the
circulating loop is the inventory of salt in the pump
bowl, as indicated by the bubbler level elements. If the
reactor is critical, another indication is obtained from

the reactivity effect of the voids in the core, provided
the indication is not obscured by other reactivity

changes. Cross correlation of the noise in the neutron-
flux and pressure signals can also be translated into an
absolute void fraction. However, the absolute calibra-
tion required for this approach was not completed
during this report period, so only relative changes in
void fraction can be reported at present. The salt level
in the annulus of the reactor access nozzle, as indicated
by the temperature distribution, is a qualitative indi-
cator of circulating voids. This level decreases when
circulating voids transport helium to the annulus and
rises when bubble-free salt dissolves gas and carries it
out.? The xenon poisoning in the reactor also provides

SMSR Program Semiann. Progr. Rept Aug. 31, 1968,
ORNL-4344, pp. 18—19.

MSR Program Semiann. Progr. Rept. Feb. 29, 1968,
ORNL-4254, pp. 7-9.

some information on circulating voids, but the interpre-
tation is complicated by the reactivity effect of the
voids themselves and by the nature of the dependence
of xenon poisoning on voids. So far, in the 233U
operation, we have used only the pump-bowl level
elements for absolute evaluation of the circulating void
fractions.

Description of Bubbler Level Elements. — The level
indicators in the fuel pump measure the pressure
differentials between a reference line and bubbler tubes
submerged in the salt. There are two bubbler tubes, one
extending 1.626 in. below the center line of the volute
and the other 1.874 in. deeper. The gas flow is 0.15
liter/min STP through the reference line and 0.37
liter/min STP through each of the bubblers. The
differential pressures are converted into equivalent
depths of salt assuming a salt density of 140 1b/ft>. The
range of the indicators is 10 in. of salt of this density,
and readout is in percent (1% = 0.1 in.). In addition, the
output of the differential pressure cell on the higher
bubbler is biased by 19%; so if there were no deviation
of the salt density from the assumed value, the two
level indicators should read the same.

Measured Void Fractions. — The best measure of
circulating void fraction is obtained by observing the
changes in pump-bowl level when the fuel pump is first
started after a loop fill, when the salt is free of bubbles.
When fuel circulation was first started in run 15
(September 14), the level changes in the fuel-pump
bowl were very similar to starts in earlier runs when
there were almost no circulating voids; that is, the level
dropped about 8% as soon as the pump was started and
remained there. (This 8% level drop is due to the
accumulation of salt in the central part of the pump
housing and the spray ring.) The pump was stopped and
restarted twice in the first 14 hr, with identical results.
Then the beryllium rod was exposed in the pump bowl.
All normal-speed pump starts thereafter were different.
Each time after the start the level dropped 10 to 15%
but then gradually rose. This gradual level rise (in
general between 8 and 12% within 30 min) reflected a
gradual buildup of gas in the salt loop. A level rise of 8
to 12% is equivalent to displacement of 0.35 to 0.50 ft3
of salt from the circulating loop by gas, corresponding
to a circulating void fraction of 0.5 to 0.7 vol %.

The operation of the fuel pump with a variable-
frequency power supply near the end of the report
period allowed us to make a preliminary evaluation of
the circulating void fraction as a function of pump
speed. (Salt flow rates, both in the main loop and -
through the pump bowl, are directly proportional to
pump speed.) With the fuel pump operating at speeds
below about 1000 rpm, all evidence indicated that the




circulating void fraction was practically zero. In fact,
when the pump was first started at around 530 rpm
(nominal 30-Hz power supply), the fuel-pump level
decreased about 2% after the initial starting transient.
This indicated removal, from the loop, of voids that had
not floated out during the 1.3-hr period while the pump
was off to connect it to the variable-frequency gen-
erator. Figure 1.4 shows the sharp dependence of
circulating void fraction on the pump speed above 1000
rpm. The probable reason for the rather sharp threshold
will be discussed later. (The points are actually calcu-
lated relative to the condition at 530 rpm, where the
void fraction was assumed to be zero.)

Prior to the pump-speed experiment, we had
attempted to determine the variation of the circulating
void fraction with other system parameters. With the
fuel pump running at full speed and the reactor power
at 5 Mw, we varied the fuel-system temperature and
pressure and the pump-bowl salt level over ranges that
had changed the void fraction by a factor of 7 during
operation with the 235U fuel salt.!® Some changes
were noted, but cross correlation of noise data from the
neutron-flux and system-pressure signals indicated that
the void fraction changed by no more than a factor of
2. The fact that the void fraction started around 0.5 to
0.7 vol %, compared with around 0.1 vol % in the
earlier experiments, may account for the smaller frac-
tional change.

Changes During Beryllium Additions. — Between the
start of the 233U operation and the end of this
reporting period, five beryllium additions were made to
the fuel salt by exposing a beryllium rod in a nickel
cage in the pump bowl. Each time there were observ-
able effects on the circulating void fraction, but the
behavior was not the same in each case.

As mentioned before, the fuel had been circulating
normally with practically no bubbles for 14 hr when
the first beryllium rod was lowered into the pump
bowl. After about 2 hr the level in the pump started to
rise, and from later observations it is evident that the
rise was due to a buildup of gas bubbles in the loop,
something we had never observed before. The increased
void fraction persisted after the beryllium rod was
removed. (Another effect was that the transfer rate of
salt to the overflow tank increased drastically; see Sect.
13.5)

The exposure of the second beryllium rod was made
on October 13, four weeks after the first addition, with

1op N Fry, R. C. Kryter, and J. C. Robinson, Measurement
of Helium Void Fraction in the MSRE Fuel Salt Using
Neutron-Noise Analysis, ORNL-TM-2315 (Aug. 27, 1968).
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Fig. 1.4. Effect of Fuel Pump Speed on Circulating Void
Fraction.

the reactor critical at low power and on flux servo
control. The mentioned effects of the first beryllium
addition still persisted to some degree. The insertion of
this second rod caused some very erratic and un-
expected level changes in the pump bowl (see Fig. 1.5),
which started almost immediately after the beryllium
was lowered into the pump bowl. The spontaneous level
changes in the fuel-pump bowl were as large as 1 in. (or
10% on the level indicators), which represents about
0.42 ft® of salt (0.6 vol % in the loop). Obviously this
salt moved from the salt loop into the fuel-pump bowl
and back. Once started, the time required for a level
change was 20 to 30 min. At the same times that the
level changed, the control rod was moved by the servo
control to compensate for spontanecous changes in
reactivity of the reactor. The level decreases occurred
simultaneously with insertions of the control rod and,
conversely, level increases with rod withdrawals. It was
concluded that these level fluctuations' reflected a
varying gas-bubble fraction in the circulating salt,
because all other system variables appeared to be
constant.

For the third beryllium addition, on November 15, it

was decided to operate the fuel pump at a lower-than-
normal level to minimize the risk of plugging the off-gas

line with foam if the level oscillations occurred again. In -

contrast to the second beryllium addition, this time it
took approximately 2% hr after the capsule was
inserted before anything happened. Then, very slowly,
the level decreased about 7%. Simultaneously the
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~ reactor servo control inserted the control rod 0.9 in.
Before the spontaneous level decrease stabilized, the
beryllium capsule was taken out temporarily because of
concern over operation at this abnormally low level.
The reactor system responded almost immediately to
the withdrawal. Within 15 min the level came back to
its original value, and the control rod was withdrawn to
its old position. (The time for these level changes was
only 15 to 20 min, remarkably short since it takes
about 9 min to process one loop volume through the
pump bowl. This implies that the mechanism which
governs the removal of introduction of gas bubbles
operates with a very high efficiency.) After due
consideration the beryllium capsule was inserted for the
second time; both the reactivity and the pump level
again responded as before. After about 1 hr the level
was down 8%, and the control rod had been inserted
1.7 in. Since the effects had not yet leveled out and the
level in the fuel-pump bowl was uncomfortably low, it
was decided to remove the beryllium capsule again and
raise the pump level about 5% by transferring salt from
the overflow tank into the pump bowl. Then, for the
third time, the same beryllium capsule was lowered into
the pump bowl; again the level and control rod came
down. This time the system was allowed to level off;
the control rod was inserted 2.0 in. by the servo
control, and the salt level in the pump bowl stabilized
after a drop of 8.5%. (At the same time the difference
between the readings of the level indicators also
decreased. The significance of this change is discussed
later.) When the capsule was finally taken out, the level
came up 6%, and the control rod was withdrawn about
2.0in,
The fourth beryllium addition was different in that
there was less beryllium, and it was in the form of short
cylinders between short high-temperature magnets. The
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used the indications of the fuel-pump bubblers to
extract information about the void fraction and the
apparent physical salt level in the pump bowl itself.

We observed that after the first beryllium addition the
difference between the readings of the two bubbler
level indicators became much larger whenever the salt
was being circulated. When the pump was stopped, the
readings of the two bubblers came together. Using the
difference of submersion of the two bubblers and the
difference of the readings of the two level indicators, it
is possible to compute a value for the apparent density
of the fluid in the zone between the lower points of the
bubbler lines. Fluid densities were calculated this way
under a variety of conditions with the fuel salt
circulating at full flow and stagnant. Although the
accuracy of this calculation is limited by uncertainty in
the separation distance of the two bubblers, it showed
quite clearly that densities for circulating salt were
much lower than those for stagnant salt or for
circulating salt prior to the first beryllium addition in
run 15. It also showed that the apparent salt density
between the bubblers was to some extent related to the
measured salt level in the fuel pump; a higher calculated
salt density (i.e., smaller difference in level readings)
generally occurred when the indicated salt level was

. high. Figure 1.6 shows at least this general trend despite

effects of this addition were detectable but were very -

mild in comparison with earlier additions.

The fifth beryllium addition took place on January
24 with the reactor at 5 Mw. The power resulted in
some “‘secondary” effects which actually strengthened
the idea that the presence of bubbles in the system is
strongly related to some of the unexpected events
during and after the beryllium additions. As is described
in Sect. 1.3.4, power blips were occurring during this
time. These blips ceased once the beryllium capsule was
lowered into the pump; the linear power trace became
smooth. The blips came back after the beryllium was
removed. All other effects, such as level and control rod
position changes, were similar to those in previous
beryllium additions. .

Related Pump-Bowl OQbservations. — Aside from the
direct evaluation of the circulating void fraction, we

the scatter of the data. -

One hypothesis to explain this phenomenon is the
following. About 50 gpm of salt are ejected at a
velocity of 60 fps from the spray ring onto the surface
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of the salt in the pump bowl. Because of their high
velocity the jets easily carry gas under the surface of the
salt. The bulk of this entrained gas penetrates to a
certain depth in the salt and then rises to the surface. It
is obvious that the salt to this depth contains a high
void fraction. If the zone containing this large void
fraction does not extend down below the upper
bubbler, then the two bubbler readings would not be
affected much, because basically the level indicators
measure a weight of salt. These voids would, of course,
increase the real level of the salt in the pump bowl by

15

an amount equivalent to the volume of the voids. If,

however, the level of the salt is lowered sufficiently (by
transfer to the overflow tank), it is easy to imagine the
high-void-fraction region extending below the lower
points of one or both of the bubbler lines. In that case,
the two level indicators would be differently affected,
and the difference in readings would reflect the
apparent salt density change in the area between the
bubblers. This would explain the tendency for the
difference in bubbler readings to increase (i.e., density
to decrease) with decreasing level.

Near the end of this report period the pump-speed
experiment did much to substantiate this picture. In
this experiment the fuel-pump speed was varied over a
range from half to full speed. The velocity of the spray
ring jets and the flow through the pump bowl vary
directly with the speed. The relation between pump
speed and the apparent void fraction in the salt between
the bubblers is shown in Fig. 1.7. This clearly shows
that the void fraction increases as the flow rate through
the pump bowl increases and that the void fraction in
the pump bowl is at least an order of magnitude higher
than that in the loop (cf. Fig. 1.4). Comparison of Figs.
1.4 and 1.7 also shows that a substantial void fraction
exists ‘in the zone of the pump -bowl between the
bubblers before the relatively sharp threshold speed is
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reached at which bubbles are ingested into the loop.

This suggests that the depth to which bubbles penetrate

in the pump bowl increases with increasing jet velocity
until some of the bubbles are finally drawn into the
loop. -

Since the indicated bubble fractions in the pump are
so high, it is evident that the actual level of the
salt-bubble mixture can be substantially higher than the
indicated level. This actual fluid level is significant in
regard to the transfer of salt to the overflow tank and
the possibility of plugging the pump off-gas line with
salt. The relevant facts regarding the actual fluid level
are as follows:

1. The salt density in the area between the bubbler
outlets is more or less known in relation to the
weight of salt located above the bubblers from Fig.
1.6.

2. The indicated level of the salt is known when there
is a drastic change in the transfer rate to the
overflow tank, which presumably means that the
real salt level is approximately even with the inlet of
the overflow pipe (see Sect. 1.3.5).

3. From Fig. 1.6, we can determine, by extrapolation
to zero difference, the level at which the first
bubbles get below the outlet of the highest bubbler.

From this informatien it was possible to estimate -
approximately the density of the fluid in relation to its

depth and the relation between the real and indicated
salt levels (see Fig. 1.8).'We estimate that the “bubble
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head” has a thickness of approximately 8.8 in. at full
flow. However, this thickness is probably variable and
depends, among other things, on fuel-pump speed and
the level of the top of the salt relative to the spray ring
and, possibly, on the elapsed time since the last
beryllium addition. The first two-factors affect the
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degree of agitation in the pump bowl, while the last

appears to affect the stability of bubbles in the salt. It
appears that the bubble head has its maximum thick-
ness just after beryllium additions. Because of the sharp
threshold for gas ingestion into the loop, a difference in
the thickness of the bubble head of only about 1% in.
could account for the differences in the observed
circulating void fraction prior to and after September
1968.

1.3.3 Neutron and Pressure Noise Measurements
R.C.Kryter D.N.Fry J.C.Robinson!!

As a follow-up on previous studies of the 235 U-fueled
reactor,}? analyses were made of the natural fluctua-
tions in cover-gas pressure and neutron density of the
233(.fueled MSRE during normal operation at power.
The objectives were (1) to determine if the frequency
structure and absolute level of the neutron (NPSD) and
pressure (PPSD) power spectral "densities had been
significantly altered by the refueling, (2) to substantiate
the other indications that the loop circulating void
fraction had greatly increased, and (3) to see if the
NPSD in the vicinity of 1 Hz (identified before as a
region sensitive to the void fraction) exhibited its
previous strong dependence on certain reactor parame-
ters! 3 (notably fuel temperature).

The observed neutron and pressure noise character-
istics of the refueled reactor (operating under normal
conditions at power) were, relative to the 23° U-fueled
reactor, as follows:

1. The frequency composition of the neutron noise is
only slightly different, but the level of the NPSD in

the vicinity of 1 Hz is increased by a factor of

~2000 to 6000. (Of this increase, only a factor of
2.2 can be accounted for by the increase in reactor
gain associated with the decreased g, for 223U))

consultant from Department of Nuclear Engineering,
University of Tennessee, Knoxville.

2psR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, p. 18. )

3p. N Fry, R. C. Kryter, and J. C. Robinson, Measurement
of Helium Void Fraction in the MSRE Fuel Salt Using
Neutron-Noise Analysis, ORNL-TM-2315 (Aug. 27, 1968).

2. The frequency composition of the pressure noise is
noticeably different, and the level near 1 Hz is
increased by a factor of 10 to 40. (Because of the
restriction in the off-gas line, the pressure drops and
flow paths of the gas leaving the pump bowl were
different for the two series of tests. The significance
of this difference has not yet been evaluated.)

3. The average volumetric void fraction of fuel passing
through the reactor core, derived from measure-
ments and a model !¢ of the system that interrelates
NPSD, PPSD, and void fraction, is increased by a
factor of ~5.

4. The circulating void fraction, NPSD, and PPSD are
all very nearly independent of changes in fuel
temperature, cover-gas pressure, and fuel-pump bowl
level, in marked contrast to the earlier experience.!3

5. The void fraction is independent of reactor power
level but decreases by a factor of ~13 when the
circulating pump is stopped and the fuel is allowed
to circulate by natural convection at about 4% of .
full power.

Detailed explanations of all the above observations
have not been attained yet, but all facts indicate that
marked changes occurred between the tests with 235U
and those with 233U, either in the physical properties
of the fuel salt or in the fluid-flow characteristics of the
reactor. This tentative explanation may be further
illuminated by the results of a series of tests under way
at the end of the report period, the goal of which is the
isolation of the main sources of primary-loop pressure
fluctuations. In any event the studies indicated that it is
feasible to use NPSD and PPSD measurements for
providing an on-line, continuous estimate of the circu-
lating void fraction, and plans were made to automate
the entire calculational procedure, either with an analog
computer or the BR-340 digital computer.

1.3.4 Perturbations in Nuclear Power

R.H.Guymon J.L.Crowley
P. N. Haubenreich

With the beginning of high-power operation in
January, we observed a phenomenon not seen before:
occasional small disturbances in the fuel-salt system
that involved brief perturbations of the nuclear power.
These came to be called “blips.” Although the blips

14y ¢. Robinson and D. N. Fry, Determination of the Void
Fraction in the MSRE Using Small Induced Pressure Perturba-
tions, ORNL-TM-2318 (Feb. 6, 1969).
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were too small to have direct consequences (the nuclear
power generally increased by about 10% for a few
seconds), intensive efforts were made to arrive at their
explanation. These efforts included reviews to see when
they had begun, experiments on the effects of system
conditions on blip size and frequency, and detailed
analysis of observable behavior for clues to the mecha-
nism. It became clear rather early that the blips were
not related to the change in fissile material per se or to
any chemical instability, but to the unusual amount of
gas in the fuel system, discussed in earlier sections.

Characteristic Behavior During Blips. — Blips were
first noted as small, fairly sharp spikes on the neutron
level record, but it was soon discovered that disturb-
ances occurred almost simultaneously in several other
signals from the fuel system. Figure 1.9 is a chart from
a multichannel recorder showing behavior of some
significant parameters during three typical blips.

The disturbances in fuel-pump level and pressure,
although quite small, are highly significant, for they are
a clue to the mechanism. Examination of hundreds of
blips at various chart speeds and signal amplifications
showed that within the second that the neutron flux
started up, both salt level and cover-gas pressure signals
always started down. The dips, though small, were
definitely outside the distribution of normal fluctua-
tions. The direction of the level and pressure changes
proved that they were not the result of the excess
power, which would tend to make level and pressure go
up. Since both decreased, it meant that some salt
entered the fuel loop to replace gas that had been
compressed somehow other than by the overpressure
in the pump bowl.

The bottom trace in Fig. 1.9 is the temperature of a
thermocouple in a well in the core specimen access plug
at the top of the reactor vessel. Its significance will be
discussed later.

ORNL-DWG 69-5373

Fig. 1.9. Recorder Chart Showing Nuclear Power, Fuel Pump Pressure, Indicated Fuel Pump Level, and Thermbcouple at Bottom

of Access Plug During Blips.




It was found that the characteristic disturbances in
pump-bowl pressure and level and access plug tempera-
ture occurred regardless of the power level, even
occurring when the. reactor was subcritical. Conversely,
power perturbations like those in the blips could be
induced by briefly withdrawing a control rod (between
0.01 and 0.02% &k/k for a few seconds) without
causing the disturbances in level, pressure, or tempera-
ture. Such an experiment is shown in Fig. 1.10. The
conclusion was that the power blips are but one
manifestation of an event which independently affects
the other variables.

~ The nuclear power increase involved in the blips fell
in a fairly well-defined range; the largest blip raised the
power less than 15%, with the most probable increase
being around 10% or less. The duration of the blips,
that is, the time that the power remained significantly
above the average, ranged from 1 to 40 sec. Size distribu-
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tions and frequency of occurrence will be discussed in
detail below.

Effect of System Conditions on Blips. — Blips were
found to occur over the operating range of pressures,
fuel-salt temperatures, and pump-bowl levels and at all
power levels. What did matter was the amount of gas
circulating with the fuel salt: blips were observed only

.when the circulating gas was on the order of 0.5 vol %

or greater.

Large amounts of gas first appeared in the fuel salt on
September 15, 2 hr after a beryllium rod was immersed
in the pump bowl and weeks before the reactor was
critical on 233U. A multipoint recorder chart showed
that at the same time that the gas appeared, the access
plug thermocouple first began to fluctuate in a fashion
similar to that observed later during blips. There was no
record of pump pressure or level perturbations, since
the normal recorders are not sensitive enough to show
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such small dips. Search of neutron flux records during
early nuclear operation disclosed some blips. Most of
the time they could not be seen because the noise at
low power and the action of the flux servo system
masked them. Blips were tentatively identified on a
chart of operation at 50 to 100 w on October 26. One
blip of 300 kw occurred during the 30 min on manual
rod control on November 27. None occurred during a
similar period at 1 Mw the day before. Thus blips
seemed to have started with the onset of gas entrain-
ment, but by the time the power was raised, after some
eight weeks of fuel circulation, they were not very
frequent.

After the shutdown, when fuel circulation was
resumed and the power was raised, blips were found to
be occurring at a rate of 10 to 20 per hour.

Figure 1.11 shows strips cut from the nuclear power
recorder chart for operation at similar conditions on
various dates from January 23 to February 17. (The
power scale is in percent of 15 Mw, so one division is
150 kw. The time scale is as indicated.) Although the
frequency and size of blips varied from hour to hour,
the traces shown are fairly typical for the day.

The first trace was recorded 11 days after the
beginning of fuel circulation, when the frequency was
around 10 to 20 per hour. The second was taken on
January 27, three days after a beryllium addition. The

ORNL~DWG 69-5370R

,,,,, iiE ~{ ]
] 4; I
LB a8
iz
T |
{ ]
40 e 40 | 40 | S 41 8d 40 ad 40
z .
< b 3 !
E 15» a3 9
22 N 1
o
S
- E &
181 3
1 T ,
40 40 | 3 4 :«1 40 | 30 | 40
1

r } fi41

JAN 23 JAN 27 JAN 29 JAN 30 FEB 41 | FEB {7
RR-8100 CHART {percent of 15 Mw) -

Fig. 1.11. Typical S'ections of Nuclear Power Recorder Chart
Taken During January and February 1969. Conditions in each
case: 5 Mw, 1210°F, 4-5 psig, 51-52% fuel pump level, full
flow.

frequency and the average duration of the blips were
noticeably greater. Thereafter the blip frequency and
average size gradually diminished, as suggested by the
other charts; until near the end of February only one or
two occurred per 8-hr shift.

Between February 7 and 11, the fuel temperature was
varied from 1180 to 1225°F and the pressure from 3 to
9 psig, with little or no significant effect on the blips.
The amount of gas in the loop also did not appear to be
affected very much by these changes (see Sect. 1.3.3).

There appeared to have been some decrease in the
circulating void fraction during the period when the
blip frequency was gradually decreasing, but the voids
by no means disappeared. Although the fraction could
not be measured very accurately, it certainly remained
fairly high (0.5 to 0.7 vol %) during the entire period
covered by Fig. 1.11. One exception was during the
heat-removal test, when the fuel circulated by natural
convection at powers up to 354 kw. The power trace on
the recorder chart, like those in Fig. 1.11, was
absolutely smooth, and no blip occurred in the 7 hr
that the reactor was at power during this test. Another
exception was a brief period while the beryllium rod
was in the salt on January 24. The pump-bowl level
showed that the bubble fraction decreased to perhaps
0.3 vol %. The blips, which had been occurring at about
10 per hour, practically stopped. (There were none for
2 hr 20 min.) As soon as the beryllium was removed the
bubble fraction rose, and in the next hour there were
17 blips. When a much milder reducing agent, a
chromium rod, was exposed to the salt on January 29,
there was no clear effect on gas or blips. '

The variable-frequency power supply for the fuel
pump was set up especially to see what effect reduced
circulation rate would have on the entrained gas and the
blips. By the time it was ready the blips were not as
frequent or as large as they had been, but the
experiment was still very convincing. Figure 1.12 shows
how reducing the pump speed smoothed out the
nuclear power until the chart record appeared the same
as it had in the operation with 235 U. Reference to Fig.
1.4 shows that the bubble fraction decreased from
about 0.4% to 0.2% to less than 0.1% in the three 233U
cases. Operation at the lowest speed was continued for
five days, during which time there was no blip. When
the speed was.returned to 1140 rpm, the trace became
rough again and blips began to occur, '

Size-Frequency Distributions. — Cursory examination
of the nuclear power traces when there are blips, as in
Fig.. 1.9 or 1.11, suggests that there are two kinds of
events — the continuous smalt, random fluctuations and
the larger occasional blips, which look like a different
kind of event. This impression is confiimed by a




size-frequency plot such as Fig. 1.13. The small
fluctuations form the distribution at the left. The blips
are the distribution centered at about 500 kw. Figure
1.13 is fairly typical of the first few weeks of power
operation. As time went on, the peak in the blip
distribution became lower and moved to the left; that
is, the blips became less frequent and smaller. Eventu-
ally the distribution was submerged in that of the small
fluctuations. This was the case by February 17, when
the last strip on Fig. 1.11 was recorded. As seen from
this figure, however, an occasional blip could still be
distinguished, mainly because of its different shape.

Possible Mechanisms. — The small fluctuations in
nuclear power are caused by very small fluctuations in
system pressure which are translated, through the
compressible voids in the core, into reactivity fluctu-
ations.!® o

The mechanism for the blips has not been resolved in

detail. It is almost certain, however, that it involves
sporadic changes in the amount of gas held up in the
core. .
There is convincing evidence that the blip mechanism
is not movement of separated uranium. In the first
place, analyses of the salt showed conditions far
removed from any precipitation of uranium or uranium
oxide. The absence of any uranium-bearing precipitate
is also indicated by the temperatures in the lower head
of the reactor, which did not show any abnormal
heating there (Sect. 1.3.7). More direct is the evidence
of the pump-bowl level and pressure: if a power blip
were caused by movement of excess uranium up
through the core, the resulting temperature rise would
tend to push the salt level up. Such changes in level as
occur are in the opposite direction. Furthermore, blips
with all the symptoms except the power perturbation
occur with the reactor subcritical, when uranium
movement would have no effect.

The clue that blips are related to gas in the core is the
fact that they occur only when the circulating void
fraction is more than about 0.5 vol %. Blips appeared
when the gas fraction first increased, and they disap-
peared when the fraction was reduced by either of two
distinctly different mechanisms: reduction of fuel
pump speed and exposure of beryllium to the salt.

An intermittent obstruction in the fuel flow between
the core and the pump suction would increase the
pressure and compress the gas in the core, changing
reactivity and pump-bowl level in the observed direc-

tions. Consideration of the necessary implications made -

15 MSR Program  Semiann. Prbgr. Rept. Aug. 31, 1968,
ORNL-4344, pp. 18-19. :
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this hypothesis seem quite improbable, however. As
shown in Sect. 4.3, reactivity increases of about 0.15%
8k/k in 1 to 2 sec were fairly typical. This corresponds
to an increase in fuel density, averaged over the core, of
0.034%. Starting with an average void fraction in the
core of 0.6 vol % and an average pressure in the core of
35 psia, a pressure change in the core of 2.0 psi would
be required to give the observed reactivity effect. It
does not appear that an intermittent flow blockage
could occur anywhere between the core and the pump
suction, with the possible exception of the perforated
metal screen below the outlet from the top of the
reactor vessel. The normal pressure drop across this
screen is only 0.5 psi, and to cause a pressure change of
2.0 psi in the core, half of the 195-in.2 conical screen
would have to be covered and then uncovered. This is
hardly credible. '

What seems much more probable is that a blip is
caused by a small quantity of gas which has collected at
some point in the core suddenly breaking loosé and
being swept up and out of the reactor vessel. As little as
2.0in.2 of gas from channels near the center of the core
would be enough to produce a 0.015% &k/k reactivity
increase. There is evidence that some gas does cling in
the core, at least under low-flow conditions. (The
temperature coefficient measurements implied that all
gas did not leave the core when the pump stopped, and
a clear indication of a compressible volume in the core
was obtained when a slight pressure change after 6 hr of
natural convection circulation produced a detectable
reactivity change.) The triggering mechanism for release
of gas clinging in the core is presumably a very small
perturbation in flow or pressure. A possible cause of
such perturbations is the occasional release of a burst of
gas from the reactor access nozzle which is suddenly
compressed as it passes through the pump.

The reasons for suspecting that gas from. the access

“nozzle triggers the blips are: (1) When the circulating
bubble fraction is greater than about 0.5%, gas fills the
plug annuli all the way down to the juncture with the
flowing salt stream; (2) coincidentally with  blips,
changes are observed in a thermocouple at the bottom
of the nozzle which indicate temporary increases in the
salt level; and (3) the blip frequency increased while the
temperature of the gas trapped in the annuli was being
allowed to rise (pushing some gas ‘out into the flowing
stream) ‘and temporarily decreased by a factor of 4
when cooling of the annuli was resumed. The thermo-
couple indication lags the start of the blip, but this is
due, at least in part, to heat transfer time constants. -

Although there are hypotheses, no theory has been
developed that satisfactorily explains all observed
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aspects of the blips. In particular, there is as yet no
explanation of why the higher reactivity (or lower void
volume) persists for a variable length of time and then
rather quickly returns to the original level.

'1.3.5 Salt Transfer to Overflow Tank
A. Houtzeel

Except for a relatively brief period early in the
operation of the MSRE (prior to April 1966), salt has
consistently transferred from the fuel loop to the
overflow tank whenever the fuel pump is running.!®
Although there were variations in the rate of transfer
that could not be explained, the rates were generally
less than 1.5 1b/hr. During the six-month run with 235U
fuel (run 14) the transfer rate consistently averaged
about 0.5 Ib/hr. The operation with 233U has been
marked by very wide variations in the transfer rate,

‘with occasional values as high as 72 Ib/hr.

The flush-salt operation in preparation for the 233U

runs and the first few hours of operation with 233U
fuel (prior to the first beryllium addition) showed
transfer rates that were consistent with past experience.

. The observed rates were in the range of 0.1 to 0.4 Ib/hr.

After the first beryllium addition in run 15, these rates
increased to 4 Ib/hr and even much higher. The very
high transfer rates occurred after the beryllium capsules
had been removed from the pump bowl and gradually
diminished to about 4 1b/hr during the next 100 to 150
hr of fuel-salt circulation after the beryllium addition.
During the beryllium additions, when the salt level was
low, the transfer rates were generally much lower, in
the order .of 1 to 2 Ib/hr. The salt transfer rate jumped
to 29 1b/hr just after the second beryllium addition and
72 1b/hr after the third addition. Figure 1.14 shows the
variation of the transfer rate with time after the third
beryllium addition. Generally speaking, it was observed
that the higher the indicated fuel-pump level, the higher
the transfer rate. However; this was not a linear
relation. As shown in Fig. 1.15, there was a drastic
decrease in transfer rate once the salt level dropped
below a certain threshold value. This change can be
explained if the actual level of the salt-gas mixture
(foam) in the pump bowl is significantly higher than the
level indicated by the bubblers. Then, when the real
level of salt with bubbles (say “bubble head™) extends
beyond the inlet of the overflow pipe, high transfer

" rates would occur; conversely, if the real level in the

16pSR Program Semiann. Progr. Rept. Aug. 31, 1956,
ORNL-4037, p. 24.
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10 1.3.6 Thermal-Convection Heat-Removal Test
T, | C. H. Gabbard
}‘ [}
- CH s A test was conducted to determine the characteristics _
56 e * le of heat removal from the MSRE fuel system by
& s, . natural-convection flow of the fuel salt. Forced circula-
S 4 " I i = tion was maintained in the coolant system during the
E . P J test. The experiment was run by increasing the heat-
-2 — e * removal rate at the radiator in steps, with the reactor
S o o e e ~. critical, and allowing the system to approach equilib-

o rium prior to the next radiator adjustment. The reactor
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_ Fig. 1,18, Variation of Salt Tmnsfer‘ Rate with Indicated Salt
Level in Fuelqump Bowl, October 1968.

pump bowl is lower than the overflow pipe (because
less salt is in the pump bowl or the salt is less agitated),
much lower transfer rates could be expected. All this is
consistent with the conclusions that were drawn in
Sect. 1.3.2 regarding the salt level.

was in manual control throughout the experiment, and
no adjustments were made to the control rods; so the
nuclear power was controlled entirely by the inherent
feedback of the system. Figure 1.16 shows that the
reactor power followed the radiator load smoothly and
with little or no tendency to oscillate. For this
experiment it had been decided that the temperature
difference across the reactor vessel should not exceed
about 75°F. With this limitation the maximum power
attained, corrected for the afterheat from - previous
power operation and for changes in electric heater
power, was 354 kw. The measured reactor vessel AT at
this power level was 76°F, and the fuel flow rate was
estimated to be 31 gpm.
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1.3.7 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 during power
operation with 233U were examined for any indication
of sedimentation buildup within the reactor vessel. The
values observed previously® 7 (revised to correspond to
the reactor power level based on the latest value of
coolant salt specific heat) are shown in Table 1.4 along
with the data from run 17. The temperature differences
were slightly greater with the 233U fuel, presumably as
a result of the greater neutron leakage, which results in
more fissioning in the peripheral regions of the reactor
‘vessel.

Fuel Pump Tank. — The temperatures on the upper
surface of the fuel-pump tank were somewhat lower
during run 17 than had been previously observed.

17i4SR Program Semiann. Progr. Rept. Feb. 29, 1968,
ORNL-4254, p. 9.

Decreases in these temperatures have been observed
previously,!® but no satisfactory explanation of these
decreases has been found. When operation of the fuel
pump was started on the variable-frequency supply, the
pump-tank temperatures at low reactor power were
found to increase with increasing pump speed. The

- temperatures also increased when the restriction in the

522 line at the pump tank cleared following the power
increase to 7 Mw at a pump speed of 1000 rpm.
However, the full-power temperatures at normal pump
speed (1200 rpm) still appear to be slightly less than
were observed during run 14,

1.3.8 Thermal Cycle History
C. H. Gabbard
The accumulated thermal cycle history of the various

components sensitive to thermal cycle damage is shown
in Table 1.5. Approximately 86% of the design thermal

18 SR Program Semiann. Progr. Rept. Aug. 31, 1967,
ORNL+4191, p. 22.
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cycle life of the fuel system freeze flanges had been
used by the end of February. This compares with a
value of 73% at the end of the previous semiannual
report period. This relatively large increase is due to the
five fills during the 233U fuel loading.

1.4 EQUIPMENT
1.4.1 233U Loading Equipment
B. H. Webster

Loading the 233U into the MSRE was complicaied by
radiation, both from the enriching salt and the stripped

Table 1.4. 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 1.35
12 . 6/67-8/67 1.98 1.40
14 9/67—-2/68 2.03 1.28
174 1/69-2/69 2.29 1.54

9Fuel in this run was 233U. In other runs it was 235U,

carrier salt into which it was to be loaded. The quantity
of enriching salt to be added (about 14,000 cm®) made
it impractical to use the sampler-enricher, which is

~limited to about 25 cm® per addition. Therefore

equipment was designed to load salt into a drain tank
containing the radioactive carrier salt. The equipment is
shown in Fig. 1.17. Cans of salt containing up to 7 kg
of uranium were brought from the TURF, where it had
been prepared,!® in a heavily shielded carrier, one ata
time. Each can was lowered from the carrier into the
standpipe as shown in Fig. 1.18. After the shield was
sealed, the valve leading to the drain tank was opened,
and the can, attached to a long rod, was lowered into
the upper part of the half-full drain tank. After a few
minutes in the 1200°F tank, the enriching salt began to
melt; within an hour all had drained into the pool of
carrier salt below. After a strain gage device supporting
the rod indicated that the can was empty, it was drawn
up into the standpipe and the isolation valve closed
below it. The empty, but still radioactive, can was then
cleaned of gross contamination by rotating it in front of
the exhaust line. It was weighed precisely before being
stored in the turntable. Only then was another can

- 19ysR Program Semiann. Progr. Rept. Aug. 31, 1968,

- ORNL-4344, pp. 311-15.

Table 1.5. MSRE Cumulative Thermal Cycle History Through February 1969

Number of Cycles
. Thaw
Component Heat and Cool Fill and Drain Power On and Off Thaw and
' Transfer

Fuel system 11 49 75

Coolant system 9 15 70

Fuel pump 14 44 74 664

Coolant pump 10 16 70 142

Freeze flanges 100, 101, 102 11 45 75

Freeze flanges 200, 201 10 15 70

Penetrations 200, 201 10 15 70

Freeze valve :
103 9 29 53
104 18 11 31
105 ‘ 19 19 55
106 21 31 40
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 10 15 35
206 10 13 34
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Fig. 1.17. Arrangement for Adding 233U Enriching Salt to Fuel Drain Tank.

brought in. (To eliminate any chance of accidental
criticality, only one loaded can was in the equipment at
any time.) Six cans of 233 U-bearing salt were added in
this way, with no release of activity and very low
radiation doses to the operator. The efficiency was
quite high: less than 0.2% of the salt failed to run out
of the cans.

The salt-addition equipment was also used for sam-
pling the salt immediately after processing. A long-
handled tool was used to immerse a capsule in the salt,
and then lift it up and place it in a transport container
in the ‘standpipe. No difficulties were encountered in
this operation.

1.4.2 Salt Samplers
M. Richardson  R.H. Guymon

Fuel Sampler-Enricher. — During the *33U zero-
power experiments (run 15), the fuel sampler-enricher

was used to add 27 capsules of enriching salt, to take 28
samples of the fuel salt and fuel-pump cover gas, to
expose four rods of beryllium for periods from 3% to
11% hr, and to dip six magnets into the salt to retrieve
magnetic powder in or on the salt. These operations
were carried out with no unusual difficulties or mechan-
ical problems. Although sample capsules would not go
all the way to the bottom of the cage in the pump
bowl, presumably because of the capsules that had been
abandoned there earlier,2® regular 10-g sample ladles
were immersed, and even the longest capsules retrieved
salt when the pump level was high.

During the December startup of what was to be the
approach to full power, a failure occurred in the
sampler-enricher mechanism whose repair entailed some

two weeks delay. During an attempt to remove a

20)10R Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL+4344, pp. 26—29.




capsule from the latch, it was found that the cable
could be pulled off the reel without the motor turning.
The tentative diagnosis was that one of the pair of drive
gears was slipping on its shaft. In order to gain access to
the sampler drive unit, it was necessary to remove the
shield blocks over the reactor cell. This, in turn,
required that the fuel be drained. After a temporary
containment enclosure and necessary shielding had been
set up around the sampler, the sampler drive assembly
was disconnected and lifted, and a 3-in. hole was sawed
in the side of the containment box adjacent to the
gears. One gear was loose on the shaft because its two
setscrews had come loose. We repositioned this gear and
tack-welded it on the shaft. The other gear we fastened

Fig. 1.18. Team Lowering a Can of 233U Enriching Salt into
Loading Equipment.
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securely with jam screws on top of the setscrews. A
patch was then welded on the box, and the drive was
reinstalled. This work was done quickly and without
excessive exposure of personnel despite the high radia-
tion levels (10 r/hr at 12 in. from the box) by the use of
shielding and extended tools designed especially for this
job. Before operation was resumed the manipulator
hand was repaired, the illuminator port and viewing
window lens were replaced because they had been
discolored by radiation, and an imperfect seal in the
removal valve was replaced.

After operations were resumed, the sampler per-
formed acceptably through the end of the report
period. Minor difficulty was encountered with the
mechanical closure device on the inner containment
door, but changing the timing of actions which occur
during the closing was effective. In January, while a
chromium rod was being exposed in the pump bowl,
radioactivity in a sampler exhaust line indicated some
release of gas in the sampler. The fuel-pump over-
pressure was reduced in an effort to stop the release.
This was not effective, and it was-necessary to withdraw
the chromium rod and close the operational valve, thus

" terminating the chromium addition after 6 hr exposure.

The amount of activity released to the stack was
inconsequential (<0.08 mc), and after repairs were
made, no further releases occurred. The release was
apparently not due to, but coincidental with, the
chromium addition.

Further checks at the sampler-enricher revealed a leak
around the shaft of vacuum pump 1 due to low oil level.

By the end of the report period the sampler-enricher
had been used for a total of 141 uranium additions and
426 sampling operations (including beryllium and chro-
mium additions and magnet insertions).

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

1.4.3 Control Rods and Drives
M. Richardson ’

Drop times for the MSRE' control rods, measured
from the initiation of the scram signal with the rod
fully withdrawn until it reaches the lower limit,
normally are between 0.75 and 1.00 sec. Records
showed the drop time on rod 3 gradually increasing
over the months from a low of 0.85 sec shortly after it
was installed in the fall of 1966. During November
1968 the drop time exceeded 1.00 sec for the first time.
Analysis of position vs time during drops showed a
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fairly uniform drag or friction over the entire travel.
While the reactor was down for the sampler repairs in
December, the drive for rod 3 was removed and found
to be in good condition except for slight galling on the
air tube. The air tube was replaced, but there was no
improvement in drop time. The drive from rod 2 was
moved to rod 3, and similar slow drop times were
observed (1.1 to 1.2 sec). The highly radioactive rod
was then lifted from its thimble and inspected using an
omniscope. There were only very minor scratches on
the poison elements and nothing on the upper hose to
indicate any binding in the thimble. It was concluded
that the increasing drop time was most likely due to
gradually increasing internal friction in the flexible rod.
Because of the design of the mechanism, the driving
force during a free drop is less than half the weight of
the parts that are accelerated. Therefore this force was
increased by fitting a 1.5-1b sleeve around the cylinder
of the shock absorber in the drive. The drop time then
was 091 sec, and it decreased slightly after high-
temperature operation resumed. At the end of the
report period the drop times were averaging 0.84, 0.76,
and 0.87 sec for rods 1, 2, and 3 respectively.

1.4.4 Off-Gas Systems
A. 1. Krakoviak

The off-gas piping of both the coolant and fuel pumps
experienced gradual plugging at the gas outlet pipes of
both pumps and also farther downstream.

The restriction in the fuel system off-gas pipe at the
pump bowl reported earlier?!*22 reappeared after
approximately one month of operation with the new
fuel. The restriction was blown clear once during
pressure-drop measurements, but reappeared a week
later and could not be dislodged by back blowing
helium from the drain tank to the pump bowl. The
pressure drop across the restriction had increased to 4
psi by the last week in November,: when the fuel and
coolant systems were drained. to clean out the off-gas
lines of both systems and also to mix the fuel before
the start of full-power operation.

The flange at the fuel-pump bowl was removed, and a
flexible cable assembly, connected to a filter and a
vacuum pump, was used to ream out the off-gas line to
the fuel pump and also to collect a sample of the
restricting material (reported in Sect. 11.1).

21MSR Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL-4119, pp. 27-29.

22 SR Program Semiann. Progr. Rept. Feb. 28, 1968,
ORNL-4254, pp. 13-14.
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The reactor was then refilled; after about three weeks
of operation, the restriction reappeared in mid-January
and gradually increased to a AP of 5.5 psi. Because the
rapid recurrence of the restriction at the pump-bowl
exit threatened to become a serious nuisance, a com-
pact 2-kw heater unit was designed for this section of
line. Development tests on a mockup showed that it
could be maneuvered into position through the pump
support structure using long-handled tools through the
maintenance shield. A unit was prepared in case it
should be needed. In the last week in February, during
a routine transfer of fuel from the overflow tank to the
fuel pump, the restriction was blown clear, resulting in
a complete transfer of fuel from the overflow tank to
the pump bowl. The pressure drop in this section of line
was then below the limit of detection (about 0.1 psi).

On two occasions (the latter part of January dnd the
latter part of February) a restriction developed in the
fuel system off-gas line downstream of the 4-in. holdup
pipe and upstream of the line to the auxiliary charcoal
bed. This restriction was blown clear by venting the fuel
pump through the drain tanks and then pressurizing the
downstream side of the restriction.

During the last week in January a buildup of some
material (presumably hydrocarbons from the fuel-pump
lubricating oil) at the entrance to all four main charcoal
beds " resulted in an unacceptable flow restriction
through the beds. The water level in the pit was
lowered, and about a foot of the inlet sections of all
four beds was heated with electrical heaters installed
previously for this purpose.?® Although two of the
three heater elements installed on beds 1A and 1B and
one element on bed 2B failed, all four charcoal beds
were restored to their original flow capacity.

A restriction periodically developed in the vicinity of
the safety block valves in the inlet to the off-gas
sampler. (The block valves have % -in.-diam ports, and
the piping is 0.083-in.-ID autoclave tubing.) This line
tees off the main off-gas line upstream of the main
charcoal beds. The restriction was successfully cleared
each time by back blowing with helium. Thermal
conductivity measurements upstream and downstream

" of a hot copper oxide bed showed that about 1 to 2 g

of hydrocarbons per day were flowing with the off-gas
past the sample point. (See Sect. 11.1)) This is not
inconsistent with the indicated losses of oil in the fuel

The coolant off-gas system also experienced gradual
plugging at the pump bow! and in the porous metal

23MSR Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL4119, pp. 30-31. S




filter upstream of PCV-528.2* Replacement of the
filter restored this portion of the system to normal
flow; the application of heat with a torch during the
November shutdown cleared the restriction at the pump
bowl. During the heatup a brown vapor (hydrocarbons)
was driven out of the off-gas line, and a cleanout tool
inserted toward the pump bowl came out covered with
black, heavy grease. The restriction was not cleared,
however, until the junction of the off-gas line and the
pump bowl was gotten quite hot. There was practically
no evolution of vapors from the line at this time,
indicating that the restriction was, at least to some
extent, salt. Also during the November shutdown, all
the coolant off-gas valves were dismantled and cleaned.
The valves and interconnecting lines were found to have
a light layer of oil on the inner surface, and approxi-
mately 10 to 20 cc of liquid oil was cleaned from low
pockets in the interconnecting lines. A trap for con-
densed oil vapors was installed in the line near the
pump, and heaters were installed on the line at the exit
from the pump bowl. Approximately six weeks after
the resumption of operations, the coolant off-gas line at
the pump bowl again showed evidence of a restriction,
and the heater was energized. The pipe under the heater
had been running at 900°F (due to heat conduction
from the pump bowl), and the restriction cleared when
the temperature increased to 1150°F.

1.4.5 Component Cooling System
P. H. Harley

Component cooling pumps 1 and 2 operated for 3478
and 474 hr, respectively, during the six-month report
period. CCP-1 had indicated a slight loss of capacity but
was operating satisfactorily at the end of the period.

In December, CCP-2 was shut down by low oil
pressure resulting from oil loss through a leaking shaft
seal and a sticking oil bypass valve. Both items were
replaced. The internal surfaces of the relief valve were
coated with a lacquer, which indicated overheating of
the oil. An unsuccessful attempt was made to improve
cooling of the oil by putting the water to the oil coolers
in series instead of parallel. This increased the water
flow to the oil cooler of the operating blower from 5 to
about 7 gpm but did not have a significant effect on the
oil temperature.

24y/SR Progam Semiann. Progr. Rept. Feb. 28, 1968,
ORNL-4254, p. 14.
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1.4.6 Containment and Ventilation
P. H. Harley

In September the annual containment testing was
completed with a cell-pressure test at 20 psig. The cell
outleakage was 57 scf/day (about 25% of permissible
rate). The rest of the containment check was reported
previously.?$

The indicated inleakage (at —2 psig) has been <20
scf/day since the cell was evacuated, with the exception
of the first six days. During the initial six days the
apparent inleakage started at 78 scf/day and decreased
to 22 scf/day. This is typical behavior that occurs as the
vapor content of the cell atmosphere increases to an
equilibrium value. After the cell comes to an equilib-
rium vapor pressure, about % gal of condensate is
removed daily through a condensate collection system.
The source of these in-cell water vapors is believed to be

.a leaking space cooler.

In September the west bank of the ventilation stack
roughing filters was replaced because the pressure drop
had built up. A standard DOP test of all three banks of
absolute filters at that time showed efficiencies between
99.994 and 99.996%. The acceptable efficiency is
99.95%. . ‘ ,

The drive belts on stack fan No. 1 failed on February
23, 1968, and ventilation was switched to SF No. 2. As
an extra precautionary measure the reactor was taken
from 8 Mw to 10 kw while maintenance personnel
were called and stack fan No. 1 was repaired and
returned to service.

The release of activity to the environment was very
low during this report period, being only 0.35 mc of
beta-gamma and <0.25 mc of particulate matter. The
largest single release was 0.08 mc of beta-gamma
activity from a leak which developed at the fuel
sampler.

1.4.7 Electrical System
T. L. Hudson

The automatic voltage control system for motor
generator set No. 1 failed two times during this report
period. Both times the unit was operated on manual
control until the vacuum tubes in the automatic
controls could be replaced.

There were two automatic transfers of the 50-kva
dc-ac inverter load to TVA supply. The first was caused

25MSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL4344, p. 32.



by a failure of a thyrister in the inverter logic circuit.
The other was caused by a momentary ground during
maintenance on the computer.

When a transfer occurs, many alarms are received in
the control room. Some are caused by loss of operating
equipment, and others are due to the momentary loss
of control voltage to certain monitors. These have to be
reset to stop the alarm and control action. After the
first inverter failure, all operating equipment was
restarted, but an emergency fuel drain occurred before
the reactor-cell air activity monitors were reset. The
fuel salt was drained to both drain tanks (FD-1 and
FD-2). No drain or other serious condition resulted
from the second inverter failure.

1.4.8 Heaters
T.L. Hudson

The operation of the heaters continued with only
minor difficulties during this report period. Heater
HX-1, located on the south end of the heat exchanger,
developed a partial ground in the latter part of October.
In order to clear the ground detector lights on bus S,
the heater was taken out of service. This was possible
because tests had been performed after run 11 which
determined that this heater was not essential for
preheating the system from a cold condition.?® After
run 14 this heater had been removed from the reactor
cell and lead wire failures in the junction box re-
paired.2” The heater functioned satisfactorily during
subsequent heatup and until the partial ground - de-

veloped. The cause of the ground was suspected to be a
broken ceramic bead on the lead wire between a heater
element and the junction box mounted on top of the
unit.

About a 30% drop in current on one heater on the
fuel line between the reactor and the fuel pump
occurred late in September. After a resistance check
indicated a side heater element had failed, the spare
heater elements were placed in service.

1.4.9 Other

The fuel- and coolant-salt pumps continued to oper-
ate with no sign of trouble. By the end of the report
period the fuel pump had run for 23,748 hr and the
coolant pump for 25,141 hr. Oil leakage past the lower
shaft seal collects in an external tank. The average
accumulation rate was 13.5 cc/day for the fuel pump
and 14.7 cc/day for the coolant pump. Based on
inventories, during the report period 1.5 * 1 liters of oil
was lost from the oil system supplying the fuel pump?®
and 2.2 £ 1 liters from the oil system supplying the
coolant pump.

26MSR Program Semiann. Progr. Rept. Aug. 31, 1967,
ORNL-4191, p. 31.

2IMSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, p. 31.

28Note: 1.5 liters is equivalent to 6.5 g/day. It was estimated
that 1 to 2 g/day is entrained in the off-gas stream (see Sect.
14.49). '




2. Component Development
Dunlap Scott

2.1 FREEZE-FLANGE THERMAL-CYCLE TEST
F.E.Lynch

Thermal cycling of the prototype freeze flange was
resumed after the shutdown for inspection at the end of
cycle 268.) Operation of the flange was continued
through cycle 321, when it was again shut down for
inspection of the flange and minor repairs to the

operation equipment. Very few operation problems
were experienced during this period of operation.

A complete dye-penetrant inspection of the inner face
and the bore of both flanges was made at the end of
cycle 321. The female flange was still free of cracks or

MSR Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, pp. 33-36.

PHOTO 76315

Fig. 2.1. Photograph of Test Freeze Flange Showing Dye-Penetrant Indication of a Crack on the Right Side of Bore.
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PHOTO 76314

Fig. 2.2. Photograph of Test Freeze Flange Showing Dye-Penetrant Indication of a Porosity-Type Crack on the Left Side of Bore.

indication of a defect. Penetrant inspection of the male
flange inner face and the neck revealed no indication of

a crack. The penetrant did indicate the crack observed:

previously! in the bore of the male flange where the
alignment stub was welded to the flange face. The crack
had lengthened slightly during the 53 cycles, and the
porosity in and around the alignment stub weld was
more extensive. Figure 2.1 shows the crack, which now
extended approximately 120° clockwise from the upper
bore thermocouple. A porosity band continued from
this point to about 150 to 155°. From this circum-
ferential crack there were porosity bands which propa-
gated % to % in. farther into the bore, being more
pronounced at approximately 50, 90, 120, and 150°. A
porosity band extended about 155° counterclockwise
from the upper bore thermocouple, as shown in Fig.
2.2, The penetrant also indicated a porosity band
extending about %, in. farther into the bore at 90, 120,
and 135°. :

As reported above, the female flange suffered no
crack detectable by the dye-penetrant method of
inspection. Therefore it appears that the service life of a
flange pair would be greater if two female flanges with

an insert to aid in the remote assembly of the flanges
were used in place of the present design.

Thermal cycling of the freeze flange was resumed
after reassembly. By the end of February the flange had
been subjected to a total of 350 thermal cycles. At the
end of cycle 371 the inner face and bore of the flanges
will again be inspected by the dye-penetrant method
and the results checked with a fluorescent penetrant.

2.2 PUMPS
P.G.Smith  A.G.Grindell

2.2.1 Mark 2 Fuel Pump

The mark 2 fuel salt pump, which features a larger gas
surge space than the pump in the MSRE,> underwent
initial testing with salt during this report period. By the
end of the period it has circulated the molten salt
LiF-BeF, -ZrF4-ThF4-UF, (68-25-5-1-1 mole %) for

2MSR Program Semiann. Progr. Rept. Feb. 28, 1967,
ORNL4119, p. 64.




approximately 4000 hr at flows to 1350 gpm and
temperatures between 1020 and 1225°F.

Because the unsupported length of shaft is longer in
the mark 2 pump, careful measurements of vibration
were made during this operation. The maximum axial
displacement was approximately 1 mil and the maxi-
mum radial displacement was 0.1 mil at 1165 rpm and
1350 gpm, essentially identical to the displacements on
the mark 1 pumps in the same facility. The oil leakage
rate past the lower shaft seal and into the catch tank
was less than 10 cc/day.

From the beginning of salt operation, periodic
plugging was experienced in the pump-tank off-gas line.
Plug material was found as far as 40 ft downstream
from the pump tank collected in valves and other
naturally restricted flow areas, where it caused prob-
lems in maintaining the purge gas flow of 4 liters/min.
After a commercial filter was installed in the line
approximately 15 ft from the pump tank, there were no
further problems downstream. Plugging occurred later,
however, in the off-gas nozzle at the pump tank. About
once per week the plugging was cleared by torch
heating the nozzle and about 18 in. of the adjacent line
or by rapping the nozzle with a hammer. Petrographic
examination of a small sample of the plug material
showed that it was salt, in nearly spherical droplets of
15 pu diameter and smaller. A possible solution to this
problem was suggested, namely, a heated reflux trap at
the pump-bowl outlet. The liquid salt acrosols would be
impacted on baffle surfaces in tortuous passages in the
trap, allowing liquid salt to accumulate into droplets
sufficiently large to fall back into the pump tank
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against the very small drag force of the gas flow. Design
and installation of the reflux trap were held up by
insufficient funds.

Measurements were started with the radiation densi-
tometer to determine the void fraction of gas circu-
lating around the loop with the salt. Observations were
made while the pump was operated at two different
liquid levels in the pump tank: 0.3 in. above the normal
operating level and 2.4 in. below the normal level. The
differences between densitometer measurements taken
at zero flow and 1350 gpm at each of the levels
indicated that the gas content of the circulating salt was
not detectable at or near the normal level, while at the
lower level it was 0.1% by volume. The corresponding
value at the normal level with the mark 1 pump design
in the prototype facility was 0.1%.> No information
was obtained at the lower level with the mark 1 design.

At the end of the period, operation was continuing
for the observation of the shaft seal leakage per-
formance and the plugging in the pump-tank off-gas
nozzle. Additional void-fraction measurements were
planned at pump-tank liquid levels considerably above
normal.

2.2.2 Oil Pump Endurance Test

The oil pump endurance test> was continued. By the
end of this report period the pump had run for 48,794
hr circulating oil at 160°F and 20 gpm.

3MSR Program Semiann. Progr. Rept. Aug. 31, 1966,
ORNL-4037, p. 81. '



3. Instrumentation and Controls

S. J. Ditto

3.1 MSRE OPERATING EXPERIENCE
J. L. Redford

Extensive tests were performed on the relays in the
rod-scram ' circuits to ensure that no further relay
failures would be experienced. No failures occurred
either during the tests or in subsequent operation.
These relays are now tested once each 24 hr to detect
single failures should they occur. Noise suppressors (RC
and diode) were installed across some of the nonsafety
contacts of these relays to alleviate the noise which had
sometimes caused difficulty during in-service tests of
the scram relays.

Both fission chambers were replaced once during this
report period. These chambers had been in operation
nine months and one year, which is a great improve-
ment over the previously reported three-month average
life.! The improvement is aftributed primarily to
changes in the method of sealing the chamber connec-
tions and cables against intrusion of water. Several
components in the pulse amplifier for the No. 1
wide-range counting channel failed due to overload
when the fission chamber in that channel failed. No
damage was found in any other components of the
channel.

The rod-control servo was modified to allow an
increase in the servo dead band to compensate for the
more rapid flux response of the reactor with 233U fuel.
A further modification was made to allow the rod servo
to be used as a rod-position demand, rather than a
flux/outlet-temperature demand controller, to give
more consistent rod-position variations for some of the
dynamics experiments.

An eight-channel Sanborn recorder was installed to
monitor several reactor parameters to assist in analysis
of the power “blips” which were observed after the
beryllium additions were made to the 233U fuel.

1ysr Program Semiann. Progr. Rept. Aug. 31, 1968,
ORNL-4344, p. 43.

A fission chamber and a BF3; chamber were installed
in the drain-tank cell near drain tank No. 2 to monitor
the neutron counting rates during the large 233U
additions. (Data from these chambers on the multipli-
cation of the internal neutron source also confirmed the
conclusion reached from calculations that the drain
tanks would provide safe subcritical storage of the
233y fuel) The chambers were removed before the
cells were sealed for the final approach to criticality
with 233U,

3.2 CONTROLS SYSTEM DESIGN
P. G. Herndon

Further additions and modifications were made to the
instrumentation and ' controls systems as experience
revealed the need or desirability of more information
for the operators, improved performance, or increased
protection. The number of such changes was consid-
erably less than in the previous period.! Twenty-three
requests for changes in the design of the reactor system
were reviewed. Of these, 2 resulted in minor changes in
instrumentation and controls, 8 required only changes
in process switch operating setpoints, 11 did not require

* changes in process instruments or controls, and on the

remaining 2, design revisions were pending at the end of
the report period.

The major design effort was on the documentation of
the instrumentation and controls. Criteria drawings of
the reactor system were brought up to date, and recent
revisions' were added to the drawings of the fuel
processing system.

3.3 MSRE COMPUTER SYSTEM

C.D.Martin  J.D.Burke C.W.Kunselman

The éomputer system, which is used mainly for data '
acquisition, was originally leased from the Bunker-
Ramo Corporation with the full-time services of a




maintenance engineer included in the lease agreement.
When the computer system was purchased by ORNL in
February 1968, the Instrumentation and Controls
Division assumed the maintenance responsibility, with
emergency maintenance assistance available on call
from a Bunker-Ramo representative in Chattanooga.
Two ORNL men attended a four-week accelerated
maintenance course at the manufacturer’s plant in June
1968 and have been maintaining the system since that
time. ‘

Modification to the computer-room air-conditioning
system to maintain the relative humidity between 40
and 60% required increasing the room temperature
from 65 to 70°F. The 5° increase caused overheat
problems in three of the nine computer cabinets. This
problem was remedied by installing an additional fan in
the top of each cabinet to improve internal air
circulation.

During the reporting period there were a nominal
number of small electronic problems with the com-
puter. These included power supply failures, high-
frequency noise on the time-of-day clock signal, and the
usual sporadic failures of transistors or diodes. One
rather bothersome analog-input-system problem which
held up the reactor test program for several days was
finally traced to a loose connection in the analog-input
cabinet. Time began to take its toll in the mercury-
wetted analog input relays, but this was not unex-
pected, since many of them had more than 25,000,000
operations.

A large effort was started to consolidate certain
documentation on the hardware and to compile work-

ing logic diagrams of complete systems. In several areas
the MSRE computer has specially designed or modified
sections not fully covered by the manufacturer’s stand-
ard system documentation. The analog-input subsystem
is a good example. This is the subsystem that has caused

. the most maintenance problems in the past, and

adequate documentation is essential to timely main-
tenance.

Approximately five man-months of programming
were provided for many software system changes that
were made almost routinely. (The failure of a single
thermocouple sometimes required changes to as many
as six different programs. Operation on 223U required
changes to the reactivity-balance calculation, and the
results of the experiments being conducted on the
reactor frequently dictated computer program changes.)
The neutron-noise-analysis program was modified to use
the computer plotter to plot the power spectral density
in addition to typing results.

A significant programming accomplishment during
the reporting period was the adaptation of the Digital
Equipment Corporation’s conversational-mode calcu-
lation language FOCAL to the MSRE computer to run
in background time. This allowed MSRE personnel not
pre