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SUMMARY

Part 1. MSRE Operations and Construction, Engineering Analysis,
and Component Development

1. MSRE Operations

The first run in which salt was circulated ended on March 4, after
the planned prenuclear tests were completed. In this run flush salt was
circulated for 1000 hr in the fuel loop and coolant salt for 1200 hr
in the coolant loop; equipment performance was generally satisfactory.

With the reactor shut down, the operators received advanced train-
ing. They were then examined and, if they qualified, were certified as
nuclear reactor operators. Meanwhile the system was prepared for low-
power nuclear operation by installation of the nuclear instruments, the
fuel sampler-enricher, and one layer of concrete blocks over the reactor
cell.

Fuel carrier salt (lacking enriched uranium) was charged in late
April. As a final checkout and to provide base-line data, this salt was
circulated for ten days before the addition of enriched uranium began on
Moy 24. Criticality was first attained on June 1, with circulation
stopped, control rods almost fully withdrawn, and a 2357 concentration
very close to predictions. June was spent in adding more 235U, while
one control rod was calibrated over its full travel, reactivity coeffi-
cients were measured, and dynamics tests were conducted. The nuclear
power was held to a few watts except during planned transients, in which
it was allowed to rise to a few kilowatts. Nuclear characteristics were
in good agreement with predicted values.

Performance of the mechanical components of the system was gratifying.
Only minor difficulties were encountered, interfering in no way with the
experimental program.

The fuel system was drained and flushed on July 4-5. Radiation
levels were low enough to permit maintenance and installation work to
begin immediately in all areas in preparation for high-power operation.
The remainder of the period was spent in this work.

Except for a small amount of work on the fuel-processing system
sampler, completion of documentation, and a few minor additions and re-
visions, the design, installation, and checkout of the MSRE Instrumen-
tation and Controls System are now complete. Since our last semiannual
report the design, installation, and checkout of all instrumentation and
controls systems required for power operation of the reactor were com-
pleted, the computer—data-logger system was installed and checked out,
several revisions and modifications were made to improve performance or
correct errors in design, and some safety instrumentation and associated
control circuitry were added. Documentation of design and as-built changes
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is nearing completion. In general, performance of the instrumentation has
been very good. Although some failures and malfunctions have occurred,
once the causes of the failures were determined, they were easily cor-
rected, and no major changes in instrumentation or in design philosophy
have been necessary.

2. Component Development

A thermal cycling test was completed on the prototype of a freeze
valve after 1800 cycles through the temperature range from 600 to 1200°F.
No cracking or other physical damage was evident.

Prototypes of the removable heater for 5-in. pipe and the drain-tank
heater completed over 12,000 hr of satisfactory test operation.

The modified control rods were operated in the reactor during the
criticality test and performed satisfactorily. A satisfactory procedure
for attaching the control rods to the drive unit by use of remote methods
was demonstrated.

The 1limit switch actuators, which operate at the limit of the con-
trol rod stroke, were modified to improve the bearing surfaces. A pro-
totype of the modified switch was operated through 14,760 switch opera-
tions without difficulty. The buffer stroke of the shock absorber had
changed by as much as 50% during the criticality test and had to be re-
adjusted before reinstallation. Temperature alarm switches were installed
in the lower end of each control rod drive to indicate gross changes in
the cooling air flow. The wire cables for the electrical disconnects were
lengthened to facilitate remote removal and installation.

The cooling air flows to the freeze valves were increased to about
24 sefm. Freeze valves for the coolant drain tank were modified to re-
duce the thaw time under power failure conditions. This time is now about
13 min. We continued to experiment with the reactor drain valve in an
effort to improve the procedures for operating the valve under the dual
set of operating conditions. Also there was some difficulty in operating
this valve when the reactor temperature was below about 1100°F. A dif-
ferential controller was installed in the cooling air stream, and the valve
performed satisfactorily during the critical experiment. We also had some
difficulty with the freeze valves in the distribution lines to the drain
tanks, and methods were developed to ensure proper filling of the valves
with salt before the valve was frozen. In addition, the problem of me-
chanical failure and inadequate capacity for the heaters in these valves
was solved by installing new heaters.

Analysis of the experiment on the behavior of noble gas in the re-
actor was continued. Preliminary results of one experlmental run yielded
five rate constants which control the transient behavior of 85kr. A rea-
sonable agreement was found between these constants and the equivalent
physical constants measured elsewhere.
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A total of 54 samples were isolated and 87 capsules of enriching
salt were added by means of the sampler-enricher during the zero-power
runs. The equipment was tested for the first time and operators were
trained during the same period.

Maintenance was sufficient to improve the performance of the sample-
removal valve and the operational valve. The manipulator boot failed
three times, but the causes have been eliminated by modifying the pro-
tecting interlock system which controls the pressure and by altering a
protrusion in the normal path of the manipulator. A sample capsule was
retrieved from the top of the operational valve after it had been acci-
dentally dropped. The design of the fuel-processing sampler was started.

A holdup test using 85Kr as an indicator was made to check the per-
formance of the MSRE charcoal beds. The beds performed as predicted.

Difficulties with the operation of the valves in the fuel and coolant
off-gas system were traced to an accumulation of glassy spheroids of the
salt and a carbonaceous material which could be a normal residual of the
manufacturing process. The filter element upstream of the valve is being
changed from one with a 25-{ pore size to one with a 1l-p pore size, and
no further trouble is expected. Design was started on an off-gas sample
unit which is to incorporate an on-line indicator of the total contami-
nants as well as provide the means of concentrating and collecting batch
samples of the off-gas.

Practice with the remote-maintenance tools and procedures was con-
tinued. Photographs were taken of all the installed equipment in order
to provide a final record of the as-installed condition.

The spare rotary assembly for the fuel pump was operated for 2644
hr circulating salt. The radiation densitometer used to determine the
concentration of undissolved gas in the circulating salt during this
test was used again at the MSRE to make a similar measurement for the
circulating fuel salt. Also, back-diffusion tests using 85Kr were made
during the same test.

The spare rotary assembly for the MSRE coolant pump was completed.
Tests on the mockup of the MSRE lubrication system were completed. The
priming problem with the standby lube pumps was resolved by modifying
the jet pump in the oll return circuilt to the reservoir. The PKP molten-
salt pump was placed in operation at 1200°F for an endurance run.

Fabrication and installation of an ultrasonic level probe system in
the MSRE fuel storage tank were completed. The probe performed very well
during the initial filling of the fuel storage tank but did not operate
when the tank was drained. This malfunction was determined to have been
cauvsed by frequency drift of the excitation oscillator. Performance
studies revealed other characteristics which could limit the usefulness
of the instrument for long-term service under field conditions. Modifi-
cations are being made or are under consideration which would eliminate
the unwanted characteristics.



The coolant-salt-system flow transmitter that failed in service at
the MSRE was replaced by a spare transmitter. A new transmitter has been
ordered for use as a spare. Tests are being performed on the defective
transmitter to determine the cause of failure and to determine whether it
can be repaired.

Inspection of the core tube in a prototype ball-float-type molten-
salt level transmitter showed that the buildup of vapor-deposited salts
in critical areas has not been sufficient to affect the performance of
the instrument.

The fuel flush tank level probe was modified and repaired. Consid-
erable difficulty was experienced with sulfur embrittlement of nickel wire
in the replacement assembly. Performance of the repaired probe and of
other probes installed in MSRE drain tanks was satisfactory during critical
and low-power operations.

Modifications of the temperature alarm switches to eliminate spurious
set-point shifts were completed. It is not known at this time whether the
modifications effectively eliminated the set-point shifts.

Results of investigations indicate that the fallure of four helium
control valves in MSRE service was probably caused by misalignment and
complete lack of lubrication rather than incompatibility of plug and seat
materials.

Calibration drift of eight thermocouples made of materials selected
from MSRE stock remained within the limits previously reported.

Ten MSRE prototype, surface-mounted thermocouples installed on the
prototype pump test loop continued to perform satisfactorily throughout
the test.

Revisions were made in the MSRE coolant-salt radiator AT measurements

system to eliminate long-term drifts and noise found to be present in the
MSRE installation.

3. MSRE Reactor Analysis

As an aid in interpretation of the zero-power kinetics experiments
with the MSRE, the theory of period measurements while the fuel is in
circulation has been developed from the general reactor kinetic equa-
tions. The resulting inhour-type equation was evaluated numerically by
machine computation, and results are presented relating the reactivity
and the asymptotic period measured during circulation. By means of this
analysis, the measured and calculated reactivity differences between the
noncirculating and circulating critical conditions were found to be in
close agreement.



xi

Part 2. Materials Studies

4. Metallurgy

Thermal convection loops made of INOR-8 and type 304 stainless steel
have circulated LiF-BeFp-ZrF,-UF,-ThF, (70-23-5-1-1 mole %) fuel for 29,688
and 18,312 hr respectively. A maximum attack of 0.002 in. was found
on specimens removed from the type 304 stainless steel loop.

Thermal convection loops were run to evaluate the compatibility of
lead with Croloy 2-1/4 steel, low-alloy steel, type 410 stainless steel,
and Cb—1% Zr at 1100 to 1400°F meximum temperatures. The steel loops
tended to plug in the cold regions and have general surface corrosion in
the hot region. The Cb—1% Zr was found to have no measurable attack at
1400°F in 5280 hr. A new loop design that allows improved temperature
control of the cold region was tested for use in coolant evaluation
studies.

MSRE surveillance specimens were assembled and placed in the re-
actor core, the control test rig, and the area adjacent to the reactor
vessel. An assembly of graphite specimen, INOR-8 tensile bars, and flux
monitor wires will be exposed to fluxes at various points of the reactor
to anticipate and match the effects of radiation on the materials of the
reactor core and vessel.

The radiation-damage problems were evaluated for graphite in ad-
vanced molten-salt reactors, considering growth rate, creep coefficient,
flux gradient, and geometric restraint as important factors. The stress
developed because of differential growth in an isotropic graphite should
not exceed the fracture strength of the graphite and cause failures. Evi-
dence exists that graphite should have the ability to withstand damage to
doses up to 4 X 10°?. Data are needed for greater dose levels.

A study of INOR-8 specimens made from heats of material used in the
MSRE reactor vessel indicates that (1) creep strength is comparable to
those reported previously, (2) properties of the alloy are very sensitive
to mechanical and thermal treatment, and (3) welding of air-melted heats
without subsequent heat treatment causes large reductions in rupture life
and ductility, whereas welding of vacuum-melted heats causes small effects
on these properties. A microstructure study using the electron microprobe
indicates that the large precipitates present are nickel-molybdenum inter-
metallics with high silicon content. Several modified alloys are being
studied that have potentially improved properties.

Postirradiation stress-rupture properties of heat Ni-5065 and heat
2477 at 650°C were determined at doses varying from 5 X 10%6 to 5 x 102°
nvt. These data show that ductilities at the higher levels vary from 1
to ~5%, the lower-boron-bearing heat 2477 having the higher ductility.
Stress~-rupture life was reduced as dose level was raised. In-pile creep
data were developed for two heats of material.
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5. Radiation Chemistry

The in-pile irradiation program is being changed from an MSRE-oriented
program to one that will provide an understanding of both short-term and
long-term effects of irradiation and fissioning on molten-salt reactor
fuels and materials. IExperimental objectives of the program are: (1)

200 w/cm3 fuel fission power, (2) maximum fission product production,
and (3) long-term in-pile operation (up to one year).

The irradiation tests are to be conducted in beam hole HN-1 of the
ORR with an autoclave (capsule type) experiment. Design features in-
clude: (1) circulation of the salt by means of thermally induced flow,
(2) sampling and replacement of fuel salt while operating in-pile, (3)
cover gas sampling, and (4) keeping fuel molten at all times.

Several prototype models of the in-pile molten-salt autoclave ex-
periment have been constructed and operated in a mockup facility. Some
4000 hr of operation with a salt mixture similar to the MSRE fuel salt
have been accumulated. Results of these mockup tests indicate that the
presently designed autoclave is suitable for in-pile experiments with
molten-salt fuel.

6. Chemistry

All fluoride mixtures — cooclant, flush, and fuel — for the operation
of the MSRE were prepared and loaded into the reactor facility by the Re-
actor Chemistry Division. Capsules of fuel concentrate, containing about
85 g of 237U each, were provided for use in reaching criticality and for
criticality maintenance during nuclear operation.

Chemical analyses of the MSRE fuel were carried out during the pre-
critical, zero-power, and postcritical stages for the purpose of estab-
lishing analytical base lines for use in the full-power operating period.
Chemical composition, contaminant levels, and isotopic analyses were ob-
tained regularly on samples obtained daily throughout the zero-power ex-
periments. Judging from the concentration of Cr<*, which is the primary
corrosion product, essentially no corrosion occurred during the 1100-hr
precritical and zero-power test period. TFrom the standpoint of chemical
evidence, the MSRE salts were maintained in an excellent state of purity
during all transfer, fill, and circulation operations. Unless dilution
of the fuel by flush salt is postulated, uranium analyses for samples
obtained in both precritical and zero-power experiments were about l%
below book values.

New experimental values for the densities of the fuel and the coolant
agreed well with results on the weights and volumes of salts in the drain
tanks at the MSRE site.

The solubilities of HF and DF in the molten mixture LiF-BeF, (66-34
mole %) were measured over the range 500 to 700°C at pressures of 1 to 2
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atm. The solubilities were of the order of 2 X 10~% mole of HF per mole
of melt, and DF solubilities were lower than HF solubilities by about 10%.

Vapor pressures were measured for the LiF-BeF, system over the entire
composition range. The vapor above liquid compositions containing 70%
or more BeF, was virtually pure BeFp. Vapor pressures of importance in
recovering the MSRE fuel by distillation were also determined.

The feasibility of removing 1357 from the fuel, as a way of reducing
the amount of 135Xe, was examined in greater detail. Half the iodide con-
tent could be removed by using 388 cc of gaseous HF in an Hy-HF mixture
per kilogram of melt.

A further search for liquid-liquid immiscibility in the ILiF-BeFs
system at high BeF, concentrations was made; no immiscibility region
was found.

Considerations of phase behavior in ternary fluoride systems con-
taining ThF', have led to the selection of suitable blanket systems for
breeder reactors. A search for suitable coolants, however, continues.
At present, interest is centered on the potentialities of fluorides and
fluoborates, possibly in combination with B203. Reports in the Russian
literature of a low-melting eutectic of NaF-NaBF, could not be confirmed.

The new facility was designed for laboratory-scale studies of the
removal of protactinium from fluoride breeder-blanket mixtures and for
supporting research work. Glove boxes will permit use of the 231lpg
isotope to give concentrations in the expected operating range of 50 to
100 ppm. Hot cells would be required for work with equivalent concen-
trations of 233Pa, but millicurie amounts of this gamma-active isotope
will be mixed with ?3'Pa in order to minimize the need of alpha anal-
yses.

A preliminary experiment was performed to test the equipment and to
confirm the previously reported precipitation of protactinium by addition
of oxides. Protactinium at tracer concentration K1 ppb) was completely
precipitated by addition of thorium oxide to molten LiF-BeF,-ThF, (73-2-
25 mole %), and treatment of the melt with a dry mixture of HF and Hy
redissolved the protactinium.

A prototype apparatus was constructed and tested for the determina-
tion of oxides in the MSRE fuel using the hydrofluorination principle.
The water produced from the reaction of HF with oxides is measured auto-
matically by means of an electrolytic moisture monitor. The entire ap-
paratus is being assembled for insertion into a hot cell in order to an-
alyze the fuel after the reactor has gone to power.

Studies were continued on adapting electrochemical methods to in-
line analysis of impurities in the fuel. When the simulated fuel is
subjected to controlled-potential electrolysis, gas evolution, primarily
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of COz, CO, and Oz, is observed at the indicating electrode. This indi-
cates removal of oxide from the melt by electroreduction. This discovery
holds promise for a possible in-line determination of oxide. Absorbance
spectrophotometric studies are also under way which are designed to de-
termine trivalent uranium and tetravalent uranium in the fuel by their
characteristic absorbance peaks.

A process gas chromatograph equipped with a helium breakdown-voltage
detector is under construction for the continuous analysis of the helium
cover gas in the reactor. A metal diaphragm sampling valve has been de-
signed specially to withstand the temperature and radiation effects that
nullify the use of conventional sampling valves.

Samples from the MSRE precritical and zero-power experiment were
analyzed in the HRLAL hot cells. The results, using the specially de-
veloped equipment and analytical methods, were satisfactory with the
exception of those for uranium and beryllium. Statistical evalustion of
the control data indicated a negative bias of ~0.8% for uranium and none
for beryllium.

7. Fuel Processing

Construction of the MSRE fuel-processing system was completed, the
system was tested, and the flush salt was processed for oxide removal.
Operation of the plant was generally satisfactory, and about 115 ppm of
oxide was removed from the salt in reducing the concentration to about
50 ppm.



INTRODUCTION

The Molten-Salt Reactor Program i1s concerned with research and de-
velopment for nuclear reactors that use mobile fuels, which are solu-
tions of fissile and fertile materials in suitable carrier salts. The
program is an outgrowth of the ANP efforts to make a molten-salt reactor
power plant for aircraft and is extending the technology originated there
to the development of reactors for producing low-cost power for civilian
uses.

The major goal of the program is to develop a thermal breeder re-
actor. TFuel for this type of reactor would be <33UF, or 235UF4 dissolved
in a salt of composition near 2LiF-BeFp. The blanket would be Th¥, dis-
solved in a carrier of similar composition. The technology being devel-
oped for the breeder is applicable to, and could be exploited sooner in,
advanced converter reactors or in burners of fissionable uranium and plu-
tonium that also use fluoride fuels. Solutions of uranium, plutonium,
and thorium salts in chloride and fluoride carrier salts offer attractive
possibilities for mobile fuels for intermediate and fast breeder reactors.
The fast reactors are of interest too but are not a significant part of
the program.

Our major effort is being applied to the development, construction,
and operation of a Molten-Salt Reactor Experiment. The purpose of this
Experiment is to test the types of fuels and materials that would be used
in the thermal breeder and the converter reactors and to obtain several
years of experience with the operation and maintenance of a small molten-
salt power reactor. A successful experiment will demonstrate on a small
scale the attractive features and the technical feasibility of these sys-
tems for large civilian power reactors. The MSRE will operate at 1200°F
and atmospheric pressure and will generate 10 Mw of heat. Initially, the
fuel will contain 0.9 mole % UF,, 5 mole ¢ ZrFy,, 29.1 mole % BeF,, and
65 mole % LiF, and the uranium will contain about 30% *3°U. The melting
point will be 840°F. In later operation, highly enriched uranium will
be used in lower concentration, and a fuel containing ThF, will also be
tested. In each case the composition of the solvent can be adjusted to
retain about the same liquidus temperature.

The fuel will circulate through a reactor vessel and an external
pump and heat exchange system. All this equipment is constructed of
INOR—8,l a new nickel-molybdenum-chromium alloy with exceptional re-
sistance to corrosion by molten fluorides and with high strength at
high temperature. The reactor core contains an assembly of graphite
moderator bars that are in direct contact with the fuel. The graphite
is a new material? of high density and small pore size. The fuel salt
does not wet the graphite and therefore should not enter the pores, even
at pressures well above the operating pressure.

1S0ld commercially as Hastelloy N and Inco No. 806.
2Grade CGB, produced by the Carbon Products Division of Union
Carbide Corp.
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Heat produced in the reactor will be transferred to a coolant fuel
in the heat exchanger, and the coolant salt will be pumped through a
radiator to dissipate the heat to the atmosphere. A small facility is
being installed in the MSRE building for occasionally processing the fuel
by treatment with gaseous HF and Fs.

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

Fabrication of the reactor equipment was begun early in 1962. Some
difficulties were experienced in obtaining materials and in making and
installing the equipment, but the essential installations were completed
50 that prenuclear testing could begin in August of 1964. The prenuclear
testing was completed with only minor difficulties in March of 1965. Some
modifications were made before beginning the critical experiments in May,
and the reactor was first critical on June 1, 1965. The zero-power ex-
periments were completed early in July. Additional modifications, main-
tenance, and sealing and testing of the containment are required before
the reactor begins to operate at appreciable power. This work should be
completed in October, and the reactor should be at full power before the
end of the year.

Because the MSRE is of a new and advanced type, substantial research
and development effort is provided in support of the design and construc-
tion. Included are engineering development and testing of reactor com-
ponents and systems, metallurgical development of materials, and studies
of the chemistry of the salts and their compatibility with graphite and
metals both in-pile and out-of-pile. Work is also being done on methods
for purifying the fuel salts and in preparing purified mixtures for the
reactor and for the research and development studies.

This report is one of a series of periodic reports in which we de-
scribe briefly the progress of the program. ORNL-3708 is an especially
useful report because it gives a thorough review of the design and con-
struction and supporting development work for the MSRE. It also describes
much of the general technology for molten-salt reactor systems. Other re-
ports issued in this series are:

ORNL-2474 Period Ending January 31, 1958

ORNL-2626 Period Ending October 31, 1958

ORNL-2684 Period Ending January 31, 1959

ORNL-2723 Period Ending April 30, 1959

ORNL-2799 Period Ending July 31, 1959

ORNL-2890 Period Ending October 31, 1959

ORNL-2973 Periods Ending January 31 and April 30, 1960

ORNL-3014 Period Ending July 31, 1960



ORNL~-3122
ORNL-3215
ORNL-3282
ORNL-3369
ORNL-3419
ORNL-3529
ORNL-3626
ORNL-3708
ORNL-3812

Period Ending
Period Ending
Period Ending
Period Ending
Period Ending
Period Ending
Period Ending
Period Ending
Period Ending

February 28, 1961
August 31, 1961
February 28, 1962
Avugust 31, 1962
January 31, 1963
July 31, 1963
January 31, 1964
July 31, 1964
February 28, 1965






Part 1. MSRE OPERATIONS AND CONSTRUCTION, ENGINEERING
ANATLYSTS, AND COMPONENT DEVELOPMENT






1. MSRE OPERATIONS

Chronological Account

The principal accomplishments for the period from March through Au-
gust 1965 were the preparation for, and completion of, the initial criti-
cal and associated "zero-power" experiments. Initial criticality was
achieved on June 1, and the experiments were concluded on July 3. The
remainder of the period was used in preparing the system for operation
at power.

The initial, precritical operation of the reactor system (run PC-l),
with flush salt in the fuel loop, was concluded on March 4, after the ex-
periments on noble-gas behavior were completed. (The analysis of the re-
sults of these experiments is discussed in Chap. 2, Component Development.)
In this run, salt was circulated at high temperature for 1000 hr in the
fuel loop and 1200 hr in the coolant loop. After the flush salt was
drained from the fuel loop, it was transferred to the fuel storage tank,
there to await processing to remove oxides. (The processing is described
on page 152.)

The next five weeks (until mid—April) were spent in advanced class-
room training of the reactor operators and supervisors and the administra-
tion of qualifying examinations. Before the nuclear experiments started,
there were at least one engineer and one technician on each crew who had
been qualified and certified. Others were certified later as they com-
pleted individual oral examinations.

While the operator training was in progress, final physical prepara-
tions were made for zero-power nuclear operation. These included:
1. installation and checkout of the fuel-salt sampler-enricher,
2. final installation and checkout of the control rods and drives,
3. completion and checkout of the nuclear instrumentation and controls,
4

. installation of a gamma-ray densitometer on the fuel-salt inlet line
to the reactor,

5. 1installation of the lower layer of shield plugs on top of the reactor
cell,

6. miscellaneous minor maintenance Jjobs.

The fuel "carrier" salt (a mixture of LiF, BeF,, and ZrF,) was
charged into fuel drain tank No.22(FD-2), starting April 21. The con-
tents of 35 shipping containers (4560 kg of salt) were melted and trans-
ferred to the drain tank in six days. To this was added 236 kg of LiF-
UF, eutectic containing 147 kg of 38U’(depleted in 23%y).

The first operation with this barren salt was to cbtain neutron
counting rates with the salt at various levels in the core. Then, as a



final check on the operation of the equipment and to establish base lines
for chemical analyses of the fuel salt, the carrier salt was circulated
for ten days in run PC-2. Eighteen samples, taken through the newly in-
stalled sampler-enricher, showed that the salt composition was as ex-
pected. (see page 113.) This, coupled with satisfactory operation of
all equipment, indicated that at last all was ready for the initial crit-
ical experiment.

The addition of 23°U was started on May 24, and initial criticality
was achieved at 6:00 PM on June 1, 1965. The 2é5U’waus added as the LiF-
UF, eutectic with highly enriched uranium (93%). The bulk of this ma-
terial, containing 69 kg of 235U} was loaded in four charging operations
to FD-2. After each addition the salt was transferred to the second drain
tank (FD-1) and back again to ensure thorough mixing. The mixed salt was
loaded into the reactor system after each charging operation, and count-
rate data were taken at several salt levels in the core and with the re-
actor vessel full. These data were compared with the barren-salt data

to monitor the neutron multiplication and to establish the size of the
next addition. Extrapolation of inverse-count-rate plots with the re-
actor vessel full showed that the loading after the fourth addition was
within 0.8 kg 235U of the critical loading when circulation was stopped.
and the control rods were withdrawn to their upper limits. The remainder
of the 235U was added directly to the circulating loop with enriching
capsules. These were inserted into the fuel-pump bowl via the sampler-
enricher to increase the loading 85 g at a time. Count rates were meas-
ured after each capsule with the fuel pump off and the control rods with-
drawn. The reactor became critical after the eighth capsule with the
pump off, two rods fully withdrawn, and one poisoning 0.03 of its avail-
able worth.

After the initial critical condition was established, additional en-
riching capsules were added to increase the uranium loading to the op-
erating level. Enough excess reactivity was added in this way so that
one control rod could be calibrated over its entire range of travel. The
various zero-power experiments were performed during this phase of the
operation. These included, in addition to the rod-calibration experi-
ments, measurements of

temperature coefficient of reactivity,
- uranium-concentration coefficient of reactivity,
effects of fuel circulation on reactivity,

. effects of system overpressure on reactivity,

v W

. dynamic characteristics.

Use was made of the on-line digital computer for collecting data for some
of these experiments even though the equipment was not completely checked
out and in normal service.

Experiments specifically aimed at rod worth were stable period meas-
urements and rod drop experiments. These were done with the fuel static
and with it circulating. The results will give, as accurately as possible,



the total and differential worths of the regulating rod (rod 1) over its
entire travel with the other two rods fully withdrawn. In addition,
worth values will be obtained for each of the three rods with the other
two withdrawn and at intermediate positions. These will lead to evalu-
ations of rod shadowing and "ganged" rod worth.

After the initial critical experiment, another eight capsules were
required before the reactor could be made critical at 1200°F with the
fuel pump running (a consequence of the loss of delayed neutrons during
circulation). Thereafter, we measured the critical rod position, with
the pump running, after each capsule. At intervals of four capsules, we
made period measurements with the pump running; then we turned it off,
determined the new critical rod position, and made more period measure-
ments. This continued until 87 capsules had been added. Three times
during this experiment (after 30, 65, and 87 capsules), we observed rod
drop effects.

Period measurements were usually made in pairs. The rod on which
the sensitivity was to be measured was adjusted to make the reactor Just
critical at approximately 10 w; then it was pulled a prescribed distance
and held there until the power increased about 2 decades. The rod was
then quickly inserted to bring the power back to 10 w, and the measure-
ment was repeated at a shorter stable period. Periods were generally in
the ranges from 40 to 50 sec and from 70 to 120 sec. The available re-
sults of these and the other zero-power experiments are discussed in the
section Analysis of Operation.

Most of the zero-power experimental program was carried out with the
coolant system empty. However, some of the dynamic tests required cir-
culation of the coolant salt. This loop was filled on June 26, and salt
was circulated for 118 hr while the tests were in progress. The coolant
loop was drained on July 1. The zero-power experiments were concluded,
and the fuel loop was drained on July 4 after 764 hr of circulation in
this run. The loop was then filled with flush salt, which was circulated
1.3 hr, sampled, and drained to prepare the system for maintenance.

With the reactor shut down, the final preparations were started for
operation at significant power. The principal jobs to be accomplished
during this shutdown are:

1. modification of the coolant-radiator door assembly,

2. modification of the coolant-salt penetrations of the reactor contain-
ment cell,

3. installation of a new graphite-sample assembly in the reactor vessel,

4. removal and replacement of the fuel-pump rotary element for remote
maintenance practice,

5. closure and leak testing of the reactor containment,

installation of stacked-block shielding.
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Component and System Performance

In general, the performance of the many mechanical components and
auxiliary systems during operation was highly satisfactory. This is par-
ticularly true in view of the fact that some of the items were being in-
tegrated into the system operation for the first time. Some difficulties
were encountered which caused temporary inconvenience, but no program de-
lays resulted and no extensive modifications will be required to ilmprove
future performance. This section deals with the difficulties that were
experienced, their actual and potential effects, and the changes which
they incurred. In addition, some routine experience with selected com-
ponents 1s discussed.

Control Rods

Two of the control rods and drives were installed during run PC-1
and were used in simulator training. Before PC-2 all three rods were
installed and subjected to a test consisting of 100 cycles of full with-
drawal and scram. The rods operated freely and never failed to scram,
but occasionally the lower limit switches failed to clear properly as
the rods were withdrawn. We found the cause to be galling in the cam
actuator for the switch. After we installed Stellite bearing surfaces
to remedy this problem, each rod was successfully raised and scrammed
30 times without any malfunction. (The lower limit switch on rod 2 at
first stuck as before, and we found that a shim had been left out of the
switch-actuator assembly. After the shim was replaced, there was no fur-
ther trouble.) Operation continued throughout run 3 without trouble.

Rod drop times were measured in the tests in PC-2 and in a series
of 40 scrams at the end of run 3. The results (Table 1.1) show that
the drop times became slightly shorter and more uniform. This is con-
sistent with development experience in breaking in new flexible rods.

Table 1.1. Observed Drop Times of Control Rods

. a
Number of Timed Drops y— eDrop Times éﬁsegi T Doviats
Rod 1 Rod 2 Rod 3 verag otandaro Jeviavion

Rod 1l Rod 2 Rod3 Rodl Rod 2 Rod 3

Test Series

Original 45 64 46 820 818 870 17 25 30
At end of 42 41 41 793 775 792 4.0 4.1 3.7
run 3

®Time from actuation of the scram switch (with rods at 5l-in. withdrawal) until
actuation of lower limit switch (O in.).

Measurements of indicated rod positions with the lower end of the
poison at the fiducial zero position were made after installation and at
intervals during run 3. The data did not indicate any stretching of the
rods.
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Inspection of the control rods after run 3 showed that two were in
very good condition, but there was severe damage at one point on the flex-
ible extension tube of rod 3. (This extension, connecting the poison
section to the drive assembly, consists of a flexible stainless steel
tube covered with a braided stainless steel wire sheath.) A hole was
worn in the sheath, and the tube convolutions were abraded at the point
which was in contact with the lower roller when the rods were fully in-
serted. The roller assembly was cut out of the thimble, and the roller
was found to be worn and rough on one side, indicating that it had been
stuck. Presumably, the roller was jammed when the housing was distorted,
while the assembly was being welded in. The extension tube was replaced,
and a new roller assembly will be installed.

After run 3 the rod drives were also inspected. Modified limit
switch actuators were installed, and the worm gears were replaced with
new fully hardened, lapped gears which had a much smoother finish than
the original gears.

Sampler-Enricher

The sampling of the circulating fuel-salt system during run PC-1 was
done with a temporary samplerl which provided an inert atmosphere for the
sample and prevented air from entering the fuel system. A total of 12
flush salt samples was taken with this sampler.

The installation of the fuel-system sampler-enricher was completed
during the shutdown period before run PC-2. Since that time, 53 samples
were withdrawn, and 87 enriching capsules were added. Although several
minor problems occurred during the reactor operation, none of these pre-
vented the sampler from being operational. In some cases delays were in-
curred during sampling or enriching, but the overall schedule was not
significantly affected. ©Specific problems that were encountered are as
follows:

1. Both the operational and the maintenance gate valves developed leaks
through one of the two seats of each valve.

2. The removal valve leaked and required a greater-than-normal helium
flow for buffering.

3. A solenoid valve on the removal-valve actuator failed.

The removal valve occasionally failed to close completely and had to
be closed manuvally.

5. The access port periodically failed to close properly because of faulty
operation of the clamps on the clamp actuators.

6. One sample capsule was accidentally dropped down the sample tube to
the operational valve gate.

7. The drive motor stopped once during the removal of an empty capsule.
The capsule was inserted about 12 in. and was then successfully with-
drawn. The reason for this stoppage is unknown.
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8. There were three boot failures on the manipulator, one of these in-
volving both boots.

9. The manipulator arm and fingers were bent, causing some difficulty in
gripping the latch cable and moving the manipulator arm.

Most of the troubles occurred because this period was one of testing
of equipment and training of operators. A mockup had been thoroughly
tested, but the installation of the sampler-enricher on the reactor was
completed just before the critical experiments were begun. The operators
are now well trained, and some changes are being made to improve the re-
liability of the equipment and the safety of the operation. The device
is expected to perform satisfactorily during power operation.

Freeze Valves

The freeze valve problems of insufficient cooling air which were re-
ported previously were corrected.? In addition, the coolant system drain
valves were modified to the same basic design as the fuel-system valves.
The revised coolant valves now have sufficient heat capacity to thaw on
loss of power.

All the freeze valves except the system drain valves were relieved
of the fast-thaw requirement by requiring that the valves to both fuel
drain tanks be thawed while fuel is in the reactor. Previously one valve
was to be normally frozen and was to thaw during an emergency drain.

A proportional controller was added to the FV103 cooling-air supply
after run PC-1 to maintain the freeze valve at a preselected temperature
that would result in a suitable thaw time. This temperature and the
valve temperature distribution were controlled satisfactorily at any
steady fuel-system temperature level, but it was necessary to change the
controller set points whenever the fuel-system temperature was changed
appreciably. The following thaw times were recorded for the drains after
runs PC-2 and 3.

Run Drain Thaw Time (min)
PC-2 Carrier salt 16-1/2a

3 Fuel salt 10

3 Flush salt 18

®System cooled to 1100°F.

These thaw times compare with the 33-1/2 min which was required at the
end of run PC-1.

An incident occurred during run 3 which could have delayed an emer-
gency drain of the fuel system had it been required. Electrical power to
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the freeze-valve control modules was lost for a period of about 10 min be-
cause the terminals of a temporary recorder were accidentally shorted. The
loss of module power turned blast air onto the freeze valves. Normal op-
eration of the valves was restored after module power was regained. Con-
trol circuit revisions are being made to prevent the recurrence of this
problem.

Although the performance of the freeze valves was acceptable, it was
still difficult to maintain the proper temperature profiles across the
valves because one controller was used to supply heat to both shoulders
of the valve. The heater control systems were revised after run 3 to
provide separate controllers for each shoulder heater on the freeze valves
that serve the fuel and coolant drain tanks and the fuel flush tank. Pro-
portional controllers similar to that on FV103 were added to the cooling-
air supplies for the fuel and coolant drain-tank freeze valves (105, 106,
204, and 206).

Freeze Flanges

The five freeze flanges on the main fuel- and coolant-salt piping
continued to perform satisfactorily. Leakage of the buffer (leak de-
tector) gas was not excessive at any time. The buffer gas leakage rates
measured at various times during the reactor operation are listed in
Table 1.2.

Table 1.2. Observed Leak Rates of Buffer Gas from Freeze Flanges

Leakage Rate (sta cm3/sec)

System
Freeze Initial Circulating Hot Draineqa SvStem Cold  System Cold
After After
Flange  Heatup Salt After
Run PC-1 Run 3
Run PC-1
X 1072 X 1073 X 1073 X 1073 x 1073
100 2.0 0.57 0.7 1.5 2.0
101 1.3 0.4 0.25 2.26 1.2
102 0.5 0.3 0.30 2.33 1.0
200 1.0 0.21 0.41 1.48 0.3
201 0.6 0.22 0.21 1.23 1.8

The freeze flange leakages are normally monitored as a group; leak-
age of individual flanges would be measured if the group leakage were
higher than normal.

Fuel- and Coolant-System Pressure Control

Difficulties were experienced in controlling the fuel- and coolant-
system pressures within close limits because of accumulation of solids
in the off-gas throttling valve used for fuel-system pressure control and
in the filter just upstream of the coolant-system pressure-control valve.
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During run PC-1 (January-March 1965), when the coolant salt was
circulated for 1200 hr, the coolant off-gas filter plugged and was re-
placed twice. When the filters plugged, pressure was controlled at
5 * 2 psig by manual venting through a larger bypass valve. Inspection
showed that the filter was covered with amorphous carbon containing traces
of the constituents of the coolant salt and INOR-8. Before run PC-2 the
filter was replaced with one having 35 times the surface area. Coolant
salt was not circulated again until near the end of run 3 and then for
only 118 hr. During this time the pressure control again became erratic,
indicating obstruction of either the filter or the valve. Both were re-
moved for inspection, and although there was no deposit on the filter,
the valve was partially obstructed by a black, granular material. Rinsing
with acetone restored the original flow characteristics of the valve, and
it was reinstalled.

The fuel-system pressure control became erratic near the end of run
PC-1, and at the conclusion of the run the off-gas filter was removed.
It was clean; so the pressure control valve was removed and found to be
partially plugged. The obstruction was blown out with gas, and the valve
was washed out with acetone. The valve then performed normally and was
reinstalled. The acetone rinse was darkened and contained small (1-5 w)
beads of a glassy substance.

Fuel-system pressure control was satisfactory at the beginning of
run PC-2, but within a week the valve began sticking again. This time
it was replaced with one having a large C, (0.077 instead of 0.02). The
original valve was cut open for inspection, and a black deposit was found
partially covering the tapered stem. The deposit was about 20% amorphous
carbon, and the remainder was the 1l- to 5-p glassy beads, which proved
to have the composition of the flush salt.

The larger replacement valve in the fuel off-gas line gave adequate
pressure control for the first four days of salt circulation in run 3.
However, there were four occasions when it appeared to be sticking. When
this happened, the pressure built up slowly to about 6 psig before the
valve opened to drop it back to the normal 5 psig. For the next 20 days
the small pressure variations predominated, suggesting either that the
valve was not functioning properly or that intermittent partial plugging
was occurring. This condition cleared up abruptly, and during the last
ten days of salt circulation the loop pressure remained completely stable.
Since no corrective action had been taken and the valve was functioning
properly when the system was shut down, no explanation for the earlier
erratic. behavior could be established.

The cause of the solids in the off-gas lines is not yet known. There
is reason to believe that some carbon may have been introduced into the
reactor with the salt, accumulated on the surface in the pump bowl, and
carried into the off-gas line as a dust. Oil contamination of the salt
system has also been suggested. The glassy salt beads in the fuel off-
gas line are probably frozen droplets of mist caused by the stripper
spray, but we do not know whether these were carried into the line con-
tinuously during operation or were swept out of the pump bowl by sudden
venting.
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Filters that are capable of removing 1l-p particles are to be installed
in both the fuel and coolant systems. (The pore size of the original fil-
ters was about 25 U.) Presumably, this will protect the valves from fur-
ther accumulations. In any event, the coolant off-gas filter and pressure-
control valve can be maintained directly after power operation; those on
the fuel off-gas are designed for remote maintenance.

Heaters and Insulation

The two heater elements which failed during the initial precritical
operation3 and their spares were replaced during the shutdown prior to
run PC-2. In both these cases operation had been continued by using the
installed spare elements. Six additional heater-element failures and an
electrical ground at a disconnect were discovered during the checkout for
run PC-2. In four of the heaters, the failure occurred at the junction
of the lead-in wire and the heating wire inside the ceramic element. These
elements and the electrical ground were repaired before startup, and the
other two elements were left out of service for runs PC-2 and 3.

During subsequent operation, one in-cell heater failure was noted,
and one failure occurred at a heater power supply. (The latter was re-
paired immediately.) It may be noted that a number of heater failures
could occur without significantly affecting the operation of the reactor
system. Unless a heater is in a particularly sensitive location, its
failure may not be discovered until individual-element checks are made
during a shutdown.

Three more heater-element failures were found during the shutdown
after run 3. In addition, a number of minor defects (grounds, improper
resistances, damaged connectors) were found. All the defects, including
those left from earlier operations, will be corrected before the next
reactor startup.

An important cause of heater-element failure has been separation
of the lead-in from the heater wire. This is apparently due to a com-
bination of a design weakness and excessive flexing during installation
of the elements. The joint was redesigned, and new elements which in-
corporate the change are being installed where such failures occurred.

Reliable Instrument Power System

Motor-generator sets 1 and 4 and the 250-v battery system normally
supply power to the fuel and coolant oil pumps and to the instrumentation
system. MG-1 is an ac-to-dc set which supplies 250-v dc power to drive
MG-4 and to charge the 250-v emergency batteries. MG-4 operates from
either MG-1 or the 250-v batteries and normally supplies 120-v ac power
to the instruments and to the fuel and coolant oil pumps.

The initial operation of these MG sets was unreliable because of
failures in electrical control components. The MG sets are used ones
that were installed in the building for earlier experiments, and most
of the failures resulted from aging of the control components.
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The MG sets were repaired prior to run PC-2 and were placed back in
service. Minor problems occurred, which were corrected by adjustments
to the voltage controls.

Both MG sets were placed in service under normal load at the begin-
ning of run 3, and both performed satisfactorily for the duration of the
run. MG-4 was shut down after the completion of run 3 because of the
failure of an internal cooling blower. The blower motor was replaced to
make the set operational.

Thermal-Shield Cooling Water

The thermal-shield water piping was modified to provide an adequate
flow through the three removable segments. The three segments were con-
nected in series, and a line was connected directly to the cooling water
supply. Pressure regulators and pressure-relief valves were installed
in the supply lines to both the main thermal shield and the removable
slides to avold overpressuring the system.

The above changes provided flow rates of 65.8 and 4.6 gpm to the
main shield and to the removable segments respectively. An inspection
of the thermal shield while the fuel system was heated indicated that
the removable segments were adequately cooled by these modifications.

Fuel-Pump Overflow Tank

A continuous, but very slow, accumulation of salt in the fuel-pump
overflow tank was observed throughout the operation of the fuel loop.
In 1000 hr of circulation in runs PC-2 and 3, 39 kg of salt was collected
with the pump-bowl level 3 in. below the overflow point. This salt was
recovered Jjust before the run 3 shutdown. Accumulation at this rate will
not significantly affect the operation of the reactor.

Analysis of Operation

Bagic Nuclear Characteristics

The nuclear characteristics measured during the zero-power tests
generally agreed quite well with the predicted values. Analysis of the
data is still in progress, particularly with regard to control-rod worth
and dynamic characteristics. The results that have been obtained so far
are described below.

Critical Concentration. Predicted and observed 239U requirements
for criticality are compared most logically on the basis of volumetric
concentration. The required volumetric concentration is nearly invariant
with regard to the fuel-salt density (unlike the mass concentration, which
varies inversely with density) and depends not at all on system volume or
total inventory.
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The observed 23°U concentrations are on a weight basis, obtained
from either inventory records or from chemical analyses. These weight
concentrations must be converted to volumetric concentration by multi-
plying by the fuel-salt demnsity. The amounts of 23°U and salt weighed
into the system gave a 235U‘weight fraction of 1.42% at the time of the
initial criticality. The chemical analyses during the precritical op-
eration and the zero-power experiments gave uranium concentrationg which
were 0.985 of the "obook" concentrations. (Part of this discrepancy,
about half we believe, is due to dilution of the fuel with flush salt
left in freeze valves and drain-tank heels when the fuel salt was charged.)
Applying this bias to the book concentration at criticality gives an "ana-
lytical™ 23°U weight fraction of 1.40%. We now believe that the density
of the fuel salt at 1200°F is about 145.5 1b/ft3. This is the preliminary
result of recent laboratory measurements of density, and it agrees with
measurements made in the reactor using the two-point level probes in the
drain tanks. Earlier measurements in the reactor, using the drain-tank
welght indications and the volume of salt believed to have been trans-
ferred into the fuel loop, gave 136.6 1b/ft3.

Corrections must be applied because the initial critical conditions
were not exactly the same as those assumed in the predictions. The core
temperature was 1181°F instead of 1200°F, and the control rods were poi-
soning 0.118% 8k/k instead of none. (Two rods were at maximum withdrawal,
51 in., and one was at 46.6 in.) The predicted 35U concentration for
criticality at the reference condition was 32.87 g/liter; corrected to
the actual conditions, it is 33.06. This predicted value is compared.
with observed concentrations in Table 1.3.

Table 1.3. Comparison of Critical ?3°U Concentrations
(1181°F, pump off, 0.118% dk/k rod poisoning)

235 235

U . U

. Fuel Density .

Concentration (lb/ft3) Concentration

Gt %) (g/1iter)
Predicted 33.06
Book 1.42 145.5 33.10
136.6 31.07
Analytical 1.40 145.5 32.60
136.6 30.60

If, as we estimate, the true concentration was about halfway be-
tween the book and the analytical and the density is about 145.5 lb/ft3,
the actual concentration was extremely close to the prediction.

Laboratory measurements now in progress should confirm the value of
the fuel-salt density. The uncertainty between book and analytical con-
centrations will be reduced as a result of the next startup, when analysis
of the fuel after another flushing, draining, and refilling will help us
evaluate the dilution effect.
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Control Rod Worth. The only data relative to control rod worth that
we have finished analyzing so far are the rod-bump, period measurements
on rod 1 with the fuel static and the other two rods at their upper limits.
These data were used to produce the curve of rod sensitivity as a function
of position shown in Fig. 1.1. Because rod worth is affected by the 235y
concentration in the core, it was necessary to apply theoretical correc-
tions to the measured sensitivities to put them all on the basis of one
concentration. The points in Fig. 1.1l were corrected to the initial crit-
ical concentration, where the sensitivity is the highest. The correction
factors which were applied increase linearly with 235U concentration to
a maximum of 1.087 at the final concentration (the points between 1 and
2 in.). Had the points been corrected to the final concentration, the
curve would have been lower by 8.7%.

Figure 1.2 shows a curve of rod effect vs position at the initial
concentration which is the integral of the differential-worth curve in
Fig. 1.1. The curve for the final concentration is simply the first
curve reduced by a factor of 1.087. The predicted worth of this rod at
the initial critical concentration was 2.2%.

We are working on the analysis of the period measurements with the
fuel circulating. As will be discussed later, a new mathematical treat-
ment of delayed-neutron effects in the MSRE has been developed; this will
be used to relate period to reactivity. The sensitivities determined in
this way should, of course, coincide with the results of the static-fuel
measurements. DBecause of the difficulty of accurately treating the com-
plex pattern of precursor distribution in the circulating fuel, the values
obtained with the fuel static should be more reliable.
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The rod-drop experiments are also being analyzed. They will give
independent values of rod worth and may show the effect of %3°U concen-
tration on rod worth. This latter effect was also the subject of multi-
group calculations at the concentrations observed in the experiment. The
correction factor used here is the result of these calculations.

2357 Concentration Coefficient of Reactivity. The 235U concentration
coefficient of reactivity is §iven by the ratio of the change in reactivity
to the fractional change in 235U concentration (or circulating mass) as a
result of a small addition. The effect of each capsule addition (after
initial criticality) on the critical position of the control rod was de-
termined with the pump running. The critical position with the pump off
was measured after every fourth addition. Rod positions were converted
to reactivity, using Fig. 1.2 and correcting for the concentration effect
on rod worth. Results are shown in Fig. 1.3.

The slope of a curve in Fig. 1.3 at any concentration multiplied by
that concentration is the desired concentration coefficient of reactivity,
(8x/x)/(8m/m). The coefficient obtained in this way is 0.226, independent
of concentration. The coefficient predicted from multigroup criticality
searches about the minimum critical concentration was 0.248 (ref. 4).
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Fig. 1.3. Effect of 23U Mass on System Reactivity.

Reactivity Effect of Circulation. The reactivity effect of circula-
tion, given by the difference of the two curves in Fig. 1.3, is —(0.212 =
0.004)% 6k/k. The effect of changes in delayed-neutron precursor distri-
butions with circulation had been predicted to be —0.30% 8k/k.%>% Another
—0.2% ®k/k was expected because of entrained bubbles of helium in the cir-
culating salt. As will be discussed later, the evidence shows that there
were practically no circulating gas bubbles except for a brief period when
the fuel level in the pump bowl was lowered. Therefore the gas effect
attending circulation was practically nil.

The difference between the predicted and observed delayed-neutron
losses was apparently due to inadequate accounting for delayed neutrons
emitted just outside the graphite region of the core in the upper and
lower heads. A more realistic model has been developed to account for
these effects. The program computes precursor distributions under both
steady-state and transient conditions, taking into account mixing, ve-
locities, volume fractions, and flux distributions in each of the prin-
cipal regions. The weighted contributions of the delayed neutrons from
each group are computed, taking into account the initial energies of the
neutrons and the nuclear importance of each region. The result is a
"circulating-fuel inhour eguation" for the MSRE whose uses will include
the analysis of the circulating-fuel period measurements and, as a spe-
cial case, the steady-state effect of circulation. Application of this
equation to the steady-state condition gave a reactivity effect due to
circulation of —0.22% ok/k.

Temperature Coefficients of Reactivity. We measured the effect of
temperature on reactivity by adjusting the electric heaters to change the
system temperature slowly (about l5°F/hr) while we observed the critical
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position of the regulating rod. This experiment gave the overall tempera-
ture coefficient, that is, the sum of the fuel and graphite coefficients.
We alsc attempted to separate the fuel (rapid) and graphite (sluggish)
coefficients by an experiment in which the coolant system was used to in-
crease the fuel-salt temperature rather abruptly.

Figure 1.4 shows results of the three experiments involvi slow
changes in temperature. The first experiment, with 68 kg of 235U in cir-
culation, gave a line whose slope ranges from —(6.6 to 8.3) x 107° (°F)~L.
At 70 kg the experiment gave a straight line with a slope of —7.24 X 107~
(°F)~t. 1In the last experiment, at 72 kg, the slope of the curve above
sbout 1140°F is —7.3 X 1075 (°F)=*. A vaiue of —7 X 1075 (°F)=1 had been
predicted: —3.3 X 1072 (°F)~! for the fuel and —3.7 X 10~% (°F)~! for the
graphite. The fuel-salt coefficient of thermal expansion used in this
calculation was obtained by an empirical correlation of density and com-
position of salts other than our fuel salt. Recent measurements of fuel-
salt density gave a higher thermal-expansion coefficient, leading to a
calculated fuel temperature coefficient of reactivity of —5.6 X 1072
(°F)~*. The new value for overall temperature coefficient is —9.6 X
10™° (°F)~!. The observed coefficient is in better agreement with the
earlier prediction (on which the safety analysis of the MSRE was based) .
The density measurements are being reviewed and will be checked by an
independent method of density determination.

The experiment at 72 kg 235U shows a lower slope below about 1140°F.
We do not believe that the temperature coefficient is lower in this range;
we believe that another phenomenon became significant during this part of
the experiment. This phenomenon was the appearance of an increasing amount
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of helium bubbles in the circulating salt as the temperature was lowered.
The evidence for this is discussed in the next section. The effect, so

far as the temperature experiment is concerned, was that the bubbles tended
to reduce the amount of fuel salt in the core, compensating to some extent
for the increase in density of the salt itself as the temperature was low-
ered. Thus the slope of the lower part of the curve cannot be interpreted
as a temperature coefficient of reactivity in the usual sense.

The hot-slug transient was done by stopping the fuel pump, raising
the temperature of the circulating coolant salt and the stagnant fuel in
the heat exchanger, and then restarting the fuel pump to pass the hotter
fuel salt through the core. The output of a thermocouple in the reactor-
vessel outlet, logged digitally at l/4-sec intervals, showed a brief in-
crease of 5 to 6°F as the hot salt first passed. It then leveled at about
3.5°F for a few loop transit times before decreasing gradually. The noise
in the analog-to-digital conversion (£1°F) limited the accuracy of the
measurement, but by taking an average of 50 points during the level period
after mixing and before the graphite temperature had time to change sig-
nificantly, a value was obtained for the step in fuel temperature. Re-
activity change was obtained from the change in rod position, corrected
for the decrease due to circulation, and ascribed to the fuel temperature
increase. The result was a change of —(4.9 £ 2.3) x 10°° (°F)~L. Pre-
dicted values of the fuel temperature coefficient lie in this range. We
propose to repeat this test with the thermocouple signals biased and am-
plified to reduce the effect of noise in the analog-to-digital conversion.
More precise results can be expected in this case.

Effect of Pressure on Reactivity. We performed three tests to ex-
plore the effect on reactivity of changing system overpressure. Theo-
retical considerations had indicated that for slow changes a very small,
possibly negative, pressure coefficient of reactivity could be expected,
but for rapid changes the coefficient would be positive. The existence
of any pressure coefficient was based on the assumption that undissolved
helium would be entrained in the circulating fuel. In each of the three
tests the loop overpressure was slowly increased from the normal 5 psig
to 10 to 15 psig and then gquickly relieved, through a bypass valve, to
a drain tank that had been previously vented to atmospheric pressure.

The first two tests were carried out at normal system temperature
with the normal operating level of salt in the fuel-pump bowl. No change
in control rod position was required to maintain criticality, and no
significant change in pump-bowl level was observed during either of the
tests. These indicated that the pressure coefficient was negligibly
small and that essentially no helium bubbles were circulating with the
salt. TFurther evidence of the lack of circulating voids was obtained
from a gamma-ray densitometer on the reactor inlet line; this instrument
showed no change in mean salt density during the tests.

The third test was performed at an abnormally low pump-bowl level,
which was obtained by lowering the operating temperature to 1050°F. Fig-
ure 1.5 shows the pressure transient and the responses of the regulating
control rod, densitometer, and fuel-pump level during the rapid pressure
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