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SUMMARY

Part 1. Molten-~-5alt Reactor Experiment

1. MSRE Operations and Analysis

The reactor power lewvel wag increased in steps to the maximum at-
tainable value of 7.2 Mw. The power limitation wasg imposed by the heat-
transfer capability of the air-cooled radiator, which was much lower
than the design value. The heat~transfer coefficlents of the primary
fuel-to-coolant-gsalt heat exchanger were also substantially lower than
had been expected. Two pericds, each about two weeks long, of relatively
steady operation at the maximum power were achleved.

Aside from the power limitation, the performance of the reactor
system was favorable. The inherent nuclear stability increased with
increasing power as had been predicted. The nuclear poisoning by 135%e
was only 0.2 to 0.4 of the expected value, apparently because of the
presence of circulating helium bubbles in the fuel salt which had not
been observed in earlier operations at similar conditions. Zero-power
reactivity balances showed a slowly increasing positive anomaly which
had reached a maximum of 0.3% Sk/k at shutdown., BRadiation heating of
the primary-system components was in the expected range, and radiation
shielding and contaimment were adequate.

A system shutdown to remove irradiation specimens from the core,
which wag planned after an accumulated exposure of 10,000 Mwhr, was
advanced when a catastrophic failure of one of the wain radiator blowers
occurred at 7800 Mwhr. In addition to the removal and replacement of
the core irradiation specimens and the repair of the main blowers, a
number of other mainbenance Jjobs were performed in the ensuing shutdown.
These included:

1. mechanical and electrical repalr of heat-induced damage to the
radiator enclosure,

2. replacement of the particle trap in the main reactor off-gas line,
which had developed intermittent high resistance to flow,

3. modification of the treated-cooling-water system to eliminate
radiolytic gas,

4. repalr of water leaks in the reactor cell,
5

. modification of the component-cooling system to improve reliability,

(@)

general improvement of the in-plant electrical system.

The MSRE instrumentation and controls system continued to perform
well. There was the normally expected reduction in both malfunctions
and misoperation of instruments as instrument and operating personnel
gained experience and developed routines. While there were many design
changes, most of these were improvements and additions to the gystem
rather than corrective measures to the instruments and conbtrols. A
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disappointingly large number of faulty commercial relays and electronic
switches were disclosed. These faults were in the areas of both relay
design and fabricatlon, and corrective steps have been taken.

2. Component Develcpment

The operation of freeze valve FV-103 was improved by the deletion
of the hysteresis feature of one of the temperature-control modules,
which had caused thermal cycling of the valve before the temperature
reached equilibrium.

The three control rods have operated without difficulty. The
indicated changes in rod length were random and were 0.05 in. for rod
1, 0.16 in. for rod 2, and 0.12 in. for rod 3.

Several small difficulties were encountered in the operation of
the control-rod drive units. In each case the difficulty was diagnosed
and adequate temporary changes were made to permit continued operation
of the reactor. The difficulties involved the failure of a synchro
transmitter and a reference potentiometer, which have been replaced
during the current shutdown. The excellent condition of the gears in
the drive units indicated that there was no high-temperature damage to
the lubricant.

The radiator-door-operating mechanism has performed satisfactorily
since the last modifications. Excessive alr leakage around the seals
on the doors resulted from damage sustained during the thermal cycling
during normal operation. Laboratory tests were conducted on several
arrangements of the metal seal surfaces, resulting in the choice of a
new hard-geal scheme which was installed on the door. In addition,
alterations were made to the door structure to reduce bowing, and the
installation of a second soft, resilient seal was proposed to back up
the existing seal.

The sampler-enricher has been used to isolate a total of 119 10-g
samples and 20 50-g samples and to make 87 enrichments to the fuel sys-
tem. The only major maintenance required has been replacement of the
manipulator boots, replacement of the drive-unit capsule latch, repair
of an open electrical circuit, and recovery of a capsule which had
fallen into the operational valve area. These repairs were performed
without the spread of airborne contamination or the exposure of the
personnel to significant radiation levels. An increase of the buffer
leakage in the operational valve was determined to be caused by particles
which fell onto the upper seal surface, and it was found that simple
cleaning of this surface was effective 1n reducing the leakage. Problems
resulting from an increase in the contamination level withiun the mech-
anism were solved by a partial cleanup of one area, the establishment of
a contamination control area at the sample withdrawal area, and the
modification of the transport container to reduce contamination of the
upper part and to permit inexpensive disposal of the lower part.

Changes were made in the sampler~enricher control circuit to
reduce the chance of rupturing the manipulator boots. In addition, a



fuse and voltage suppressor were installed to protect the electrical
leads from excessive voltages and currents.

A total of 45 samples, including two 50-g samples, have been taken
using the coolant sampler. One electrical receptacle was replaced, and
the leakage of the removal valve was reduced by cleaning.

The design of the fuel processing sampler was essentilally completed,
and installation is proceeding as craft is avallable. The electrical
and instrument work is about 50% complete, and the installation of
other equipment is over 95% complete.

The original off-gas Tilter in line 522 was replaced with one
which is designed to trap organic materials in addition to particulate
matter. Activated charcoal was chosen as the filtering medium, and
preliminary tests indicated that 1t had good efficiency for the removal
of Cg and heavier molecules. A prefilfer was installed to remove the
radiloactive particulate matter as well as the organic mists which might
exist. Since one of the purposes of the prefilter was to reduce the
heat load on the charcoal trap, heat dissipation was also a consideration
in the design. The entire filter-—charcoal trap is cooled vy immersion
in watey. Since little was known of the character of the organic ma-
terial at the time of the design of the filter system, one of the pur-
poses was to provide a method of diagnosing the problem. Therefore,
the particle trap will be removed and examined to gain information
needed in the design of a more permanent system.

Diffusion of activity into the fuel pump off-gas line resulted in
two short periods of high activity at the off~-gas stack. A small char-
coal trap was installed to provide holdup times of approximately 2-1/2
days for krypton and 30 days for xenon.

Several remote maintenance jobs were performed during the period,
in which the accumulated reactor power increased from 35 to 7822 Mwhr.
Several observations were made as a result of the work. Control of air-
borne contamination is not difficult, and the maintenance techniques and
systems prepared for the MSRE have worked well. The flexibility of the
maintenance approach was demonstrated by carrying out unanticipated
tasks such as the installation of a thermocouple on a piece of pipe in
the reactor cell and the thawing out and clearing of a plug in one of
the service gas lines. The major tasks completed during the report in-
cludes (1) opening a section of the off-gas line, inspecting the inside,
and returning the line to operating condition; (2) removal and replace-
ment of both of the reactor-cell space coolers; (3) installation of a
new thermocouple on a horizontal section of the off-gas line; (4) repair
of the sampler-enricher electrical receptacle; (5) installation of tem-
porary piping in the main off-gas line to measure pressure distributions;
(6) removal of the graphite-Hastelloy N survelllance samples; (7) re-
moval, repair, and replacement of two control-rod drive units; (8) re-
moval of a salt plug from a gas-pressure reference line by applying
pressure while heating the line.
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3. Pump Development

The MSRE prototype fuel pump was operated for 2631 hr at 1200°F to
obtain data on the concentration of undissolved helium in the circulating
salt and on the hydrocarbon concentration in the pump-tank and catch-
basin purge gases. The spare rotary elements for the MSRE fuel and
coolant pump and the MK-2 Tuel pump were modified with a seal weld
between the bearing housing and shield plug to prevent oil from leaking
out of the leakage catch basin and down the outside of the shield plug
to the pump-~tank gas space. A lower shaft seal fallure was experienced
during preheat of the spare rotary element for the MSRE fuel pump in
preparation for hot shakedown. The spare rotary element for the MSRE
coolant pump was given cold and hot shakedown tests. The lubrication
pump endurance test was continued, and fabrication of the MK-2 fuel
pump tank was begun.

Operation of the PK-P molten-salt pump was halted by failure of
the drive motor. (In the summary section of a previous Progress Report,
the number of operating hours was reported in error as 22,622. Total
for four tests is 23,426 hr.) The gimbals support for the salt bearing
on the molten-salt bearing pump was modified, and a new bearing sleeve
and journal were fabricated.

4. Instrument Development

Performance of the temperature scanning system continues to be
satisfactory, although some problems were experienced with oscilloscopes
and mercury switches and some system instability was noted. Because
spare parts for the mercury switches used in the scanner can no longer
be obtained from the manufacturer, an effort is being made to find a
replacement for the mercury switch.

Further testing of the coolant-salt system flow transmitter which
failed in service at the MSRE confirmed that refilling the transmitter
with silicone oil had significantly reduced its temperature sensitivity.

The new NaK-filled differential-pressure transmitter ordered for
use as an MSRE spare was found to be excessively sensitive to pressure
and temperature variations during acceptance testing.

Performance of all molten-salt level detectors installed at the
MSRE, on the MSRP lLevel Test Facility, and on the MSRE Prototype Pump
Test Loop continues to be satisfactory.

To correct excessive frequency drift present in the excitation
oscillator supplying the ultrasonic lewvel probe, a number of minor
changes in components and circuitry were made in electronic equipment
associated with the probe.

Modification and/or repalir of two defective helium control valves
was completed.

The feasgibility of using sliding disk valves for control of very
small dry-helium flows is being investigated.



5. Reactor Analysis

Rod drop experiments, performed during MSRE run No. 3, were analyzed
and compared with rod worths determined from other independent measure-
ments. Theoretical time~integrated flux trajectories following rod
scrams were calculated, based on negative reactivity insertions obtained
by integrating differential worth measurements. These trajectories were
found to compare closely with experimental records of the accumulated
count following the scram. We have concluded that an approximate 5%
band of self-consistency can be assigned to the control rod reactivity
worths inferred from these two independent calibration technidques.

Part 2. Materials Studies

6. MSRP Materials

The grade CGB graphite and Hastelloy N specimens were removed from
the core of the MSREE after 7800 Mwhr of operation. Their macroscopic
appearances were essentially wunchanged by this exposure. Some of the
specimens were damaged physically as a result of differences in thermal
expansion of parts of the assembly. A new core gpecimen arrsy wasg as-
sembled with modifications to correct these difficulties.

A metallurgical investigation was conducted to determine the effect
of aluminum-zinc alloy contamination on the Hastelloy N tubing of the
MSRE salt-to-alr radiator. Contamination occurred from a blower failure
during which shrapnel was blown across the hot radiator tubes. Labora-
tory tests showed that, in general, an aluminum oxide coating contained
the aluminum, even in the molten state, and interaction did not occur.
When the oxide skin wag broken from mechanical abrasion, shock, or other
reasons, wetting occurred. Moderate interaction to a depth of about
0.010 in. occurred in a wetted sample held at 1200°F for 5 hr., The tubes
in the radiator were ingpected, and those which were contaminated were
carefully cleaned. As a result of the investigation and cleanup pro-
cedure, the radiator system was Judged to be satisfactory for further
operation. ;

Examinations of new grades of both anisotropic and isotropic graphite
indicate that these 40 not yet meet the requirements of molten-salt
breeder reactors.

Results of a variety of graphite creep experiments performed over
a wide temperature range support a Cottrell model for irradiation creep.
Use of this model will permit easier extrapolation of data. JTmplied in
this concept is the conclusion that as long as the stress acting on the
graphite does not exceed the fracture stress, the graphite will continue
to absorb the creep deformation without loss of mechanical integrity.

The experimental brazing alloy 60 Pd~35 Ni~5 Cr (wt %) was evaluated
for joining graphite to metals. Although it exhibits relatively poor
wettability on high-density graphite, its marginal behavior is enhanced
by preplacing it as foil in the jolnt. Graphite-to-molybdenum joints
brazed with this alloy preplaced in the Jjoint were thermally cycled
between 200 and 700°C, and metallographic investigation showed that no
deterioration had occurred. Two graphite-to-molybdernum~to-Hastelloy-N
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transition Jjoints were brazed using a tapered joint design. Visual
examination revealed no cracks, and evaluation is continuing.

A new brazing alloy, 35 Ni—60 Pd-5 Cr (wt %), for joining graphite
to molybdenum had less than 2 mils attack after exposure to LiF-Belp-
ZrF,~ThF,-UF, at 1300°F for 5000 hr in a Hastelloy N conbainer.

Since zirconium and titanium have been found to improve the resis-
tance of Hastelloy N to effects of neutron irradiation, the inlfluence
of these elements on the weldability is being evaluated. Titanium ap-
pears to have no deleterious effects. Zirconium in concentrations as
low as 0.06 wt % causes hot cracking. However, reasonably good. welds
have been made by the use of filler wire that contains dissimilar metal.
The level of zirconium that can be tolerated has yet to be determined,.

Our studies of the behavior of the Hastelloy N under neutron irra-
diation have been concerned with evaluating the heats of material used
in the MSRE and in evaluating several modified heats of Hastelloy N for -
use in an advanced system. In-reactor stress-rupture tests on several
heats of material suggest that there may be a stress below which es-
sentially no neutron damage occurs. Tests on specimens exposed to var- -
ious ratios of fast flux to thermal flux indicate that the damage cor-
relates with the thermal flux., We believe that the damage is due to
helium produced by the (n,&) reaction with °B. We have produced several
heats of material with very low boron, but have had to change from air
to vacuum melting practice. If the low-boron material is irradiated cold,
we find that the properties are superior to those of the higher boron
material; if irradiated hot, the properties are as bad or worse. Thus
the postirradiation propertiesz are not uniquely dependent upon the boron
content, and other factors such as the distribution of boron and the
presence of other impurities must be very important. The addition of
titanium to Hastelloy N has been very effective in improving the prop-
erties.

Limited creep-rupture tests have been run on Hasteloy N to deter-
mine its suitability for use as a distillatlion vessel Tor molten salts
at 982°C. This work has resulted in a determination of the strength -
properties to times of 1000 hr. The formation of a second phase was
observed that may influence the ductility at lower temperatures. The
oxidation characteristics under cyclic temperatures remain to be deter-
mined.

Thermal convection loops containing Tused salt of MSRE composition
and fabricated from Hastelloy N and type 446 stainless steel have con-~
tinued coperation for 4.5 and 3.2 years, respectively, with no sign of
difficulty. A slight decrease in cold-leg temperature has been noted in
an Nb—1% Zr loop after 0.6 year. A Hastelloy N loop has circulated a
secondary coolant salt for 3000 hr, whereas a Croloy 9M loop with the
same salt plugged in 1440 hr.

7. Chemistry

The fuel and coolant salt have not changed perceptibly in composition
gince they were first circulated in the reactor some 16 months ago. The
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concentration of corrosion products has not increased appreciably. The
average oxide concentration in the fuel was 54 ppm, which is reassuringly
low.

The viscogity and density of molten BeF, were measured; the vis-
cosity was about 10% greater than previously reported, and the density
of the liguid is not very different from that of the solid.

Vapor equilibria that are involved in the reprocessing by distil-
lation have been measured. Decontamination Tactors of the order of 1000
Tor rare earths were evidenced.

Thermophysical properties have been estimated for the sodium potag-
sium Fluoroborate mixture that is a proposed coolant for the MSBR., The
vapor pressure, due to evolution of BFj3, reaches 229 mm at the highest
operating temperature. Interim estimates for density, specific heat,
and viscosity of the proposed coolant were made available.

Pogsible reprocessing methods were studied in greater detail. Fun-
damental studies related to the thermodynamics of the reduction of fission
product rare earths into a bismuth alloy were carried out. The exceed-~
ingly low activity coefficients of rare earths in the bismuth explained
the feasibility of the process. Further attention was paild to the re-
moval of rare earths by precipitation in a solid solution with UF,.

The removal of protactinium from blanket melts was studied in sev-
eral ways. These included an oxide precipitation with ZrC,, a pump loop
to transfer protactinium in a bismuth-thorium alloy, and attempts at
electrolytic reduction from blanket melts. Moderate success was achleved
in these experiments, but more work is reguired to arrive at finished
and fully controlled procedures.

Analyses obtained from sampling assemblies that had been exposed
in the pump bowl of the MSRE showed thal noble-metal fission products
were being partially released to the gas space, presumably as volatile
fluorides. At the same time, plating of noble metals from the liquid
was encountered. These puzzling phenomena were reflected in results on
surveillance specimens of graphite and metal which were removed Irom the
MSRE. Some 10 to 20% of the yield of noble-metal fission products was
found to have entered the gas space in the graphilte.

Analyses of xenon isotope ratiocs in concentrated samples of off-gas
from the MSRE showed that the burnup of 135%e was about 8%; the remainder
escaped to the cover gas or decayed. This 1s in accord with the low
xenon poisoning indicated by reactivity behavior.

Preliminary estimates of xenon poisoning and cesium carbide for-
mation in the MSBR indicate that cesium deposition will probably not be
a serious problem, but that stripping for iodine removal will probably
be required to keep poisoning within bounds. Oxide concentrations of
50 to 70 ppm were determined in fuel samples taken from the reactor
during operations at all power levels without apparent interference from
the activities of the samples. Techniques for the regeneration of elec-
trolytic moisture cells were developed to provide dependable replacements
for the hot-cell oxide apparatus and components for future in-line ap-
plications.



Measurements directed toward the development of in-line spectro-
photometric methods disclosed additional wavelengths of potential analyt-~
ical value in the ultraviolet absorption spectrum of U(III) and confirmed
the absence of interference from corrosion products. Investigation of
unusual valence states of rare-earth fission products indicates possible
interference from Sm(IT) but none from Eu(IL). An intense absorption
peak suitable for monitoring traces of uranium in coolant salt has been
found in the ultraviolet spectrum of U(IV). A modified optical system
has been ordered which will improve the spectrophotometiic measurements
of molten fluoride salts.

By voltsmmetric and chronopotentiometric measurements, the U(TV)
reduction wave was found to correspond to a one-electron reversible re-
action. Diffusion coefficients and the activation energy were measured,
Repeated scans of this wave in quiescent MSRE melts were reproducible to
about 2% over extended periods and better than 1% during short-term
measurements., A new voltammeter is being built to improve the reproduc-
ibility and make possible measurement of flowing salt streams. Design
criteria are being considered for an in-line test facility for evaluating
three types of continuous analytical methods.

Hydrocarbons were measured in helium from simulated pump leak ex~
periments, and an apparatus was developed for the continuous measurement
of hydrocarbous in MSRE off-gas.

Efforts were continued on the development and evaluation of equip-
ment and procedures for analyzing radicactive MSRE salt samples. The
remote apparatus for oxide determinations was installed in cell 3 of the
High~Radiation-Tevel Analytical Laboratory (Building 2026).

In addition to the analyses performed on the salt samples, radio-
chemical leach solutions were prepared oa silver and Hastelloy N wires
coiled onto the stainless steel cable between the latch and ladle.

The quality-control program was continued during the past period
to establish more realistic limits of error for the methods.

Part 3. Molten-Salt Breeder Reactor Studies

8. Molten-Salt Breeder Reactor Design Studies

Further design changes were incorporated into the reference molten-
salt breeder reactor concept. The design of the primary heat exchangers
was altered to eliminate the need for expansion bellows, Also, the flow
of fluid in the primary reactor circuits was reversed to lower the oper-
ating pressure in the reactor vesgel.

The effect of lowering the feedwater temperature from 700 to 580°F
wvas evaluated. It was found that this change increased the plant thermal
efficiency from 44.9 to 45.4% and reduced plant construction costs by
$465,000 if there were no accompanying adverse effects. These savings
are canceled 1f the coolant used with the lower feedwater temperature
costs $2.4 million more than the coolant used with 700°F feedwater.

Molten-salt reactors appear well suited for modular-type plant con-
struction. Such construction causes no significant penalty to either
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the power-production cogt or the nuclear performance, and it may permit
MSBR's to have very high plant-availability factors.

Use of direct-contact cooling of molten salts with lead significantly
improves the potential performance of molten-salt reactors and indicates
the versatility of molten salts as reactor fuels. However, in order to
attain the technology status required for such concepts, a development

program 1s necessary.

The molten~galt reactor concept that requires the least amount of
developument effort is the MSCR, but it is not a breeder system. The
equilibrium breeding ratio and the power-production cost of the MSCR
plant were estimated to be about 0.96 and 2.9 mills/kvwhr (electrical),
respectively, in an investor-owned plant with a load factor of 0.8.
Although this represents excellent performance as an advanced converter,
the development of MSBR(Pz) or MSBR plants appears preferable because of
the lower power-production costs and superior nuclear and fuel-conser-
vation characteristics associated with the breeder reactors.

9. Molten-Salt Reactor Processing Studies

The processing plant for an M3BR would use side streams withdrawn
from the fuel- and fertile-salt recirculating systems at rates that
vield a fuel-salt cycle time of approximately 40 days and fertile-salt
cycle time of approximately 20 days. Among the significant steps in the
presently envisioned process are recovery of the uranium by continuous
fluorination and recovery of the carrier fuel salt by semicontinuous
vacuum distillation. Alternative schemes are also beling considered.

Semicontinuous Distillation. Values of the relative volatilities
of NdF;, laFs, and CeFs in LiF are of the order of 0.0007. These are
from new measurements made using a recirculating equilibrium still.
Tarlier measurements made by a cold-fingsr technique were about a factor
of 50 too high. The complexity of still design and operation is consid-
erably eased by these lower values. Retention of over 90% of the rare-
earth neutron poisons in less than 0.5% of the processed salt can easily
be achieved.

Continuous Fluorination of a Molten Salt. The uranium in the fuel
stream of an MSBR must be removed by continuous fluorination prior to
the distillation gtep. The significant problems are corrosion of the
flucrinator and the possible loss of uranium. Shtudies are in progress
on continuous fluorinators constructed as towers with countercurrent
flow of fluorine to salt. Recoveries exceeding 99% have been consistently
attained with towers only 48 in. high. Higher recoveries with longer
towers are anticipated. Corrosion protection may be effected by the use
of a layer of frozen salt on the wall of the fluorinator. Feasibility of
this technique is based on successful experiments with batch systems and
simple heat transfer calculations. The heat generation of the fuel salt
should be adequate to maintain an easgily controlled layer of Ffrozen salt
on the cooled metal wall.

Alternative Chemical Processing Methoeds for an MSBR., Reductive co~
precipitation and liquid-metal extraction are being studied as possible
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methods for decontamination of MSBR carrier salt (LisBeF,) after uranium
removal by the fluoride volatilization process. Adequate removal of La
and Gd is achieved by treatment with near-theoretical quantities of beryl-
lium metal to form beryllides of the type ILnBejs. Either excess Be, up
to 243 times the theoretical amount, or a stronger reductant, Li, is nec-
essary Lo remove zirconium at trace level. The zirconium is removed as
free metal from 5 mole % ZrF, solutions in Li,BeF,;, but from dilute
soluticns a beryllide, ZrBeps, has also been identified.

Tithium-bismuth liquid-metal extraction experiments were also con-
tinued. Significant removals were observed for La, Sm, Gd, Sr, and Eu,
the latter principally by extraction into the metal phase, the others by
deposition as interface solids, as previously reported for other metal
extractlon tests.
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INTRODUCTION

The Molten-Salt Reactor Program is 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 & thermal breeder re-
actor. TIuel for this type of reactor would be 233UF4 or 235UF4 dissolved
in a salt of compogition near 2LiF-BeF,. The blanket would be ThF, dis-
solved in a carrier of similar composition. The technology being devel-
oped for the breeder is applicable to, and could ve exploited sooner in,
advanced converter reactors or in burners of fissionable uvranium and
plutonium 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 beling applied to the operation and testing of a
Molten-Salt Reactor Experiment. The purpose of this experiment is to
test the type of fuels and materials that would be used in the thermal
breeder and the converter reactors and to obtalin several years of ex-
perience 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 Teasibility of these systems for
large civilian power reactors. The MSRE operates at 1200°F and at
atmospheric pressure and was intended to produce 10 Mw of heat. Initially,
the fuel contains 0.9 mole % of UF,, 5 mole % ZrF,;, 29.1 mole % Bel's, and
65 mole % LiF, and the uranium is about 30% 235, The melting point is
840°F. In later operation, we expect to use highly enriched uranium in
the lower concentration typical of the fuel for the core of a breeder.

In each case, the composition of the solvent can be adjusted to retain
about the same ligquidus temperature.

The fuel circulates through a reactor vessel and an external pump
and heat-exchange system. AlLl this equipment is constructed of Hastelloy
N,l a new nickel-molybdenum-chromium alloy with exceptional resistance
to corrosion by molten fluorides and with high strength at high tempera-
ture. 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 doez not wet the
graphite and therefore should not enter the pores, even at pressures well
above the operating pressure.

1also sold commercially as Inco No. 306.
2Grade CGB, produced by Carbon Products Division of Union Carbide
Corp.



Heat produced in the reactor is transferred to a coolant salt in
the heat exchanger, and the cooclant salt is pumped through a radiator
to dissipate the heat to the atmosphere. A small facility is installed
in the MSRE building for occasionally processing the fuel by treatment
with gaseous HF and F».

Design of the MSRE was begun early in the summer of 1960. Orders
for special materials were placed in the spring of 196]). 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
so that prenuclear testing could begin in August of 1964. The prenuclear
testing was completed with only minor difficulties in March of 1965.

Some modifilcations were made bhefore beginning the critical experiments

in May, and the reactor was first critical on June 1, 1965. The zero-
power experiments were completed early in July. Additional modifications,
maintenance, and sealing and testing of the containment were required be-
fore the reactor began to operate at appreciable power. This work was
completed in December.

Operation at a power of 1 Mw was begun in January 1966. At that
power level, trouble was experienced with plugging of small ports in
the control valves in the off-gas system by heavy liquid and varnish-
like organic materials. Those materials are believed to be produced
from a very small amount of oil that leaks through a gasketed seal and
into the fuel salt in the pump tank of the fuel circulating pump. 'The oil
vaporizes and accompanies the gaseous fission products and helium cover
gas purge into the off-gas system. There the intense beta radiation
from the krypton and xenon polymerizes some of the hydrocarbons, and the
products plug small openings. This difficulty was largely overcome by
installing an absolute filter in the off-gas line ahead of the control
valves.

The full power capsbility of the reactor — about 7.5 Mw under design
conditions — was reached in May. The power was limited by the perfor-
mance of the salt-to-air radiator heat-dump system. The plant was oper-
ated until the middle of July to the eguivalent of about one month at
full power when troubles with the blowers in the heat-dump system re-
guired that the operation be interrupted for maintenance.

In most respects the reactor has performed very well: +the fuel has
been completely stable; the fuel and coolant salts have not corroded the
Hastelloy N container material in several thousand hours at 1200°F; and
there has been no detectable reaction between the fuel salt and the
graphite in the core of the reactor. Mechanical difficulties with equip-
ment have been largely confined to peripheral systems and auxiliaries.

Because the MSRE is of a new and advanced type, substantial research
and development effort is provided in support of the operation. Included
are engineering development and testing of reactor components and sys-
tems, 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 purifylng
the fuel salts and in preparing purified mixtures for the reactor and
for the research and development studies. Some studies are being made
of the large power breeder reactors for which this technology is being
developed.

This report is one of a series of periodic reports in which we de-
scribe briefly the progress of the program. ORNI~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 de-
scribes much of the general technology for molten-salt reactor systems.
Other reports issued in this serles are:

ORNL~2474 Period Ending January 31, 1958
ORNL-2626 Period Ending October 31, 1958
ORNI-2684 Period Ending January 31, 1929
ORNL-2723 Period Ending April 30, 1959
ORNIL~-2799 Period Ending July 31, 1959
ORNI~2890 Period Ending October 31, 1959
ORNI~2973 Periods Ending January 31 and April 30, 1960
ORNIL~3014 Period Ending July 31, 1960
ORNI-3122 Period Fnding February 28, 1961
ORNL-3215 Period Ending August 31, 1961
ORNL-3282 Period Ending February 28, 1962
ORNI~3362 Period FEnding August 31, 1962
ORNI-~3419 Period Ending Januvary 31, 1963
ORNI1-3529 Period Ending July 31, 1963
ORNIL-3626 Period Ending January 31, 1964
ORNI~3708 Period Ending July 31, 1964
ORNIL~3812 Period Ending February 28, 1965
ORNI~3872 Period Ending August 31, 1965

ORNL~-3936 Period Ending February 28, 1966
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1. MSRE OPERATIONS AND ANATLYSIS

P. N. Haubenreich

1.1 Chronological Account of Operations and Maintenance

R. H. Guymon H. C. Roller

J. L. Crowley R. C. Steffy

T. L. Hudson V. D. Holt

P. H. Harley A. 1. Krakoviak

H. R. Payne B. H. Webster

W. C. Ulrich C. K. McGlothlan
R. Blumberg

At the beglnning of this report period the reactor was down to cope
with the problem of plugging in small passages in the fuel off-gas sys-
tem. Investigation showed that the material causing the trouble was a
mixture of hydrocarbons, probably pump lubricating oil that had been
affected by heat and radiation in the off-gas line. With this informa-
tion, a device to clean up the gas stream was designed, bullt, and in-
stalled in the off-gas line upstream of the fuel pressure control valve.
It consisted of a trap for particles and mist, followed by & charcoal
bed for vapor adsorption. Also during thisg shutdown, the pressure con-
trol valve and the charcoal-bed inlet valves were replaced with valves
having larger trim. '

Power operation was resumed in mid-April, and the program of in-
vestigating the performance up to full power was completed by the end of
Mzy. (This period of operation was designated run 6.) During this time,
observations were made as planned on radiation heating, heat transfer,
xenon poisoning, and reactor dynamics. With the exception of heat
transfer, the system behavior was within the expected limits, although
xenon poisoning was somewhat less than predicted.

The power escalation was interrupted twice, once when the anomalous
behavior of the control system led to a drain and again by an electrical
fallure in the fuel sampler, whose repair required the fuel be drained.
The approach to full power also disclosed problems in several areas:

1. After about six weeks of operation, pressure drop across the newly
installed trap in the off-gas line had built up to 10 psig, and it
seemed it would have to be replaced. But during further operation
at high power, the pressure drop went down to less than 1 psig.
Temperatures indicated considerable retention of fission products in
the trap but no evidence of poisoning or deterioration.

3.

After each step up in power the pressure drop across the main char-
coal bed inlets increased, but each time this occurred, backblowing
with helium proved effective in restoring the pressure drop to an
acceptable Jevel. ‘

7



3. Radiocactive gas from the Tuel drain tanks diffused back into the
helium supply lines outside the shield, requiring & periodic purge
of these lines to keep down radiation in the North Electiric Service
Area.

4. When the power reached 5 Mw, radiolytic gas began to accumulate in
the thermal shield, displacing part of the water. Efforts to elimi~
nate the gas by venting the shield slides and increasing the water
flow were unsuccessful.

5. The water circulated through the shield contained lithium nitrite as
corrosion inhibitor, and oxidation of the nitrite ion to nitrate was
also observed at the higher power.

6. A discrepancy arose belween the reactor power indicated by the heat
balances and by the neutron instruments (calibrated at low power).

It was found later that the neutron instruments gave erronecusly
high readings at high power because of an increase in the temperature
of water in the shaft around the instruments.

The climax of the power escalation was reached when the coolant
heat removal system (air-cooled radiator with adjustable doors, bypass
damper, and two blowers) was extended to its limit, and the capability
proved to be only 7.5 Mw. The coefficient for heat transfer in the pri-
mary heat exchanger was also below expectations, imposing a lower limit
of about 1210°F on the fuel outlet temperature at the maximum power.

In late May, power operation was halted when it became evident that
apparent inleakage of air into the reactor cell had begun to exceed the
specified limit. The cell was pressurized to 20 psig for leak hunting,
and no leak of any consequence was found. It was discovered that the
apparent cell leak was actually nitrogen leaking into the cell from
pressurized thermocouple penetrations. When this was taken into account,
the measured reactor cell leakage at 20 psig was acceptably low.

While the cell leak hunt was in progress, attempts were made to de-
termine the source of water which had appeared in the cell atmosphere
(L to 2 gpd had begun to condense in the component-coolant pump domes,
the coolest spot exposed to the cell atmosphere). The source was nob
located because elevated temperatures in the cell prevented meaningful
leak rate measurements on separate portions of the water system.

Operation at full power was resumed on June 13 to Ilnvestigate the
chemistry and reactivity behavior of the reactor and to increase the ex-
posure of the core specimens before their removal, scheduled at 10,000
Mwhr. This was run 7.

Fuel-salt samples, taken at a rate of three per week, showed no
change in the main constituents of the salt, very low oxide (about 50
ppm), and no appreciable growth of corrosion-product chromium in the
salt. The sampler~-enricher was also used to expose metal wires briefly
to the gas in the pump bowl, and these showed more fission products than
expected.



Reactivity transients following changes in power indicated that
the 13%%e poisoning was only 0.4% 6k/k at full power. The presence of
circulating gas bubbles was suggested by the low xenon poisoning, and
experiments on the effect of pressure on reactivity confirmed that there
was as much as 1% by volume of bubbles in the core salt. The system re-
activity showed very little net change connected with power operation
other than that attributed to xenon, even though the calculated samarium
poisoning increased to about 0.3% 8k/k.

Another anomalous behavior was the slow, continuous accumulation of
fuel salt in the overflow tank at pump-bowl levels below that at which
accumulation had been observed before.

There was some encouragement from the treated-water system. Partial
deaeration of water going to the thermal~shield slides significantly re-
duced the holdup of radiclytic gas, leading to plans for more effective
deaeration. Decomposition of the nitrite corrosion inhibitor leveled off
at an acceptable level,.

Power operation was interrupted for 14 hr after a shaft coupling on
one of the main blowers falled. Another interruption, this one for four
days, resulted when an electrical short in a component-cooling pump
caused the fuel system to drain. Power operation ended on July 17, when
the hub on one of the main blowers broke up, reducing the air flow and
causing pleces of hub and blades to fly into the radiator. The coocolant
system was immediately drained and cooled down to inspect the radiator.
After some experiments at low power, the fuel was also drained to begin
the planned program of malntenance. Integrated power up to the shutdown
was 78232 Mwhr. Same of the operating data are summarized in Table 1.1.

The first step was to flush the fuel system with Tlush salt in
prreparation for the specimen removal. During an experiment to verify the
fuel pump overflow point, flush salt got into some of the gas lines on
the pump bowl and froze there, adding another job to the shutdown.

The assembly of graphite and Hastelloy N specimens that had been in
the core since September 1965 was removed for examination. These showed
practically no corrosion or deterioration. The samples were subjected
to a program of analysis and testing with emphasis on fission product
deposition.

Two control-rod drives were removed and faulty position indicators
repaired. Testing showed that the water leak in the reactor cell was
from one of the space coolers, and it was removed and repalred. Special
tools and heaters were devised, and the frozen salt was thawed from the
plugged gas lines on the pump. All the work in the reactor cell was done
through the maintenance shield because of radiation, which ranged from 1
to A0 r/hr over openings in the top shield. Inspection of the radiator
showed only inconseguential damage due to the blower failure, but con-
siderable repair of: the enclosure and the door seals was necessary be-
cause of heat-induced deformation and failures. Replacement rotary ele-
ments with stronger hubs and lighter blading were procured for the main
blowers.
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Teble 1.1. Summary of Some MSRE Operating Data

February 28, 1966  August 31, 1966

Time critical, hr 292 1775
Integrated power, Mwhr 35 7823
Fuel loop time above 900°F, nr
Circulating helium 1916 2780
Circulating salt 2836 4691
Coolant loop time above 900°F, hr
Circulating helium 1933 2020
Circulating salt 1809 5360

Heating cycles

Fuel system
Coolant system

LI
W W,

Fill cycles

Fuel systenm 13 20
Coolant system 7

Power cycles

Fuel system 6} 20
Coolant system 3 17

1.2 Reactivity Balance

J. R. Engel

The reactivity balance, as calculated for the MSRE, is a summation
of all terms which affect the system reactivity. Tt is routinely com-
puted every 5 min while the reactor is critical for the purpose of re-
vealing any anomalous effects that may be developing. The value of the
reactivity balance in revealing unexpected effects is strongly dependent
on the accurate calculation of all the known terms. Very early in the
power operation it became apparent that the 135Xe poisoning was much
less than expected. Accordingly, this term was eliminated from the re-~
activity balance until the xenon effect could be evaluated and an accu-
rate representation programmed into the computer. (The considerable
effort directed toward evaluating the xenon effect is described in Sect.
1.3.) In spite of this omission, considerable useful information was
derived from the reactivity balances.
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Reactivity Balances at Power

Figure 1.1 shows the history of the partial reactivity balance (no
135%e correction) during the approach to full power from 1 Mw and steady
operation at high power. The power history for this report period is
included for reference.

Xenon Poisoning. The most prominent feature of the reactlvity-
balance behavior ig the transients that accompany significant changes in
power. The directions of the transients and their time dependence cor-
regpond to the expected behavior of 135%e poisoning, but they are much
smaller in magnitude. We used these transients for a tentative evalu-
ation of the xenon polsoning effect.

Power Coefficient of Reactivity. A power coefficient of reactivity
is used to account for the fact that the average graphife temperature is
higher than that of the fuel at high power. Initially we calculated an
effective temperature differsnce of 44°F at 10 Mw. This leads to a
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Fig. 1.1. Modified Reactivity Balance During Power Operation.
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predicted power coefficient of —0.006(% ak/k)/Mw when the reactor outlet
temperature is held constant. Observations of control-rod positions
immediately before and after large power changes Indicated a smaller
power coefficient of reactivity. Careful measurements in times that were
short relative to the larger reactivity effects gave a value of —0.001 %
0.001(% 8k/k)/Mw. This value corresponds to an effective temperature
difference between the graphite and Tuel of 30°F at 10 Mw. Although the
contribution of the power coefficient to the net reactivity is small, all
the reactivity balances were corrected to the observed value of this
parameter.

Reactivity Balances at low Power

A somewhat less~obvious feature of the general reactivity behavior
was a gradual drift in the positive direction of balances taken at very
low power when xenon poisoning was negligible. By the time the reactor
was shut down in July, this drift had raised the apparent net reactivity
to +0.1% Sk/k. However, the reactivity balances do not contain a term
to correct for circulating bubbles, and there is some evidence (see
Sect. 1.4) that the bubble fraction increased from essentially zero to
about 1% during this period. Since circulating voids have a negative
effect on the reactivity, proper compensation for the bubbles would re-~
veal an even larger positive drift in the net reactivity. If the bubble
fraction did increase by 1%, the net positive shift in reactivity during
the period in question was about 0.3% 5k/k.

Several of the major terms in the reactivity balance are accurately
known, as demonstrated by the good balances obtained in the initial period
of low-power operation.l These terms include the temperature coefficient
of reactivity, compensation for the operating 235y concentration, and
control-rod poisoning. The terms which were introduced by extended oper-
ation of the reactor at high power are poisoning by low-cross-section
fission products, 235y burnup, and samarium poisoning. (Poisoning by
135%e has not yet been included because of the discrepancy between pre-
dicted and observed behavior.) One possible explanation for the upward
drift in reactivity 1s overcompensation for one or more of these negative
terms.

Low-Cross-Section Fission Products. Since the yields and effective
cross sections for these fission products are reasonably well known, this
poisoning term can be accurately calculated. Furthermore, at the burnup
achieved so far, this term accounts for only —0.004% &k/k.

235y Burnup. The cross sections Ifor 235U were adequately treated in
the MSRE calculations, as evidenced by the prediction of the initial
critical concentration and the concentration coefficient of reactivity.
Therefore, compensation for the burnup of 235U, which amounted to —0.128%
8k/k when the reactor was last shut down, is probably not a major source
of error.

Samarium Poisoning. We estimate that the equilibrium samarium
poisoning in the MSRE will be about 1% 8k/k. Both *%%¢m and *°'Sm con-
tribute to this effect, and, since different time constants are associ-
ated with each isotope, the two components are calculated separately and




13

then combined to give the total reactivity effect. The calculated sa-
marium poisoning when the fuel salt was drained on July 24 was —0.364%
5k/k.

Cauges of Anomaly. The apparent reactivity anomaly at low power
must result from an unknown positive reactivity effect, overcompensation
for negative effects, or a combination of the two. The magnitude of this
anomaly appears to be at least 0.1% 8k/k, but it may be as large as 0.3%
8k/k. The uncertainty is related to the uncertainty in the circulating
void fraction during operation.

To date there has been no evidence, either chemical or physical,
that the items which make up the negative reactivity terms are behaving
differently than was assumed in the calculations. However, additicnal
detailed analyses of future operations will be required to verify the
predictions of samarium poisoning and burnup. There has also beesn no
outside evidence of any unforeseen phenomenon that could have a positive
reactivity effect of the magnitude observed.

1.3 Xenon Poiscning

B. E. Prince R. J. Kedl J. R. Engel

Before the MSRE was operated at power, estimates were made of the
135%e poisoning that would be encountered.? These estimates were based
on detalled models postulated for the xenon behavior in the salt, helium,
and graphite in the reactor. Values for important parameters were ob-
tained wherever possible from various development tests and, in the case
of the circulating bubble fraction, from experiments in the MSRE. (These
early tests indicated practically no bubbles.)? On this basis the
steady~state reactivity effect due to 135%e was estimated to be ~1.08%
Bk/k (poison fraction = 1.44%) at 7.5 Mw. The detailed equations which
describe xenon behavior were also used to make predictions about the tinme
&maﬂ&meofﬂﬁsphmmwmmﬁ

When the reactor was operated at power, the reactivity transients
that were attributed to 135%e were found to have time constants that were
close to the predicted values, but the magnitudes of the transients were
only about 0.3 to 0.4 of the predicted values. A possible explanation
for the low xenon poisoning appeared when there began to be substantial,
independent evidence that there were now circulating helium bubbles in
the fuel loop (see Sect. 1.4). As a result of these observations, ad-
ditional studies were performed in an effort to obtain better correlations
between our predictions and experience.

Two separate studies were performed using the same basic set of
equations but with somewhat dilferent objectives. The first of these
was an extensive parameter study of the steady-state 135%e polsoning.
The obJjectives were (l) to see 1f the MSRE experlence could be explained
with reasonable values of the parameters and (2) to provide information
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about the effects of various parameters that would be required for the
extension of this treatment to other molten-salt~-reactor concepts. The
second study was aimed primarily at the time dependence of the xenon
poisoning with fewer variations in the physical parameters. The objec-
tive here, in addition to providing a better insight into the behavior
of xenon in the MSRE, was the development of an adequate computational
model for the inclusion of xenon in the on-line calculation of the re-
activity balance.

Predicted Steady-State T2°Xe Poisoning

The steady-state 13%%e model described previously2 was modified to in-
clude the effects of bubbles of helium circulating in the salt, and calcu-
lations were made. The results are shown in Figs. 1.2 and 1.3. Signifi-
cant parameters which were constant for these plots are as follows:

Reactor power level = 7.5 Mw

Salt stripping efficiency = 12%

Mass transfer coefficient to bulk graphite = 0.060 ft/hr

Mass transfer coefficient to center-line graphite = 0.38 ft/hr

Diffusion coefficient of xenon in graphite = 1 X 107 ftz/hr

Some of these parameters have been changed somewhat from those reported
in the last semiannual report, but this is an updating and does not
change any of the conclusions. While the calculations included transfer
of *°°Xe from the salt to the bubbles, they omitted any transfer of
bubbles between the salt and the surface of the graphite. There are
arguments to support this omission, but the effect might later prove to
be significant.

Figure 1.2 shows the reactivity as a function of circulating void
fraction. The band shows the variation when the bubble diameter is fixed
at 0.010 in. and {the mass transfer coefficient to the bubble covers a
range of 1 to 4 ft/hr. It also shows the variation when the mass transfer
coefficient is fixed at 2 ft/hr and the bubble diameter covers a raunge of
0.005 to 0.020 in. For this figure the bubble stripping efficienc¥ is
fixed at 10%. The bubble stripping efficiency is the fraction of *3°Xe-
enriched bubbles that burst in going through the pump bowl and are re-
placed with pure helium bubbles. The actual value of the bubble stripping
efficiency is completely unknown, and 10% was picked only because this is
approximately the value derived from some development tests for the ef-
ficiency with which dissolved gas would be stripped from the salt.

Flgure 1.2b shows the variation of reactivity with void fraction at
various values of bubble stripping efficiency. For this plot the bubble
diameter is fixed at 0.010 in. and the bubble mass transfer coefficient
is fixed at 2.0 ft/hr. The conclusion that can be drawn from these
figures is that circulating bubbles certainly can, and probably do, ac-
count for the discrepancy between measured and predicted values of 135%e
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poisoning. To prove this conclusively, one would have to have accurate
knowledge of the circulating void fraction, bubble stripping efficiency,
and other factors which are unavailable at the present time.

Figure 1.3 shows the contribution of 135Xerin each phase (salt,
graphite, and bubbles) to the total computed 135%e reactivity effect.
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The various parameters are fixed as indicated. This plot shows how cilrcu-
lating bubbles work to decrease the loss of reactivity to 135%e. As the
void fraction is increased, most of the dissolved xenon migrates to the
bubbles, dropping the dissolved xenon concentration greatly. The con-
centration potential necessary for 135%e to migrate to the graphite is
reduced accordingly. Now, since 135%e in the graphite was the largest
contribution to reactivity in the "no circulating bubble" case, the over-
all loss in reactivity drops also.

Analysis of Transient 13536 Poisoning

The equatlions given in ref. 4 were modified to include the possible
presence of minute helium gas bubbles circulating with the liquid salt.
The equations describing the transient concentrations, modified to in-
clude mass transfer of xenon to the gas bubbles, are given below. To
simplify the description, we will assume that the neutron flux is flat
throughout the core. The method described in ref. 4 for correcting for
the spatial dependence of the 135%e poisoning within the graphite-
moderated region is directly applicable to the modified equations given
below. Ag in ref. 4, we have used a one-dimensional model for the fuel
channels in order to simplify the calculations. The differential equa-
tions governing the concentrations of 13°Xe in the liquid salt, graphite,
and circulating gas volume are as follows:

an? v )
P =S Ny (1)

—_— =
dt I VL I

g
at Pxe S Oye + 9xe®) 050 (4)
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y

1
g _ 1 g
Ny, = - j;« nXe(x, t) dx (5)

in these equations are defined as follows:

average concentration of 1357 and *?%Xe in the ligquid
fuel salt, atoms per cublc centimeter of liquid;
average concentration of 135%e in the clrculating gas
phase, atoms per cubic centimeter of gas;

local concentration of 135%e at position x within the
graphite stringer, measured from the graphite-salt
interface, atoms per cublc centimeter of graphite;
average concentration of 135%e over the graphite volume
associated with a single fuel channel, atoms per cubic
centimeter of graphite;

fissicon density in the core salt, fissions per second
per cubic centimeter of liquid;

average thermal-neutron flux in reactor core, neutrons
cm™? sec"l5

figsion yields of 1357 ana l35Xe5

radioactive decay constants for 13°I and l35Xe, sec™t;

average absorption cross section of 135%e for thermal
neutrons in MSRE, em?;

diffusivity of xenon in graphite, square centimeters
of graphite per second;

ratio of volume of salt in core to effective mass
transfer surface area of graphite, cm;

ratio of volume of graphite to mass transfer surface
area of graphite, cm;

ratio of volume of salt within reactor core to total
volume of circulating salt;

mass transfer coefficient for liquid film at the
graphite-salt interface, cm/sec;

mass transfer coefficient for liquid film at liquid-
gas bubble interface, cm/sec;

effective volume fraction of helium bubbles in circu-
lating fliuid;

bubble diameter, cm;
universal gas constant, 82.07 em? atm mole™™ (°K)*l;

average temperature, °K;
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3 atm mole™t;

HXe = Henry's law coefficient, cm ;

€ = graphite porosity, cubic centimeters of vold per cubic
centimeter of graphite;

XS = effective removal constant for stripping of 135%e from
liquid, sec™;
%sb = effective removal constant for stripping of 135%e from

gas bubbles, sec™t,

Equations (1) and (4) are identical in form with those given in ref. 4.
FEquation (2) hnas been modified by the addition of the last term on the
right-hand side of (2) to represent the net mass transfer of 135%e from
the liquid to the gas phase. Transfer of bubbles between the liquid and
the surface of the graphite was not included. Equation (3) governs the
time dependence of the 135%e in this phase. The boundary conditions re-
quired in the solution of Eq. (4) are:

) g
"‘r‘é‘]}”&‘ =0 ] (6)
X
X=y1
dNE
Xe £ RT g >
-7 =h | N, — e nf . (7)
Xe  ox -0 < Xe HXee Xe x=0

Apgroximate values of the basic parameters governing the mass trans-
fer of ~?°Xe to the graphite were obtained from krypton injection ex-~
periments.’ No direct experimental data are available for the effective
mass transfer coefficlents for the bubbles, hy, or the effective bubble
sizes; however, representative values and probable ranges for these pa-
rameters could be estimated.® The dependence of the volume fraction of
circulating bubbles on the reactor operating conditions {(fuel pump-bowl
level, temperature, pressure) is not yet well understood. In this study,
volume fractlions between zerc and l% were considered. Numerical values
for the mass transfer coefficients, geometric parameters, and graphite
characteristics used in most of the calculations are given in Table 1.2.
The graphite diffusivity and porosity are approximate values for the MSRE
graphite; however, it can be shown that the calculated transients are
relatively insensitive to these parameters.

The effective removal constants for external stripping, Ng and %Sb,
were calculated in accordance with the formaila

QE

XS:‘V‘*L,

where Q/VL is the ratio of the bypass flow rate through the xenon-strip-
ping spray ring to the volume of the circulating fluid and E is the
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Table 1.2. Numerical Values of Parameters Governing Mass
Transfer of “2°Xe in MSRE

Value Assumed in
Parameter

This Study
Yo, CI 1.41
yi, cm 1.38
h, cm/sec 5.46 x 1074
Ny, em/sec 0.017
d, cm 0.0254
Dye, cm?/sec 2.15 x 1074
Hye, cm’ atm mole™t 0.33 x 10°
e, P 10

stripping efficiency. Based on the krypton injection experiments, the
value of E is expected to be about 10%. For this study, this parameter
was varied in the range of 10 to 20%.

Relative values of the calculated time constants in Eg. (3) for mass
transfer, stripping, decay, and neutrcn absorption indicate that the 135%e
in the circulating gas phase should be very nearly in equilibrium with the
135%e in the liguid, independently of changes in the reactor power level.
Hence, this approximation [setting the right-hand side of Eq. (3) equal to
zero for all times] was made to simplify the numerical calculations.

Bome typical transient reactivity curves calculated with the pre-
ceding formulas are given in Figs. 1.4 through 1.6. Figure 1.4 corre-
sponds to a step increase in power from zero to 7.2 Mw at time zero.

The separate curves indicate the effectiveness of increasing the volume
of circulating gas in reducing the net 135Xe‘poisoning. Each of these
curves corresponds to a fixed stripplng efficlency of 10% for xenon both
in the liquid salt and the circulating bubbles. The transient at 7.2 Mw
was chosen, since a sustalned run was made at this power level during
run 7. In Fig. 1.4, we have also plotted the smoothed experimental data
obtained during this run. These data represent the magnitude of the
apparent 135%e poisoning, determined by subtracting all other known
power-dependent reactivity effects from the reactivity represented by
movement of the control rod. We should emphasize that the experimental
evidence concerning the reproducibility of transients of this type is as
yet insufficient for conclusions To be drawn concerning the amount of
gas bubbles which may be in circulation. The data in Fig. 1.4 suggest
that from 0.5 to 1.0 vol % circulating gas can account qualitatively for
the observed transient poisoning. However, the experimental curve seems
to exhibit a slower approach to eguilibrium than 1s predicted by the
theoretical model.
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Reactivity. Step change in power from O to 7.2 Mw; volume fraction of
bubbles, 0.005.

The influence of the bubble stripping efficiency on the calculated
transients is shown in Fig. 1.5. Here, the separate curves represent the
variation of this parameter within a range of 10 to 20% for a constant
bubble volume fraction of 0.005. The experimental data of Fig. 1.4 are
also plotted in this figure.

Fach of the transients shown in Figs. 1.4 and 1.5 may be separated
into components which correspond to the 135%e contained in the liquid,
the helium bubbles, and the graphite pores. The composition of a typical
transient, corresponding to a cireculating gas volume fraction of 0.005
and a stripping efficiency of lO%, is shown in Fig. 1.6. For the poison-
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efficiency, 10%.

ing in the graphite, calculations are given both for a flat-flux approxi-
mation (dashed curve) and the weighted poisoning for a flux distribution
approximating that in the actual core (s01id curve). TFigure 1.6 illus~
trates that nearly all the 135%e is contained in the bubbles and the
graphite pores, the bubbles providing the additional "sink" which reduces
the effective mass transfer to the graphite. It also illustrates the
difference in the time constants for buildup of these components. The
approach to equilibrium of the 135%e in the graphite is slower than that
in the liquid, owing to the effective time lag introduced by the mass
transfer between the 1liquld and graphite.

As more experimental evidence is accumulated concerning the tran-
sient behavior of the 37Xe poisoning, attempts will be made to refine
the preceding model. This will include attempts to determine the de-
pendence of the volume of circulating gas on the reactor operating con-
ditions and the degree to which a fixed gas volume might be expected
during further operstion of the reactor.
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1.4 Circulating Bubbles

R. J. Kedl J. R. Fngel

Early in the development of the MSRE salt pumps, some evidence ap-
pearced that the circulating fuel salt would contain a small but measurable
guantity of helium bubbles introduced by the xenon stripping device. This
was a significant finding because of the potential inTluence of these
bubbles on the reactor dynasmics (through a pressure coefficient of re-
activity) and on xenon poisoning. Theoretical analyses led to the con-
clusion that the dynamic effects would not be serious but that bubbles
would substantially reduce the xenon poisoning. Because of the im-~
portance of the bubbles, experiments were planned to measure the circu-
lating void fraction.

The experiment designed to measure the void fraction consisted in
subjecting the fuel system to a rapid pressure release. 1In these tests
the fuel system would first be pressurized to about 15 psig (normal over-
pressure is 5 psig) with helium and allowed to establish a new steady
state. 'The excess overpressure would then be rapidly released by vent-
ing the gas to a previously vented, empty drala tank. Expansion of any
gas in the loop forces salt into the surge space in the pump bowl, where
it can be measured by the level instrument. TIn addition, the expulsion
of salt from the core reduces reactivity, which can be measured in the
critical reactor by observing control-rod motion. A third method of
evaluating the circulating volds, a salt densitometer, wass installed for
use in the initial tests prior to operation of the reactor at significant
power.

Three pressure-rclease tests were performed as part of the zero-power
experiments in July 1965.° Two of these tests, at normal system tempera-
ture and salt level in the pump bowl, indicated that there was essentially
no gas in the core. However, the third test, which was conducted at an
abnormally low pump-bowl level (obtained by lowering the operating tem-~
perature to 1050°F), showed a void fraction of 2 to 3%. It appeared from
this test that bubbles did nol begin to circulate in the loop until the
pump-bowl level was reduced to about 50% on the bubbler level eclements.
Since only one such experiment was performed, the individual effects of
pump-bowl level and salt temperature were not separated.

The results of these zero-power tests led to the establishment of a
minimum pump-bowl operating level of 50% to prevent circulation of helium
bubbles. In addition, the bubble term was removed from the equations
used to predict xenon poisoning. When the reactor was operated at high
power, the observed xenon transients were much smaller than those pre-
dicted by the "no bubble" equations, implying the presence of bubbles.

In addition, a reactivity disturbance occurred on June 19, 1966, which
again emphasized the importance of bubbles. On that date (see Fig. 1.1)
the net reactivity began to decrease sharply, and it was noted that the
lower of two pump-bowl level indications had dropped below 50% because

of the contimicus transfer of salt from the pump bowl to the overflow
tank. The reactivity recovered rapidly when the salt was returned to the



pump bowl from the overflow tank. Following this event, small increases
in reactivity were noted each time salt was returned from the overflow
tank even though the pump-bowl level was kept above 50%.

Several pressure-release experiments were performed near the end of
run 7 (July 1966) to determine whether the circulating void fraction was
higher than that observed a year ago. Since, by this time, salt was con-
tinuously transferring to the overflow tank at the normal pump-bowl level,
experiments could be performed at different pump-~-bowl levels with the
same reactor outlet temperature. Experiments were performed at both high
and low power levels, and cne was performed at an sbnormally low temper-
ature.

Preliminary evaluations have been made of the volid fractions at each
condition, and the resulbts are shown in Table 1.3. The results of two of
the earlier tests (performed July 2, 1965) are included for reference.
Although additional experiments are necessary to elucldate the situation,
some conclusions can be drawn. It appears that the circulating vold
fraction at the end of run 7 was substantially higher than during the
zero-power experiments. The results also show a substantial dependence

Table 1.3. Circulating Void Fraction Measurements in MSRE

Conditions Void Fraction (%)
Date
of Reactor Reactor Outlet Initial Pump- From From
Test Power Temperature Bowl level Pump-Bowl Control-Rod
(M) (°F) (%) Ievel Rise? Motion
7/2/65 107 1197 59.6 0 0
7/2/65 1077 1050 50.0 2.69 2.05
7/8/66 7.3 1210 53.0 0.65 0.81
7/12/66 7.2 1210 61.2 0.24~0.5¢ 0.34
7/21/66  0.01 1191 56.2 0.87-1.01 1.94
7/22/66  0.01 1190 51.3 0.50-0.73 1.24
7/23/66  0.01 1189 61.5 0.48-0.62 0.96
7/23/66  0.01 1124 52.8 2.68-2.91 2.39

aRange reflects current uncertainty in compensating for pressure
sensitivity of level elements.
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on salt temperature, at least at pump-bowl levels above 50%. This de~
pendence may be related to the effect of salt viscosity on the bubble rise
velocity.

There are some inconsistencies in the measured void fractions. These
may be due in part to the uncertainties in compensating for side effects
during the pressure release, Tor example, pressure sensitivity of the
level-indicating devices and transient nuclear periods during control-rod
adjustment. There is also a basic difference between the void fractions
measured by the two methods in Table 1.3. The pump-bowl level measure-
ments indicate the average void fraction in the entire primary loop, while
the control-rod measurements indicate only the average void fraction in
the core. Thus, 1f there were any tendency for volds to concentrate in a
particular location, either in or outside the core, differing results
could be expected. Furthermore, there may be some dependence on the im- -
mediate past history of the reactor. If, for example, the bubbles circu-
lating at low pressure are very stable and are inefficiently stripped, a
level change Jjust prior to a test could produce misleading results. De-
talled evaluations of these and other effects will be included in future
analyses. -

1.5 Salt Transoport

H. B. Piper

Gradual Transfer to Overflow Tank

Early operation of the reactor showed that by some unexplained
mechanism salt gradually accumulated in the fuel pump overflow tank even
when the salt level in the pump bowl was well below the overflow point. -
The transfer rate depended on salt level, and the transfer ceased when
the level was about 3 in. below the overflow point. This situation ex-
isted until about April 1966, when transfer began to be observed at lower
salt levels. The rate appeared to increase gradually as time went on
until it leveled off in June and July at 0.57 1lb of salt per hour, in-
dependent of salt level as far down as 4.7 in. below the overflow point.
The change occurred at the time of the stepwise increase in power, but
no mechanism connecting the two has been identified. This transfer has
no i1l effect on operation of the reactor other than imposing the require-
ment that the overflow tank be emptied three times a week to keep the
levels in the desired operating range.

Overfill

At the conclusion of operation in July, the fuel loop was filled
with flush salt to rinse out residual pockets of fuel salt, thus re-
ducing the radiation levels for scheduled work in the reactor cell. We
decided to transfer flush salt into the overflow tank for two reasons:
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to flush out the residual fuel and to check the indicated level at the
overflow point. Transfer began when the indicated level was 9.6 in.

(In Janusry 1965 the indicated level at the overflow point had been 9.2
in.) Approximately 0.6 ft? of salt had been transferred when suddenly
the fuel pump level rose sharply offscale. Rising level in the overflow
tank triggered a drain, but not before salt had entered some of the lines
connected to the top of the pump bowl. What had happened was that the
salt level in the flush tank had been lowered too far, allowing the pres-
surlzing gas to enter the fill line and pass up into the reactor vessel.
The gas expanded rapidly as it rose through the salt, causing salt to
flood the pump bowl. The pump-bowl bubbler reference line was plugged
with frozen salt, and enough salt was frozen In the sampler tube Lo
obstruct passage of the latch. A thermocouple indicated that some salt
also entered the off-gas line, but this line was not plugged. 8Salt also
froze in the annulus around the fuel-pump shaft, preventing its rotation.

This incident was caused by human error. The level to which the
overflow tank wag to be filled is within the range easily attainable with
fuel salt. But the volume of flush salt in the reactor is less, and, In
order to reach the specified level in the overflow tank, it was necessary
that the salt temperature be about 1200°F or above. This was overlooked
when the procedure was specified, and the loop was filled at 1140°F. This
temperature is within the range for a normal f£ill, and the speclal re-
quirement for this experiment was not recognized until after the incldent
had occurred.

Immediately after this mishap the overflow tank was emptied and the
loop was refilled. The pump tank was heated to 1200°F and the shaft was
freed. Subsequently electric heaters were applied to the outside of the
lines to melt out the salt in the bubbler reference line and the sampler
tube. The short flexible portion of the off-gas line was replaced be-
cause of uncertainty over the possible effects of salt in the convolutions.

1.6 Power Measuremenhs

H. B. Piper C. H. Gabbard

Heat Balance

The nuclear power produced in the MSRE is determined by an overall
gystem heat balance. During early operation at low power (below ~1.0 Mw)
uncertainties in measuring small temperature differences ylelded a large
percentage error in the computed heat balance. However, as the power
was raised to intermediate levels, the uncertainties in the heat balance
calculation became less and good confidence was established in the heat
balance power. Since the heat balance is the primary power standard,
all nuclear power instruments were calibrated to agree with it. As the
power was raised, the calibration of the nuclear instruments changed, &nd
a disagreement in power indication existed between the nuclear instru-
ments znd the heat balance., (This disagreement will be'discussed later
in this section.)



The heat-balance calculation in the computer remains unchanged, but
the method for obtaining a zero-power base line has been modified. Ini-
tially, a constant “"heat loss" term along with zero-power -temperature
bilases were used to establish the heat balance zero power. It was noted,
however, that with the reactor producing zero power, the computed heat
balance might vary from run to run by as much as ~ #200 kw. We believe
this occurs because many thermocouples are sensitive to heater settings
and the heaters may not be set exactly the same for each run. This
difference represents an error of only *2.7% when we run at 7.5 Mw.
Nevertheless, at the beginning of cach run, several heat balances are
taken, the value of the discrepancy is determined, and this value is
entered in the heat-balance calculation as a new value of the "heat loss"”
term, thus yielding a corrected power for the remainder of each rua.

Nuclear Instruments

The agreement between the heat-balance power and the power indicated
by the nuclear instruments was better than * ~10% from 2 to about 6 Mw.
(Heat balances have a scatter of * ~200 kw, and this is independent of
power; below 2 Mw the percentage scatter is large.) Above this level the
two power indications began to diverge, with the nuclear instruments ine-
dicating 15 to 20% high at a heat-balance power of 7.5 Mw. After in-
vestigating, with negative results, several mechanisms which might explain
the disagreement, it was postulated that the effect might have been

caused by a rise in waler temperature in the nuclear instrument pene-
tration (NIP) as the power was increased. This was found to be the case.
When the ratio of heat-balance power to nuclear-instrument power was
plotted vs NIP temperature, a good correlation with a negative slope re-
sulted. This plot showed that an increase of 10°F in the NIP water tem-
perature produced an increase of 450 kw, or about 6%, in the power indi-
cation from the nuclear instruments at a level power of 7.5 Mw. This
anomaly could be caused by temperature sensitivity of the nuclear instru-
ments, but we believe the most likely explanation of the temperature
sensitivity 1s the change in the attenuation characteristics of water with
temperature. On June 27, a hea®t exchanger system was placed in operation
to cool the water in the NIP. As the NIP water temperature decreased, the
ratio between heat-balance power and nuclear-instrument power approzched
unity. The heat exchanger used was immediately available, but it does

not have the capacity to hold the NIP water temperature constant at all
power levels. From zero to full power, there is now a temperature rise

of ~18°F as compared to ~72°F before the heat exchanger was installed.
There 1s still a shift of about 5% between the two power measurements

from zero to full power.

Radiator Air Flow

Because of the lack of agreement between the heat-balance power and
that indicated by the nuclear instruments, we attempted to verify the
power by determining the amount of heat removed from the radiator by the
air. The inherent uncertainty in determining the reactor power by a heat
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balance around the air side of the radiator is great because of diffi-
culties in measurement of both the alr flow and the temperatures. These
difficulties arise from the fact that the coolant stack is not long enough
(L/D = 7) for symmetrical flow to be established. BEven so, calculations
were made using the best data available for this evaluation. The heat
removed by the alr was determined for reactor power levels of 4, 5.8, and
7 Mw, as measured by the overall system heat balance, and was found to be
1% low, 16% high, and 15% high respectively. This is considered to be a
reasonable confirmation of the system heat-balance method.

1.7 Radiation Heating

C. H. Gabbard H. B. Piper

The effects of radiation heating on some of the MSRE components were
evaluated both during the approach to full power and during sustained
operation at high power. Of particular interest in this area are the
fuel-pump tank, the reactor vessel, and the thermal shield. (The effects
of fission product radiation heating in the off-gas piping are discussed
in connection with other observations of that system in Sect. 1.9, sub-
section entitled "Fuel Off-Gas System').

Fuel-Pump Tank

The upper portion of the fuel-pump tank is subJject to substantial
heating from fission products in the gas space above the salt. Since
the useful life of the pump tank is limited by thermal-stress considera-
tions at the Junction of the volute support cylinder with the spherical
top of the tank, close control was maintained over the temperatures in
this region. Design studies’ had indicated that the maximum lifetime
would result 1f the Junction temperature were kept about 100°F below the
temperature on the tank surface 6 in. out from the junction. Component
cooling air is provided to maintain this temperature distribution. A
secondary consideration in controlling the temperatures was a desire to
keep as much of the pump tank as possible above the liquidus temperature
of the salt.

In operating the reactor, it would be ideal if a fixed flow rate of
air over the pump tank would provide a satisfactory temperature distribu-~
tion for all conditions. Farly design calculations indicated that this
condition could be met with an air flow of 200 cfm. However, temperature
measurements on the pump-test loop and during the initial heatup of the
MSRE indicated that only about 50 cfm would be reguired and that the air
would have to be turned off when the pump tank was empty.

To minimize the temperature effects when the cooling air is turned
on, alr flow during power operation should be the minimum that gives the
desired temperatures. It was found that an air flow of 30 cfm provides
a satisfactory temperature distribution at all power levels up to 7.5 Mw.
Figure 1.7 shows the temperatures in the two reglons of interegt as a
function of reactor power level with this air flow. The variations in
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Fig. 1.7. Variation of Fuel-Pump Tank Temperatures with Reactor
Power. Cooling-air flow, 30 cfm. -

the individual temperatures are caused by variatlons in pump~bowl level,
salt temperature, and air flow. Both the individual temperatures and

the temperature difference increase linearly with power, as expected.
Although the temperature difference would exceed 100°F at powers much
gbove 7.5 Mw, the reactor could be operated at 10 Mw with the 30-cfm air
flow without significantly reducing the life of the pump tank. However,
variation of the air flow could also be employed to obtain closer control
of the temperatures.

Reactor Vessel

Since radiation-produced heat in the reactor-vessel walls must be
transfTerred to the salt for removal, the outer surfaces of the vessel
are hotter than the adjacent salt by an amount that is proportional to -
the reactor power. Any depositiocn of solids on the inner surfaces would
reduce the heat transfer (and increase the heat production) and lead to
st111l higher temperatures at the outer surfaces. There are two locations
in the reactor vessel where solids would tend to accumulate if they were
rresent in the circulating salt. These are the lower head and the lugs,

Just above the inlet volute, which support the core matrix. Deviations
from the normal surface temperatures might also indicate changes in the
core flow pattern.

Although there has been no evidence, whatever, of solids in the
molten salts, the differences between the reactor-vessel temperatures
and the salt inlet temperature have been carefully meonitored. Since
the salt inlet temperature can be measured only at the inlet line and
there is some fisslon heat generation in the salt as it flows to the
areas in question, the observed Al's do not represent the actual tem-
perature drops across the walls. However, the proportionality to power
should exist, and there should be no change with time.
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Throughout the power operation of the reactor, the temperature dif-
ference between the vessel wall at the core-support lugs and the salt
inlet has been 2.0 * 0.1°F/Mwv, and that between the lower head and the
salt inlet has been 1.5 + 0.2°F/Mw. There has been no indication of
deviation from linearity with power or of changes with time in either
temperature difference.

Thermal Shield

The function of the thermal shield around the reactor vessel is to
reduce the radiation level and radiation heating in the rest of the re-
actor cell. As a result, a substantial amount of fast-neutron and gamma
energy is deposited in this shield. The cooling system for the thermal
shield was designed to remove up to 600 kw to allow for uncertainties in
the rate of heat generation at power. Measurements of the heat load on
the thermal shield gave a zero-power value of 40 kw due to heat losses
from the reactor furnace and an additional 17 kw per megawatt of reactor
power due to radiation heating.

1.8 Reactor Dynamics

T. W. Kerlin S. J. Ball

The inherent stability of the reactor system was investigated by
frequency response tests at eight power levels from zero to full power.
The testing methods, analysis procedures, and results of tests at powers
to 1 Mw are described in detail in the last progress report.8 Subse-
quently, tests were conducted at 2.5, 5.0, 6.7, and 7.5 Mw using pseu-
dorandom binary reactivity insertions, pulse reactivity insertions, and
step reactivity insertions. At each power level, essentially equivalent
results were obtained from the different tests.

A readlly obtainable result is the natural period of oscillation of
the reactor power following a disturbance in reactivity. This informetion
can be obtained by simply observing the flux transient if the response is
lightly damped or by determining the frequency of the peak in the ampli-
tude of the frequency response. The experimental results agree very well
with previous theoretical predictions,9 as shown in Fig. 1.8.

The measured frequency resconse results for power levels of 2.5 Mw
and higher are shown in Figs. 1.9 to 1.12 along with the theoretical
predictions. The theoretical phase predictions agree with the experi-
mental results within the experimental scatter. All the tests at a given
power level give magnitude ratios having the same shape but differing in
their absolute values. Furthermore, the portions of the frequency re-
sponses above 0.3 radian/sec should be the same for all power levels,
since feedback effects are small in this freguency range and the zero-
power frequency response should dominate. The experimental results for
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various power levels show the same shape in this frequency region but
different absolute amplitudes. Both of these inconsistencies indicate a
biag problem which is apparently due to eguipment limitations.*® These
equipment difficulties are not surprising, since we wanted to be able to
position the control rod with an accuracy better than 0.050 in. in the
dynamics tests; this far exceeded design specifications.

We previously thought8 that a simple adjustment of several paramaters
in the theoretical model could force agreement between theory and experi-
ment. An adjustment made to minimize the error at 1.0 Mw also produced
agreement at 0.075 Mw and 0.465 Mw. This now appears to have been for-
tuitous, since the same parameter adjustments increase the discrepancies
at power levels greater than 1.0 Mw.

The net conclusions are that the dynamic characteristics of the sys-
tem are quite satisfactory and in reasonable agreement with predictions.
The system is stable at all operating power levels, and the stabllity in-
creases with power level. The theoretical model appears to be satis-
factory in spite of unfortunate equipment limitations which prevent de-
tailed parameter fitting.
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1.9 Equipment Performance

Heat Tramsfer — C. H. Cabbard, H. B. Piper, and R. J. Kedl

As the reactor power was raised, the heat-transfer capability of the
air-cooled radiator was found to be less than expected and, in fact, to
limit the attainable heat removal to gbout 7.5 Mw. The overall heat~
transfer coefficient of the primary heat exchanger was also below the
predicted value, resulting in somewhat larger fuel-coolant temperature
differences than had been planned. fter the first indications of low
heat transfer, we reexamined the reactor data to determine heat-transfer
coefficients as accurately as possible and to see if the coefficients
varied with power level or operating time. Meanwhile, we reviewed the
original design work to see if there were errors in the caleulational
method or physical properties that could account for the discrepancy be-
tween the predicted and observed performance.

Primary Heat Exchanger. Because of the elevated temperatures and
relatively small temperature differences in the primary heat exchanger,
a proper accounting for thermocouple errors is essential to an accurate
calculation of heat-transfer coefficient. The performance was evaluated
by two procedures, which differed mainly in the method of handling thermo-
couple biases.

The essential feature of the first procedure, used routinely at the
MSRE, is a statistical fit of a theoretical relation to a large nuwrnber of
temperature measurements at different power levels. The formulation is
such that biases in thermocouples, if constant, do not significantly af-
feet the outcome and need not be evaluated. The effect of random error
in thermocouple output is minimized by using many sets of data. The
relation used to evaluate the overall heat transfer coefficlient, U, is

- F Cp 2 W
d} Teg * TIl — T ™ Tog * Amc 1= bePf

r FCCp 2

— — L ———
d TIO + Tfl Tco 1c:L Amc 1+ Fpr
- 2
oty s ()
= J
F.Cp, Flpa

where

=]
Il

measured salt temperatures,

5]
I

mass Tlow rates,

I

Cp heat capacity;
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subscripts
T = fuel,
¢ = coolant salt,
i = heat exchanger inlet,
0 = heat exchanger outlet.
During operation, the terms in the derivative on the left are computed

and logged by the on-line computer. These values can be retrieved and a
slope determined from the plot of one against the other.

The other procedure, used as a check on the results of the first,
is in some respects more straightforward. A set of temperatures 1s meas-
ured, and a value of U is calculated from the conventional heat-transfer
equation

where
U = overall heat-transfer coefficlent,

Q = heat transferred, computed from a coolant-salt heat
balance,

A = 279 ft? of total tube surface area, including the return
hends, based on the tube OD,

Aﬂh_= log mean temperature difference.

Temperatures used in the calculation of Al and @ are obtained by adding
a bias correction to each thermocouple indication. Biases are determined
by logging a complete set of thermocouple readings when the reactor is
operating at a steady, very low power, so that the salts should be iso-
thermal throughout the fuel and coolant loops. The bias for each thermo-
couple is then taken to be the difference between the average of all the
thermocouples and that particular thermocouple.

Heat~transfer coefficlents calculated by the two methnods are shown
in Fig. 1.13. The continuous curve for the "derivative" method was ob-
tained by fitting data points taken over two periods of time: three
weeks in April and May and seven wecks in May and June. The two sets of
data gave identical results. The "conventional" points were obtained on
May 26. A dependence of heat-transfer coefficients on power level, as
exhibited in the results of both methods, is to be expected. As the power
is raised with the core outlet temperature held constant, the averags tem-
peratures of the salts in the heat exchanger decrease. According to con-
ventional formulas for heat-transfer coefficients, the changes in salt
properties (primarily specific heat and viscosity) could account for
practically all the observed variation.
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Design calculations had predicted an overall heat-transfer coeffi-
cient at 10 Mw of 1100 Btu hr~t £t~2 (°F)~t. (This was for the straight
portion of the tubes, in a clean condition.) This is about a factor of
2 above the coefficients observed at temperatures approximating those
used in the design. In an effort to resolve the discrepancy, the design
calculations were carefully reviewed to see 1If the proper procedures were
used and to check for errors in the calculations. The results of this
design review indicated that the heat exchanger had been properly designed
using conventional procedures and that the design should have been con-
servative by about 20%. References 11 and 12 indicate that conventional
heat~transfer relations are valid for molten salts, and therefore the
conventional design procedures should be applicable for the MSRE heat ex-
changer. The most likely explanation for the discrepancy appears to be
erroneous values of salt conductivity in the design computations. Recent
measurements of 2 salt similar in composition to the MSRE fuel salt have
shown the thermal conductivity to be about one-third of the value that
was believed to be correct at the time of the heat exchanger design (see
Chap. 7). No recent data are yeb available on the conductivity of the
coclant salt; but 1f a similar discrepancy exists, this would essentially
account for the reduced performance of the heat exchanger.

Radiator. The design and instrumentation of the air radiator pre-
clude a calculation of the overall heat-transfer coefficient at all but
two power levels. At most reduced power conditions the radiator doors
are partially closed or the bypass damper is open; thus the effective
tube area, the air flow through the radiator, and the downstream alr tem-
perature are unknown. Therefore the reduced performance was not obvious
until the reactor was raised to full power.

The overall cocefficient for the radiator was evaluated with both
main blowers running, the doors full open, and the bypass damper fully
closed (full-power conditions). The air flow measured at these conditions
was equal to the design flow rate of 200,000 cfm. Another evaluation was
made with similar radiator conditions except that only one main blower
was running. The heat-transfer coefficients were 38.5 and 28.5 Btu hr—t
£t~? (°F)™" and the power levels were 7.4 and 5.6 Mw for these two con-
ditions. The cbserved heat-transfer coefficients varied with the 0.575
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power of the air flow rate, agreeing with a theoretical exponent of 0.6.

. P . . .
But the predicted coefficient at full-power conditions was 58 Btu hr
£t72 (°F)™', far above the observed valuc.

The radiator design was reviewed to determine the reason for the un-
expectedly low performance. The design procedures followed conventional
practice except in two important points: the evaluation of ailr properties
and the allowance for error in the predictions. In the calculation of
the air~side coefflcient the pnysical opropertles of air were evaluated at
the tube surface temperature instead of the prescribed "film" temperature,
defined as the mean of the surface temperature and the bulk air tempera-
ture. Had the "film" temperature been used, the overall coefficient would
have been lower by 14%. Use of an erroneous value for the conductivity of
the salt had little effect on the overall coefficient, since the heat-
transfer resistance on the inside of the tubes is Jless than 5% of the
total in any case. Thus, even when the air-side calculation followed the
prescribed Tormula, the observed overall coefficient was still only 66%
of the predicted value. This is greater than the usual error in heat-
transfer predictions, tut 1s probably not unreasonable considering the
configuration of the radiator and the very large temperature difference
between the bulk of the alr and the surface of the tubes. The radiator
was designed when the nominal design power for the reactor was 5 Mw. The
components were designed for operation at 10 Mw to ensure sufficient
capacity; and when it was later decided to call the MSRE a 10-Mw reactor,
this left them with little or no allowance for uncertainty. The actual
tube area is only 4% more than the minimum required for 10-Mw operation
according to the original calculations.

Effects of Low Heat Transter on Reactor Operation. In the main heat
exchanger the reduced heat transfer causes a larger temperature difference
between the fuel and coolant salts for any given power level. The origi-
nal design temperatures for 10-Mw operation were 1225 and 1175°F for the
fuel salt entering and leaving the heat exchanger and 1025 and 1100°F for
the coolant salt. Actually, operation at a maximum fuel temperature of
1225°F and a minimum coolant temperature of 1025°F results in a heat-
transfer rate of 7.5 Mw. It would be possible to operate the heat
exchanger at higher power levels by increasing the heat exchanger fuel
inlet temperature and/or reducing the coolsnt inlet temperature. How-
ever, for long-term operation the heat exchanger fuel inlet temperature
is limited to a maximum of 1250°F by thermal stress and stress rupture
considerations, and the coolant inlet temperature is limited to a minimum
temperature of 1000°F by the possibility of freezing the radiator. Op-
eration at these temperature conditions would approach 10 Mw. The heat-
transfer rate could also be improved by lncreasing the fuel and coolant-
salt flow rates. The flow rates could be increased either by installing
larger-diameter impellers or by increasing the pump speeds by using a
higher~frequency power supply.

The reduced performance of the coolant radiator, however, imposes a
definite limit on the heat-removal rate from the coolant system, and there
is no convenient method of increasing the heat removal. The mean tem-
perature difference between the coolant salt and the bulk-alir temperature
is 920°F, and the coolant-s3alt temperature would have to be increased
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significantly before a gain in reactor power could be realized. The fuel-
inlet temperature to the heat exchanger would then be pushed to an un-
acceptable level.

In summary, the maximum reactor power level is limited by the air-
side heat transfer from the coolant radiator. There is also a less severe
restriction at the main heat exchanger which could ve clrcumvented by op-
erating the reactor system at off-design temperatures. The radiator heat
tranzfer can be improved only by relatively extensive modifications.

There will be a small increase in maximum power level during the winter
months because of the lower amblent air temperatures.

Main Blowers — C. H. Gabbard

Aerodynamic Performance. The aerodynamic performance of the main
blowers was satisfactory. The vane angle on both blowers had veen set
at 20°, as originally specified by the menufacturer for the design con-
ditions. However, this vane setting did not fully load the drive motors;
20 when the maximum reactor power was found to be below the expected ,
value, the vane angle was increased to 22.5° to increase the air flow and
heat removal. As expected, this setting loaded the drive motors to their
capacity and increaged the air flow about 10%. The effect was to raise
maximum reactor power by slightly less than 1/2 Mw .

Motors. The blowers are driven by 250«hp wound-rotor induction
motors that have four stages of external rotor resistance. Automatic
stepping switches shunt out these resistances in a timed sequence during
the startup of the blower to limit the starting current of the motors.
During the early stages of power operation, difficulty was periodically
experienced In the start of main blower No. 1. The motor current during
the starts was erratic, and sometimes the current was high enough to trip
the circuit breaker. One of the cast-iron resistance grids in the ex-
ternal rotor resistance on MB-1 was found broken. A broken grid was also
found in the MB-3 starting resistors, but this grid was in & less critical
location in the starting sequence and its effect had not been noticed.
Both the grids were weld-repaired, and no further difficulties of this
type have been noticed. '

Coupling Failure. The blowers are comnnected to their respective
drive motors through short floating shafts with disk-type flexible
couplings on each end. On June 14, while the reactor was operating at
full power, the couplings on MB-1 failed. The shaft coupling at the
motor end apparently failed first, and the coupling on the blower end
was then torn apart by the resulting shalt whip. The shaft destroyed
the coupling gaard and damaged the sheet-metal nose that covered the
front bearing of the blower. Debris from the two couplings was scabbered
throughout the fan room, and scratches on the fan blades indicated that
some of the material had gone through the dblowers into the radiator duct.

The coupling on the motor end of the shaft showed evidence of op~
erating in a partially failed condition for some time. The nuts holding
the flexible disks were severely worn, indicating that the motor torque
had been transmitted from the motor flange directly to the shaft flange
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by the bolts rather than through the flexible disks. The initial failure
of the disks was attributed to fatigue where some incorrect, flat washers
had caused high stresses.

The couplings on MB-1 were rebuilt, and new flexible shims were in-
stalled in the MB-3 couplings. Operation was resumed after the radiator
duct wag cleaned and inspection of the hot radiator tubes showed no dam-
age to the tubes.

Blade and Hub Fallure. Power operation was brought to a premature
end on July 17 by the catastrophic failure of the rotor hub and the
blading of MB-1. The outer periphery of the rotor hub disintegrated, and
all the blading was destroyed. Most of the fragments were contalned in
the blower housing, but numerous fragments of the cast aluminum-a2lloy hub
and blades entered the radiator duct and some actually passed through the
radiator. The reactor was taken to very low power, and the coolant was
drained to determine the cause of the failure, to inspect the other blower,
and to examine the radiator for possible damage.

Inspection of the broken pieces of MB-1 revealed numerous "old"
cracks in the blades and in the hub as evidenced by darkened or dirty
areas on the fractured surfaces. One blade in particular had falled along
a large "old" crack. The hub had contained short, 1-1/2 to 2 in., cir-
cunferential cracks at the base of 8 of the 16 blade sockets, and the
fallure generally followed those cracks. Figure 1.14 is a piece of the
hub showing the darkened areas at the base of the blade sockets.

Since the failed blower had contained these old cracks, the top
casing was removed from MB~3 to permit a careful inspection of its hub
and blading. The front hub casting contained a large, continuous crack
which extended about 35% around the circumference. There were also several
of the short cracks similar to those that had been in the MB-1 hub. The
blades were dye-penetrant inspected and found to be satisfactory. A re-
placement blower that had not been in service also contained some minor
surface cracks in the hub.

There is no general agreement on the cause of the failure. The
original soundness of the hub castings is in question because of the
0ld appearance of portions of the fracture surfaces and the presence of

RHOTO 84352

Fig. 1.14. Fragment of Failed Impeller Hub from Main Blower No. 1.
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cracks in the other blower hubs. Shock forces produced during the
coupling failure and vibration due to slight imbalances are suspected
as contributing factors.

The three blowers are being rebullt in the manufacturer's plant.
The hubs are being reinforced to relieve the bending moment at the base
of the blade sockets, and the centrifugal blade loading is being reduced
by substituting magnesium alloy vlades which are 35% lighter. The three
complete rotor assemblies will be given a 30% overspeed test with dye-
penetrant inspections before and after the tests. In the installation,
close tolerances will be imposed on alignment and vibration, and instru-
mentation wlll be provided to monitor vibration during operatior.

Radiator Enclosure — T. L. Hudson, C. H. Gabbard, and M. Richardson

Operation of the reactor at power provided the ultimate test of the
radiator enclosure, involving for the first time the operation of the
radiator at the maximum capability with the doors fully open and with
forced air circulation. Operation at power levels up to 1.0 Mw had
been achieved during the last report period. This operation had indi-
cated that the radiator door seals had become less effective during op-
eration. The loss 1n door-seal effectiveness continued during this re-
port period.

Power Level at Various Radiator Conditions. During the power es-
calation phase of operation, the radiator conditions were adjusted to
obtaln preselected power levels. Therefore, the complete heat-removal
characteristics of the radiator are not known because the reactor has
operated at steady-state conditions at relatively few power levels. How-
ever, the reactor power levels for some of the key settings are listed
in Table L.4. All intermediate power levels can be obtained by the
proper adjustment of the doors or the bypass damper.

Table 1.4. Radiator Conditions and Reactor Power

Radiator Conditions

Inlet Outlet Bypass Main Blowers pover ()
Door Doox Damper Running
Closed Closed Open None 0-0,05%
Open 15 in. Open Open 1 2.5
Open Open Open 1 4ol
Open Open Closed 1 5.8
Open Cpen Closged 2 7.2k O.Zb

iDepends on heat leakage and heater settings.
Ixact value depends on ambient alr temperature.
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Salt Frozen in Tubes. One of the main considerations during the
design of the radiator enclosure was Lo avold the freezing of salt in
the radiator tubes. The expansion of salt during thawing was helieved
capable of rupturing a tube if the thawing first occurred in the center
section of a tube, so that the molten salt was confined between two fro-
zen plugs. A "load scram," which dropped the radistor doors and shopped
the main blowers when the radiator salt outlet temperature dropped be-
low 900°F, was provided to prevent salt from being frozen in the radia-
tor. However, salt was frozen in the radiator tubes on two occasions
and was successfully melted out with no apparent damage to the radia-
tor.

In both cases, the freezing occurred as a result of a rod and load
scram combined with a stoppage of the coolant pump. The first freezeup
occurred when a defective relay caused a "rod scram" from a 5.0-Mw power
level. The radistor load was scrammed manually at 1000°F because of the
rapidly decreasing temperatures, but the coolant pump was stopped by a
low level in the pump bowl which resulted from the reduced temperature.
With circulation stopped, heat losses froze some salt in 30 or more of
the 120 tubes. The second freezeup occurred as a result of an electrical
failure which caused a stoppage of the coolant pump and a scram of the
rods and load. In both cases the coolant system was drained immediately,
but the drain-tank weight indicated that some salt had remained in the
coolant system.

Recent data indicate that the volume change during the thawing of
coolant salt is relatively small. This low volume change, plus the
fact that the normal temperature distribution during heating of the ra-
diator would cause progressive thawing of the tubes from the top to the
bottom, gave confidence that the radiator could be thawed without dam-
age. In the first freezing incident, the radiator was reheated slowly
and all the remaining salt was recovered in the drain tank. A pressure
test was then conducted on the entire coolant system to check for rup-
tured tubes. There was no indication of leakage. After the second
freezing incident, increased heat leakage from the radiator enclosure
prevented a portion of the radiator from reaching the melting point,
and some salt remained frozen in the tubes. However, the lowest Lem-
peratures were sufficiently near the melting point that the coolant
system was filled and circulated. The radiator temperatures indicated
that four or five of the tubes were blocked at first, but after several
minutes of salt circulation all the tubes thawed and reached the tempera-
ture of the flowing salt.

After the first freezing incident, the control system was reviged
so that a rod scram would also cause a load scram. The low-temperature
set point for a load scram was increased from 900°F, which is only 60°F
above the liguidus temperature, to 990°F., Other revisions were made so
that the coolant pump would not be turned off unless absolutely neces-
sary. A scram test was conducted from full power, and these revisions
were adequate to prevent freezing of the radiator as long as the coolant
punp remained running.
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Damage and Deterioration. The radiator was subjected to possible
damage on two occasions from mechanical failures of main blower No. 1.
Pieces of stainless steel shim stock were blown into the radiator duct
when the shaft coupling Tailed. The radiator tubes were visually in-
spected from the inlet side while salt was circulated at operating tem-
perature, and no evidence of damage from the coupling failure was found.
A loose sheet-metal cover from an electrical cable tray was found against
the tubes and was removed. Reactor operation was resumed after the ra-
diator duct was cleaned to remove the debris from the coupling.

The coolant system was drained and the radiator was cooled and
thoroughly inspected after the shutdown that followed the hub failure
of main blower No. 1. BSeveral radiator tubes were dented, possibly by
aluminunm fragments from the blower, and a few small pleceg of aluminum
were stuck to the tubes. These pieces were easily removed, and the
tubes were cleaned to remove any adhering aluminum. Visual inspection
and a helium lesk test at 20 psig indicated that none of the tubes had
been seriously damaged by the blower fragments, and tests were run that
indicated that the exposure to aluminum would nobt endanger the life of
the radiator if the tubes were cleaned.

In addition to the damage that had been caused by the blower failure,
the radiator enclosure was in need of other repair. Heating the empty
radiator to an acceptable temperature distribution prior to a fill had
become increasingly difficult, and on the last fill some of the tubes
could not be heated above the melting point of salt until the radiator
was filled and circulation started. The radiator doors had warped a
little, and the seal strips had been severely distorted. The seal strips
had also been torn loose in some places by the operation of the doors.
Numerous sheet-metdl screws had broken or had worked loose, allowing
sheet-metal cable~tray covers and sheet metal on the inside surfaces of
the enclosure to come loose. There were also numerous broken electrical
insulators.

Although there was excessive heat leakage from the radistor enclo-
sure, this was mainly around the doors, and the overheating of electrical
leads and thermocouple leads that had occurred previously did not recur.

The repalr of the radiator enclosure is in progress. Deslign of
the seal strip has been improved to reduce the thermal distortion and
the overall warpage of the doors. This seal strip is segmented and
free to move to allow for differential thermal expansion, and the T-
bar which holds these gegments has been slotted to relieve thermal
stresses which were causing the door to warp. The loose gheet metal
and the loose ceramic heater elements are being held in place with
welded c¢lips rather than the sheet-metal screws.

Fuel 0ff-Gas System — A, N. Smith

The difficulties encountered with the fuel off-gas system during
the initilal operation of the reactor at power, the findings and con-
clusions relative to the causes of thes difficulties, and bhe systen
modifications proposed to prevent the recurrence of the difficulties
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were all described in the last progress report. The modifications,
which consisted essentially in using valves with larger flow areas and
installing a particle {rap and an organic-vapor trap upstream of the
pressure-control valve (PCV~522), were all completed before resuming
power operation of the reactor in April 1966. CObservable pressures
and temperatures in the off-gas system were carcfully monitored during
all subsequent operations, partly to evaluate the effectiveness of the
changes but primarily to identify and correct any undesirable conditions
before they became unmanageable. DSome difficulties were encountered
with buildup of pressure drop, bul none were serious enough to force a
shutdown. In addition, tThere was no observable loss in efficiency of
the primary function of the off-gas system, the retention of gaseocus
fisgion products.

Detailed analysis of the performance of some components, particularly
the particle trap and the organic-vapor trap, was hampered somewhat by the
scarcity of accessible pressure-measuring devices in the system. This was
aggravated by the fact that the pressure drop across the main charcoal
beds occasionally exceeded the 3-psi range of the lnstalled (and inacces-
sible during operation) measuring instrument and also by the failure of
this instrument ten days before the shutdown on July 17.

Line 522 Holdup Volume. When plugging occurred at several points
in the off-gas system shortly after the power was first raised, it was
suggested that the dependence on power might be related to radiation
heating of the off-gas holdup volume in the reactor cell. Off-gas
samples taken while the reactor was shut down in March with the reactor
cell at different temperatures showed more hydrocarbons st higher tem-
peratures, lending support to the hypothesis that there was a reservoir
of hydrocarbons in the holdup volume. t was nob practicable to clean
the 68-ft-long, 4-in.-diam pipe; but the off-gas line was disconnected
at the fuel pump and in the vent house, and large quantities of helium
were blown through the line in the forward and reverse directions at
velocities up to 20 times normal. Very little visible material was
collected on filters at the ends of the line, but there were fission
products, and the amount doubled when the cell was heated from 120 to
175°% . Visual observation showed that the head end of the holdup volume
was clean except for a barely perceptible dustlike film. A thermocouple
was attached to the holdup pipe near the head end for monitoring tem-
peratures during power operation. When the power was subsequently
ralsed, the temperature rose from cell air temperature (about 130°F)
at zero power to about 235°F at 7.5 Mw. The rise in temperature after
a setup from zero power occurred with a time constant of about 30 min,
not incongistent with hulldup of gaseous fission products in the line.

Iine 522 Filter Assembly. The filter assembly that was installed
upstream of tie fuel pressure control valve (PCV-522) consists of two
separate units in series. First is a filter to remove particulates and
mist; next, a small charcoal bed to remove organic vapors. (See Compo~-
nent Development, Chap. 2, for a detailed description.) Ag a result of
the experience during this period of operation, the filter part of the
assembly will be replaced with a new one of the same design. The old
unit will be examined in a hot cell to determine, if possible, the cause
for the variations in pressure drop that were observed.
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In the new condition, the pressure drops across the particle trap
and charceoal bed were <0.05 and 0.7 psi respectively. With these in-~
stalled, the total pressure drop in the fuel off-gas system was about
2.3 psi at the normal gas flow rate of 4.2 std liters/gin and PCV-522
wide open. Thus, when the reactor-system overpressure was controlled
at 5 peig, a 2.7-psl pressure drop occurred at the throttling valve.
Because there were no measurements of pressures at intermediate polnts
between the pump bowl and the upstream ends of the main charcoal beds,
the pressure drop across the filter assembly was known only to be below
3.4 psi. This condition prevailed wntil May 9, during operaticn of the
reactor at powers up to 5 Mw. There was no indication that the pressure
drop across the filter assembly reached the detectable limit of 3.4 psi
during this time.

During most of the operations after May 9, PCV-522 was kept wide
open, allowing the fuel overpressure to follow the total pressure drop
through the other parts of the off-gas line. This mode of operation
permitbed the monitoring of the pressure drop across the filter assembly.
For the first ten days the overall trend in the pressure drop was upward,
with increases after the power was raised and decreases after it was low-
ered. On May 19, with the power at 5 Mw, the pressure drop was up to 8
psi. The power was shut down to redistribute the electrical load, bub
the pressure drop continued on up, even though the gas flow was reduced.
On May 20, shielding was removed, and a pressure gage was temporarily
attached to a tap bebween the particle trap and the charcoal filter to
determine which was responsible for the high flow resistance. The drop
measured across bhe trap was 9.9 psi, while the drop across the charcoal
wag only 0.5 psi. Thus the increase in resistance was due entirely to
the particle trap. System pressure was reduced by venting from the drain
tankg, and the power was raised to determine maximum power. With the re-
actor operating at 7.5 Mw the filter pressure drop decreased to about 3
psi. Then when the power was lowered to zero, the pressure drop came
dovn over a period of a day to less than 1 psi. The pressure drop re-
mained low until July 12, when it began to increase gradually. The in-
crease conbinued after the shubdown, and the unit will be replaced.

The particle trap was immersed in a tank of water for cocoling by
natural convection. Thermocouples on the outside of the trap responded
to changes in power and gas flow, bubt the maximum temperature rise was
only about 25°F.

It was expected that accumulation of organic material in the char-
coal filter would result in progressive poisoning along the length of
the trap. Such polsoning would shift the location of maximum fission
product absorption and produce a shift in the temperature profile of
the trap. Figure 1.15a shows two plots of the charcoal temperature
profile, one on May 10, when about 1200 Mwhr had been accumulsted, and
one on July 7, when about 7000 Mwhr had been accumulated. Except for
the upward shift due to the increased power level, the basic shape of
the profile is the same for both perlods, indicating that significant
poiscning had not occurred during this interval. Figure 1.15b shows
the effect of variations in pump-bowl pressure on the trap tempera-
ture profile. As would be predicted, the trap temperatures, partic-
ularly near the inlet, vary inversely with system pressure, because
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Fig. 1.15. Temperature Profiles Along Line 522 Charcoal Trap.

as the pressure increases, the residence time of the gas between the
pump bowl and the trap increases, permitting a greater fraction of the
short-lived activity to decay before reaching the trap.

Main Charcoal Beds. The fuel off-gas was routed through bed sec~
tions 1A and 1B for the entire period of power operation with the ex-~
ception of three days at the very end, when sections 24 and 2B were
used.

The pressure drop across the charcoal beds showed a persistent
tendency to increase during power operation. Pressurization and egual-
ization experiments established that the restrictions were at the in-
lets to the beds, probably where the l/4—in. gas line opens into a
packing of steel wool above the charcoal. Tt was found that the pres-
sure drop could be reduced, usually to near the normal 1.0 psi, by blow-
ing helium backward through the bed, This was done whenever the pres-
sure drop through the two beds in parallel approached 3 psi. Section
1B plugged more often, but sometimes restrictions built up in voth sec-
tions. The plugging of the beds occurred each time the power was raised
during the approach to full power. The plugging became less frequent
later, but at the end of power operation it was still necessary to back-
blow the beds about once a week,

Stack monitors indicated no breakthrough of activity other than
ten-year 85kr at any time. That this was so, despite the sometimes
unbalanced flow through the parallel beds and the extra volumes of gas
introduced by backblowing, is an indication of a capacity that exceeds
expectations.

Line 524 Charcoal Bed. In the fuel pump, part of the gas admitted
to the shaft annulus (about 100 cc/min) flows up along the shaft to pre-
vent oil fumes from diffusing down into the pump bowl, This gas then
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flows out through the cateh basin and line 524. Originally the line-
524 flow joined the main off-gas stream just downstream of PCV-522,
whose pressure drop supplied the driving force for the gas flow through
52/, Line 524 was rerouted to come in downstream of bthe main charccal
ved for two reasons: +to get more pressure drop when PCV-522 was open
and to eliminate a possible way that hydrocarbons could enter the char-
coal beds. Some manipulations of the system pressure caused activity
to get into line 524, resulting in closure of the radiation-block valves
at the end of the off-gas line. Therefore a small charcoal bed was added
in line 524 to hold up fission gases and prevent stack releases by this
route (see "Component Development,"” Chap. 2).

Auxiliary Charcoal Bed. Prior to the startup on April 11, dif-
ficulty in venting through the auxiliary charcoal bed was Tound to be
due to a check-valve poppet which had become lodged in the bed inlet
line. The poppet had apparently vibrated loose from a check valve at
one of the drain-tank outlet lines and had been carried downstream dur-
ing subsequent venting operations. After removal of the poppet, venting
operations through the auxiliary bed were uneventful through most of
the power operations. However, an intermittent restriction was noted
early in July, and, after the shutdown on July 17, the restriction be-
came continuous and more severe. Furthermore, the situation was not
relieved by reversing the gas flow (backblowing). Pressure and flow
tests indicated that the plug was in the same area as in the main char-
coal beds, namely, at the place where the gas header connects to the
charcoal bed.

An attempt will be made to remove the restriction by local external
heating. At the same time, we are designing and building a replacement
bed, protected by an inlet filter, that can be installed and connected
with a minimum of reactor shutdown time.

Treated Cooling-Water System — R. B. ldindauer

Chemical Treatment. During power operation of the reactor, radio-
lytic decomposition of treated cooling water in the thermal shield pro-
duced hydrogen peroxide in a concentration of 300 to 500 ppm. This
caused oxidation of the lithium nitrite corrcsion inhibitor to lithium
nitrate., Additional nitrite was added periodically until equilibrium
was reached at approximately equal concentrations (~700 ppm) of nitrite
and nitrate. This occurred at about 3000 Mwhr, and no additional ni-
trite addition was regquired after that time. The presence of the ni-~
trate ion has no effect on the corrosion inhibition.

Radiolytic Gas Formation. Because of the inhibiting effect of the
corrosion irnhibitor on the recombination of radiolytic gases, approxi-
nately 2 ft3/hr of hydrogen was formed in the thermal shield during op-
eration at full power. At steady state, about & £t3 of radiolytic gas
accunulated in the thermal shield and thermal-shield slides. About one-
fourth of this accumulated gas was removed by partially deaerating, in
8 small vented tank, the cooling water supplied to the slides. A larger
degassing tank is being installed to deaerate the entire thermal shield
flow. This 1s expected to keep the radiclytic~gas concentrations below
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the limits of scolubility and thus prevent gas pockets from forming.

The gas that is stripped from the water will be diluted with nitrogen

to below the explosive limit and vented to the area stack. A continuous
hydrogen analyzer will be installed in the off-gas stream at the tank to
ensure adeguate dilution.

In~Cell Leaks, Before full-power operation, while the reactor cell
was open, reactor cell cocler No. 2 was observed to have a small water
leak. The cooler was removed, repaired, and replaced. Some time after
the cell was resealed, a steady accumulation in the cell of l~l/2 gpd
was observed. This water was condensed from the circulating air stream
in the cool suction line of the component-~cooling pumps. After reactor
shutdown in July, the various water-containing components in the cell
were lsolated and leak tested. All components were leak-Light except
reactor cell cooler No. 1. t wag removed, decontaminated, and repaired.
As in RCC-Z2 earlier, the leak was in a brazed joint between a tube and
a header.

Treated-Water Cooler. About one week before the reactor was shut
down, the total leakage Trom the trealted-water system suddenly increased
from ~4 gpd to 3 to 5 gph. Since there was no visible leak or increased
accummlation in the cells; it was suspected that the water was leaking
through the treated-water cooler to the cooling-tower-water system.
After the treated-water system was shut down, the cooler was openad for
inspection and leak checking. A large amount of gray solids was found
in the shell (tower water) side around the tubes and in low-velocity
areas. All tube-to-tube sheet joints were leak tested with air and were
leak free, but a bydraulic test of the bubes indicated that 17 of the
360 tubes had leaks abt the inside surface of the tube sheet. After thesge
tubes were plugged and the gasket on the floating head was replaced, the
heat exchanger was leak-tight.

Component-Cooling System — P. H. Harley

The two component~cooling pumps (CCP), cne of which is a standby
unit, supply cell gas to cool in-cell equipment, circulate gas past a
radiation monitor, and discharge gas to keep the cell at a negative
pregsure. CCP-1 operated for 1584 hr and CCP-2 operated 1759 hr during
this report period.

During the previous report period the multiple matched belts on
each CCP were replaced by a single poly-V-belt. Blower operation, al-
though improved, was not completely satisfactory because the output
was low at best, there were times when the operating pump failed com-
pletely to meet the demand, and the standby unit was sometimes slow in
building up pressure. Drive belt slippage caused the loss of a blower
on three occasiouns. On CCP-1 the belt bad to be retightened after 450
hr of operation and replaced after 870 hr because of damage due to slip-
ring.

The poor performance caused some inconvenience in reactor operation,
and the second loss of CCP~1 contributed to a reactor drain. At the
time of this failure, the containment enclosure of CCP-2 was isolated
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and undergoing & leak test. An attempt was made to get CCP-2 back in

operation, but the system began to drain before the blower could be
started.

At the shutdown in July the belt on CCP-1 had operated for 1084 hr
and the one on CCP-2 had operated for 2013 hr. Both belts showed some
wear and minor cracking, probably caused by overheating. DBoth had re-
laxed, so the tension was significantly less than the original adjust-
ment; .

Even when the belts were not slipping, the output of the blowers
was low. The output at the speed at which the blowers were operating
was supposed to be 590 scfm, but conservative flow calculations indi-
cated only 400 scfm. Various leaks might account for the difference.
A rupture disk is being installed at the discharge of the pressure-
relief valves, which are known to leak, The check valves will be in-
spected and repaired if necessary. (One of the check valves failed
completely in 1965.) Leakage through the valve which vents excess
gas to the reactor cell to control blower discharge pressure might
also account for part of the losses.

In August new, larger sheaves were installed on the drive motors
to raise the nominal output of each blower to 740 sefm. Part of the
increase in output will be discharged into the drain-tank cell to pro-
vide better mixing of air between that cell and the reactor cell.

The modifications should result in extended belt life. The larger
drive sheaves will lower the stress on the belts, and stopping the leak-
age through the pressure relief valves should lower the ambient temper-
ature in the enclosures. Another change being made specifically to
lower belt temperatures is the addition of a simple deflector to direct
cool incoming gas over the belts.

After the space cooler began to leak water into the reactor cell,
condensate accumulated in the 10-in, suction line to the CCP-1 dome at
a rate of 1 to 2 gpd. (The water was vaporizing in the reactor cell
and condensing in the suction line, the coolest surface exposed to the
cell atmosphere.) Simple drains were installed, but these could be used
only when the reactor was subcritical so that radiation in the coolant
drain cell permitted entry. Handling of the drained wabter was compli-
cated by the tritium (up to 915 uc/ml) produced from the 574 in the
treated-water corrosion inhibitor. During the shutdown in August, pip-
ing was installed to permit draining the domes during power operation
should leakage in the cell require 1t. Wabter condensed in the suction
lines now will drain to a tank in the sump room, from whence it can be
transferred to the liquid-waste tank.

Moisture in the component-cooling domes may have contributed to
an electrical failure in wiring to the CCP-1 motor which happened on
June 27. A short in a seal on the end of a copper-sheathed magnesia-
insulated cable destroyed the seal and caused a large breaker to open,
and the fuel drained before services could be restored. Breakdown of
the epoxy potting in the seal is another possible explanation for the
fallure., The CCP-1l wiring was replaced at that time, and during the
August shutdown CCP-2 was rewired to eliminate that epoxy-filled seal.
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Salt-Pump 0il Systems — J. L. Crowley and H, B. Piper

The performance of the salt-pump oil systems during the period was
acceptable although not trouble free. The heat transfer in the coolers
deteriorated because of cooling-water scale, which had to be removed,
and the tendency for oil to collect in the salt-pump motor housings
under certain conditions continued to be a nuisance. Leakage by the
seals in the salt pumps continued to be very low, although there was
some increase 1in leakage by the lower shaft seal in the fuel pump.

Coolers. The oil is cooled by cooling-tower water passing through
coils in the two oil reservoirs. During March the temperature of the
coolant-pump oil supply gradually increased from its normal 134°F to
140°F. After inspectbion showed there was scale in the coil on the
coolant-pump oil cooler, it was flushed with a 15 wi % solution of
acetlc acid. Considerable material was removed, and the oil tempera-
ture was reduced 7°F. The fuel-pump oil cooler was given the same
treatment, and the oil temperature was reduced 3°F. During subsequent
operation the temperature of the fuel-pump o0ll gradually rose, and in
Avgust the acetic acid treatment was again given both coolers.

Holdup in Motor Cavity. Holdup of oil in the salt-pump motor hous-
ings continued to occur under certain coanditions of flow and pressure.
In July, during a pressure test of the coolant system, the pressure on
the coolant-pump oil tank was increased from 7 to 20 psig. This caused
58 liters of oil to accumulate in the motor cavity, and it took five
days for all of it to drain back to the tank.

Shaft Seal lLeakage. 01l leaking past the lower shaft seal in a salt
pump drains through a catch basin in the pump to an external cateh tank
provided with a level indicator. Changes in the coolant-pump oil catch
tank indicated a steady accumulatlion of less than 2 cma/day throughout
the period. Until April the accumulation from the fuel pump was also
less than 2 cm3/day. It increased then to about 6 cm3/day and again
in mid-June to about 20 cm3/day. This indicates some deterioration of
the pump shaft seal, but the rate is still far below the 1000 cm®/day
considered tolerable.

Leakage past Static Seals. 01l can leak pasgt a static seal around
the shield plug and into the salt in the pump bowl. This leakage cannot
be measured directly but, in principle, is detectable by the decrease
in oil inventory. This technique is limited by the accuracy of the
tank level measurements and variations in the amount of oil held up in
the salt-pump motor housings, which cannot be measured. The latter ef-
fect is canceled when data are averaged over a long period of time.

The expscted accuracy of the level measurements is equivalent to 1.2
liters. Data for the four-month period from April through July are
shown in Table 1.5. (Inventories for the separate systems were not
obtalned in March because of transfers while the oil coolers were being
flushed.) The apparent losses are about one-fourth the probable error
in the level measurements.,

Oil Replacement. No deteriloration of the oll was observed during
operation, but after the reactor was shut down in July, both systems were
drained and refilled with fresh oil.




Table 1.5. 0il Systems Inventory Changes, April—July, 1966

Change (cm?)

Teem Fuel Coolant

System System
Samples removed 8834 8834
Increase in cateh tank (shaft seal) 1005 181
Total accounted for 2839 9015
Decrease in reservoir 9536 9450
Apparent loss —-303 335

Electrical System — T, L. Hudson and T. F. Mullinix

The MSRE plant includes an elaborate electrical subsystem to pro-
vide ac and dc power to the various components. Failures within or
associated with the electrical system accounted for six unscheduled
interruptions in the power operation of the reactor during this report
period. These interruptions varied in length from a few minutes to
several days. In all cases the necessary repairs or modifications
were made, and no damage to reactor equipment was Incurred.

AC Power Supply. Five of the six electrical failures that caused
reactor power interruptions were associated with the ac supply system:
three were caused by electrical storms, one by a wiring failure at a
component-cooling pump, and one by a simple overload of the main process-
power breaker.

On two occasions while the reactor was operating at power, momentary
electrical outages during storms caused control-rod scrams by range-switch-
ing the nuclear power safety channels because of dips in the fuel-pump-
motor current. In both these cases the nuclear power was quickly restored
to the value that existed just prior to the outage. Since the low range
of the safety channels is used only while filling the reactor (when the
fuel pump 1s off), rapid response of the range switching is not required.
Therefore, time-delay relays were incorporated in these circults to pre-
vent their activation on momentary power dips.

The third storm~induced failure occurred when lightning struck a
power substation and parted one wire of the main MSRE feeder. In this
case the electrical load was automatically transferred to an alternate
feeder, and all essential equipment was restarted in time to prevent
draining either the fuel or ccolant system. However, operation at high
nuclear power could not be resumed until service was restored on the
main feeder. The entire supply system has since been reviewed and im-
proved to make it less susceptible to damage by storms.

The short in the component-cooling pump cable seal is described in
Sect. 1.9, subsection entitled "Component Cooling System." When this
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snort occurred, there was a massive flow of current and the breaker
supplying the entire bus tripped hefore the individual breaker for the
motor.

During the initial full-power operation of the reactor the main
process-power hreaker (breaker R) was loaded to near its set~-point
value. When the load on the coolant-radiator main-blower mohors was
increased by inereasing the pitch on the blower fan blades (see Sect.
1.9, subsection entitled "Main Blowers'), the increased load on breaker
R caused it to trip on overcurrent. This condition was relieved by
transferring about 200 kv of auxiliary load from the main process trans-
former to an existing auxiliary power transformer. The load transfer
decreased the current through breaker R from about 1700 amp/@hase to
about 1550.

ATter the shutdown in July all switchgear breakers were removed,
tested, and calibrated.

DC-AC Inverter. To improve the reliability and increase the ca-
pacity of the reliable ac power supply, motor generator 4, a 25-kva
single~phase rotary inverter, was replaced with a new 62-kva three-
phase static inverter. The total load on the reliable power supply,
including the on-line computer, which has some three-phase load, is
40 kva. The sbatic inverter offers a number of advantages over the
old rotary inverter, including higher efficiency (increased 35%),
smaller size, no moving parts,; quiet operation, and excellent voltage
and frequency regulation. Prior to the installation of this eguipment,
both the capacity and the voltage regulation of “he reliable power supply
were inadeguate for the operation of the on-line computer.

Duriong the checkout and testing of the statlc inverter in April,
after the installation had been completed, trouble occasionally devel-
oped that blew the load fuses. Two btimes the manufacturer's field en-
gineer made exhaustive tests and could not find any btrouble, but all
sympboms indicated that the trouble was in the low-voltage logic power
supply, which supplies 24-v de control power. On April 22 the inverter
failed again while the reactor was operating at low power, causing a
control-rod scram. The inverter load was aubomatlcally transferred to
the normal ac power supply. After this failure a new power-supply mod-
ule was installed, and no further trouble has occurred.

The inverter output voltage regulation has been 208 * 1/2 v, and
the output fregquency better than 60 cps * 0.01%. On one occasion the
inverter was operated 2-1/4 hr from the 250-v battery system without
the dc generator operating. though the input to the inverter varied
20 v, the output varied only 0.5 v.

Diesel Generators. Three diesel-power generators, each with a ca-
pacity of 300 kw, supply emergency ac power to mobors and heaters in the
MSRE. During this report period there were three occasions on which
this emergency power was necded. The diesel generators were started and
operated without difficulty except in June, when the component-coolant -
pump breaker was closed after the fault in the junction box. This caused
an overload on DG-3, and it was manually shut dowa.
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In February a crack was found in the block of DG-3 at one of the
bolt holes. All attempts at repairs were less than completely success-
ful, but the unit was operable. Diesel generator 3 is being replaced
with a surplus diesel generator from another installation. The replace-
ment unit is similar to the original except that it is started by com-
pressed air instead of by a storage battery.

Control Rods and Drives — M. Richardson and R. H. Guymon

The control rods continued to operate reliably although there were
failures in position instrumentation.

During this report period there were 16 rod scrams while the reactor
was criltical. Six were caused by power failures, six resulted from in-
strument malfunctions, two resulted from operator mistakes, and two were
deliberate experiments. In addition, the rods were scrammed 18 times
in circult tests and 42 times to measure drop times. In no case did
any rod ever fall to scram, nor was any drop time in excess of the
specified maximum.

Drop times for rods 1 and 2 were consistently below 800 msec. The
drop time on rod 3 increased from 900 to 960 msec, still well below the
1.3~sec limit set by safety considerations.

Measurement of the fiducial zeros showed no appreciable change in
rod length nor any shift in position indication. The coarse position
synchro on rod drive 3 failed on July 2 because of an internal short,
and it was necessary thereafter to count turns of the fine synchro in
positioning this shim rod. The potentiometer on rod drive 1, supplying
a position signal to a Till-permit interlock, became inoperative because
of worn windings.

The defective potenticmeter and synchro were replaced in August.

Samplers — R. B, Gallaher and R. H. Guymon

The sampler-enricher was used to obtain 35 fuel salt samples, 10 of
which were 50-g samples for oxide analysis. Most of these were haken
without incident. A brief account of difficulties follows; details are
covered in Chap. 2.

On April 29 a lateh with reduced diameter was installed to eliminate
binding which was encountered at the lower bend in the sample line. While
it was beilng tested, wires to the drive motor shorted out inside the sam-~
pler. The fuel was drained from the reactor, the sampler was removed
and repaired, and operation was resumed in ten days.

After the laitch replacement the operation of the sampler went with-
out a hitch except for one time (July 6), when the capsule stuck for
some unexplained reason and no sample was obtailned.

Once it was necessary to retrieve an empby capsule which had been
dropped accidentally to the operational valve. A magnet on a cable was
used to retrieve the magnetic latch key with capsule attached.
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The interior of the transfer box (area 3A) gradually became contami-
ted, and on two occasions minor contamination of the cutside resulted
the transport conbainer was belng removed through the top. More sirin-

. . ' . _ - 1 . .
ent procedures, including the establishment of a "contamination' zone
g P p) =
at the sampler, were adopted to prevent recurrence.
2

On July 24 accidental overfilling of the pump with flush salt forced
salt into the sampler tube. The tube was found to be cbstrucled about
2 1 above the pump bowl, preventing sampling. Ixternal heaters applied
remotely were used to melb out the salt.

The coolant sampler was used without difficulty to obtain 18 cooclant-
salt samples. .

Containment - H. B. Piper -
Several aspects of contaloment are of interest in the overall op-

eration of the MSRE., TIn addition to the primary consideration, that

of maintaining a low-leakage envelope to prevent the release of exces-

sive activity in the unlikely event of a reactor accident, it is also -

necessary to prevent activity releases and contamination during main-

tenance periods, when the normal secondary conbtainment and even the

fuel loop itself may be open. The latter consideration is particu-

larly important with a fluid-fuel reactor, where fission product ac~

tivity is distributed throughout the fuel loop. The high chemical

toxicity of MSRE salts (due to their high beryllium and Tluoride con-

tent) also requires careful measures to prevent the release of large

quantities of even nonradiocactive salis.

During reactor operation the secondary contaimment, or primary
accident contairmment, system consists of the reactor and drain-tank
cells, which are sealed and kept at ~2 psig. The reactor bullding
serves as a third barrier, since it is kept at slightly subatmospheric
pressure and the exhaust air goes througn roughing and absolute fil- -
ters before belng released from the conbainment stack. When the main
containment barrier and the reactor must be opened for in-cell main- -
tenance, primary activity contaimment is provided by diverting the
building ventilation air into the cell opening and out to the stack by
way of the absolute filters. The reactor building then becomes the
second contalnment barvier.

Secondary Contaimment System. The initial testing of the secondary
containment system has been covered in detail.*?® The leakage rate from
the secondary containment has been monitored throughout the reporting

eriod. The leakage rate of the contalinment is determined by measuring
either the change in inventory (cell atmosphere) or the change in pres-
sure as a function of time and then correcting this value for the known
and measured flows both into and ocut of the system.

A higher than acceptable leakage rate was measured when the con-
talnment system was rebtuwrned to service in March after & period of in-
cell maintenance. A check valve in the air-steam line leading to the
reactor-cell sump jet was found to be leaking. There is a simllar check
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valve in the drain-tank-cell sump jet line, and it was suspected of leak-
ing also, so both lines were parted and capped to assure leak-tightness.
After this the containment was found to be acceptable, with a measured
in-leakage rate of 19 ftB/day at -2 psig. The highest acceptable leak-
age rate at this pressure would be ~75 £t3/day. Starting in late April
and continuing through May, it appeared that a large leak had developed
in the containment envelope, and a great deal of effort was made to find
and stop this leak. It was finally necessary, however, to pressurize

the cell to 20 psig and do extensive leak hunting.

At -2 psig it looked as if in-leakage had increased by about 100
ft3/day, and after pressurlizing to 20 psig the data still indicated a
leak into the cell. The leak was found to be in one or more of the
eight pressurized thermocouple headers. HEach header is constructed as
a box, with cne wall of the box Tacing the containment cells and the
other facing atmosphere. Thermocouple leads coming from the contain-
ment penetrate first the inner wall and then the outer wall of the box,
with the space between being pressurized with nibrogen to a pressure
greater than that of the contaimment. Three of these headers were
found to be definitely leaking. Assurance was cobbained that the headers
were not leaking to atmosphere by soap-bubble checking all penetrations
in 211 headers while they were pressurized. No leaks were found. A
calibrated rotameter was placed in the nitrogen line which is used to
prassurize the headers so that the leakage from the headers 4o the con-
tainment can be continuously monitored and corrected for in the leakage-
rate calculation. After this work was completed, the leakage into the
containment was again measured at -2 psig and found to be ~25 ft2/day,
an acceptable value.

The leakage rate has been monitored daily since that time, and,
until the reactor containment was opened for maintenance, the comtain-
ment remained acceptable. Although some leaks did occur during the re-
port period, none was large, and all were found and remedied.

Containment for In-Cell Maintenance. Under normal conditions,
whether the reactor is operating or not, the reactor building (high bay)
is kept at suvbatmospheric pressure, ~—0.2 in. Hp0. Air from the reactor
building is discharged from the 100-£4 containment stack after particu~
lates have been removed by an "sbsolute" filter. When in-cell main-
tenance is carried on (the reactor cell is open), a large cell exhaust
line to the filters is opened to assure that air flows down into the
containment cell with a velocity at least 100 fps through the openings,
thus preventing any uncontrolled release of airborne activity.

During the report period no detectable particulate activity was re~
leased. There was a total of 97.3 mc of gaseous activity (iodine) re-
leased, with 74 me being releasged during the two weeks that the graphite
samples and flexibile Jjumper in the off-gas line were being removed. The
total amount released in six months is 0,016 of the total permissible re-
lease from the five stacks in the ORNL area.

Filters and Stack Fans. In October 1965 the filter pit was over-
hauled, and new roughing and absolute filters were installed. Effi-
ciencies measured by the standard ORNL dioctyl phthalate (DOP) test
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were 99.994 to 99.,999% for the three banks (99.95% is the minimum ac-
ceptable). The filters were again DOP-tested in March 1966, and mea-
sured efficiencies were 99.995 to 99.999%. Evidently neither the ab-
solute filters nor the new gilicone caulking had deteriorabed. From
the time of installation through August, the pressure drop across the
absolute filters remained unchanged, while drop across the roughing
filters graduvally increased to 5.5 in. Hp0, causing a decrease in stack
flow of 15%. The flow remained above the value assumed in safety anal-
yses for stack dispersion, but the roughing filters will be replaced
after in-cell maintenance is completed.

The hearings were replaced in the west stack Tan in March. Indi-
cations were that insufficient lubrication had contributed to the failure,
so the lubrication system was changed from grease to light oll. The same
lubrication revision is planned Tor the east fan. The fans are driven -
through V-belts by an external motor, which, as originally installed,
had adjustable sheaves. These sheaves apparently cause greater than -
normal belt wear, and even though no belt fallure has occurred, re-
placement with a properly sized solld sheave seemed advisable. This
was done on the west stack fan in July and is also planned for the -
east unit.

Beryllium. Air is continuously sampled at 15 locations through-
out the MSRE area for beryllium contamination. Thig is done by draw-
ing ailr through paper filters upon which the beryllium would be collected
and then determining the amount of contaminant that is deposited. ‘These
samples are collected and analyred every working day. The lower limit
of detection is 0.05 ug per sample, and each daily (24 nr) semple rep-
resents the amount of beryllium in 14 m? of air. This represents a
lower limit of detectable concentration of 0.004 ng/m3. The maximum
permissible concentration of beryllium for continuous occupancy of an
area for an 8~hr work day is 2 ug/m3. There has heen no detectable re-
lease of beryllium during this report period.

Air drawn from the coolant-radiator stack is monitored continuously
vhile the reactor is in operation, A beryllium detector which samples
and analyzes on line is used for this purpose, The limits of detectH-~
ability are the same as those described above. Again, there has been
no detectable release during this report period.

Snielding and Radiation — H. B. Piper

Complete radiation surveys were made of the reactor area as the
power was raised from 1 Mw to full power, and with the exception of
the areas discussed in the following paragraphs, the shielding was
found to be adequate.

When the reactor power was first raised to 1 Mw in April, the ra-
diation level in the North Electric Service Area (NESA) was found to
be high: 20 mr/hr on the balcony and 8000 mr/hr at the west wall. In-
vestigation showed that there was radioactive gas in the lines through
which gas is added %o the drain tanks. Two check valves in each line
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prevented the gas from getting beyond the secondary conbailmment enclo-
sure, but the enclosure, of l/2—in. steel, provided little gamms shield-
ing. The pressure in the fuel system at that time was controlled by

the newly installed pressure control valve with rather coarse trim, and
the pressure fluctuated around the control point (normally 5 peig) by
+~29%. These pressure fluctuations caused fission product gases to diffuse
more rapidly into the drain tanks and back through the 1/4-in. lines
through the shield into the NESA., The radiation level was lessened by
installing a temporary means of supplying an intermittent purge to the
gas-addition lines to sweep the fission product gases back into the

drain tanks. At ~7.5 Mv on May 24, the radiation levels were 5 mr/or

on the balcony and 2000 mr/hr at the west wall. During the June shutdown,
a permanent purge system wag installed to supply a continuous helium purge
of 70 cc/min to each of the three gas-addition lines. This was proved suc-
cessful by subsequent full-power operation in which the general background
in the NESA wag <1 mr/hr.

There are now three areas in which the dose rates at full power
are too high for continuous occupancy. Limiting access to these areas
is not considered a hindrance to the orderly operation of the reactor
and so no further remedial action is planned.

Reactor Cell Top. Two very narrow beams, presumably coming from
cracks between shield blocks, reading 10 wr/hr gamma end 60 millirems/
hr fast neutrons, were found on top of the reactor cell blocks; these
areas were properly marked.

Coolant Drain Tank Cell Access Ramp. Even though shielding was
added inside the coolant drain cell door, the dose rates outside the
door (700 mr/nr gamma, 125 millirems/hr fast neutrous, >75 millirems/
hr thermal neutrons) and halfway up the access ramp (35 mr /hr gamma. ,
2 millirems/hr fast neutrons, 25 millirems/hr thermal neutrons) are
high during power operation. This area is clearly marked with radia-
tion zone signs at the entrance and halfway down the ramp.

Vent House. Stacked concrete vlock shielding has been added peri-
odically to keep dose rates low in this area. Even so0, the background
radiation level is ~7.0 mr/hr at full power, and the area is a condi-
tlonal~access radiation zone.

1.10 Instrumentation and Controls

Je. R, Tallackson R. L., Moore

The MSRE instrumentation and controls system continued to perform
well. There was the normally expected reduction in both malfunctions
and misoperation of instruments as instrument and operating personnel
gained experience and developed roubtines. While there were many design
changes, most of these were improvements and additions to the system
rather than corrective measures to the instruments and controls. A dis-
appoilntingly large number of faulty commercial relays and electrcnic
switches were disclosed. These faults were in the areas of both relay
design and fabrication, and corrective steps have been taken.
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Operating Fxperience — Process and Nuclear Instruments — C. E. Mathews,
B. N. Fray, R. W. Tucker, and G. H. Burger

Control-System Relays. ALl 115 of the 48-v dec~operated relays in
both the safety- and control-grade circults will be replaced because
of heat damage to thelr Bakelite frames. This problem was discussed
with the manufacturer, who stated that overheating is a common problem
with all relays of this particular model if they are continuously ener-
gized for long periods (MERE relays have operated for two years). It
is a borderline condition, which he says has been corrected by changing
the design to reduce by 20% the total power dissipated in the operating
coil and the series-connected dropping resistor. An order was placed
for 139 relays of the latest design-

Four new spare solenoid coil assemblies were purchased for the spe-
cial weld-sealed electric solenoid valves. Approximately 40 valves have
been in service on the fuel- and coolant-salt circulating pump level
measuring systems and the fuel sampler-enricher for two years. The first
and only coil failure occurred recently.

Pressure Transducers. A differential pressure cell used Lo obtain
pressure drop in bthe heliwum flow through the charcoal bed shifted its
range sebbing. The cell has been removed, but the cause of this range
shift has not yet been determined.

Thermocouples. Thermocouple performance has continued Lo be excel-
lent. Only one thermocouple fallure occurred during this period. This
brings the total number of failures since the start of MSRE operation to
5 out of over 1000 couples in use.

Electronic Switches. The Electra Systems switchest* used for alarm
and control of temperatures in the freeze-valve system performed without
malfunction during this pericd. This improvement in performance is at-
tributed to modifications reported previously5l5 Lo the establishment
and enforcement of more rigorous test and perilodic checking procedures;
to the stabilization, by aging, of critical resistors in the switch mod~
ules; and to a better understanding, by operating personnel, of their
use in the system. A check showed that out of 109 switch set points,
83% had shifted less than 20°F over the six-month period. No switches
with double set points were found, and it is likely that this malfunction
will not reappear.

Sporadic malfunctions in control loops containing a particular model
current-actuated commercial electronic switch have been a source of an-
noyance, This faulty behavior was, apparently, associated most Tfrequently
with ambient temperature changes brought on by air-conditioning fallures
and with excessive vibration. Thorough inspectlion, made possible by a
system shutdown, revealed that out of 6L switches in service, 38 had one
or more faulty internal connections. These faulty connections, origi-
nated during manufacture, were Imperfectly soldered Joints or joints
which had never been scldered.

Nuclear Instrumentation. Water leakage via the cable into the
counter~-preamplifier assembly caused several failures in the wide-range
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counting channels. The cause has been diagnosed as excessive strain and
flexing of the cable, and a redesigned cable assembly will be installed.

Personnel Monitoring System. The reactor building radiation and
contamination warning system was again revised to correct some defi-
ciencies and improve 1ts effectiveness. Four additional beacon lights
were installed. These were located in the coolant cell, blower house,
diesel house, and motor-generator room. The power circults for the
lights were revised to improve reliability. The test procedures for the
system were revised to include monthly tests that actuate the entire
system, including the air horns, and to actuate and test the systen
trouble alarm features.

Data System — G. H. Burger and C. D. Martin

Several new analog input signals were added to the data systen,
bringing the total close to the mwaximum capacity of 350. These were
added to obtain more information about the operation of the off-gas
sysbem, to measure the reactor cell leak rate, and to monitor the
bearing temperatures of the main blowers and the water temperature in
the nuclear instrument penetration.

New programs were added to supply more reactor operating informa-
tion and to retrieve operating information previously stored on the
magnetic tapes. The two operating informatlon programs calculate an
average of the fuel- and coolant-salt ocutlet temperatures and the re-
actor cell leak rate. The average outlet temperature calculations
(OAFOT, OACOT) are used extensively by the operators as a guide for
the operation and control of the reactor. The data-retrieval programs
were written to retrieve and process the stored information on line or
at the ORNL computer center. Both programs were used many times to
list and plot old data and were very useful in helping to determine
the time, cause, and effect of several reactor shutdowns. These data
also provided information which was used to redesign the off-gas sys-
tem and resulted in changing some of the reactor operating procedures.
The retrieval oprogram for the computer center was written so that all
stored. information including calculation results could be processed
and listed or plotted. The use of this program is becoming a routine
operation, and data-retrieval reguests are handled by a job order card.
The on-line retrieval programs are more specialized and handle only
certain inputs or caleulation results. These programs have Lo be pub
into the system as they are needed and require some operator time when
they are executed. The analysis group 1s now being trained to handle
rebrieval with these programs. A new general-purpose on-line program
similar to the computer center program is planned.

Revision of operating programs continued as new requirements were
determined during reactor operation. The heat-balance program was re-
vigsed and is now used to determine the true level of reactor power.
The reactivity-balance program was revised but is still not entirely
correct due to uncertainties in some of the parameters used in the
calculations,
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In addition to the routine and periodic collection of operating
data, the data system was used to instrument and control further re-
ctor dynamics ltests similar to those last reportedlle I was also
used Lo control the fLemperature of a material surveillance test stand
by a program which simulated three three-mode analog controllers. The
control programcomputes the surveillance specimen temperature control
set point from the reactor power, fuel outlet temperature, and an off-
set temperature ©o match the temperature profile of the waterial speci-
mens in the reactor core. An error signal is generated by using this

et point and the temperature of the test-gtand specimens. An output
signal is then generated by the computer to control the test-gtand
specimen temperatures by changing the voltage to the heaters by means
of compressed-air-actuated autotransformers.

o

During the period covered by this report, the data system has be-
come a virtually indispensable tool for the coperators and analysts.
The acceptance and confidence in this equipment. which is now shared by
the operators and analysts are the result of the gystem's ability to
supply reliable and accurate information Lo assist the operators in
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controlling the reactor and to assist the analysts in evaluating the
operation. During this periocd the system continued to show a steady
improvement in overall reliability. Figure 1.16 shows the availability
of the system on a weekly basis. Some of the downtimes in March and
April were caused by ac power difficulties as a result of installing
and getting the static inverter power supply operating. Since April,
after the inverter shakedown was completed, the system has had only
one unscheduled downtime. For the 11 months the system has been in
operation, the availability is in excess of 97%, and for the past 6
months is about 98%. The system downtimes to data total 19 for 220
hr 40 min.

The data system has met all the objectives for which 1t was orig-
inally intended, and the operation is approaching routine status. Most
of the programming is complete with the exception of data-retrieval pro-
grams and the reactivity-balance program. It is expected that future
programing and other system changes will be minimum and will only re-
sult from reguirements generated by continued operation of the reactor.

Control-System Design — A. H. Anderson, D. G. Davis, and P. G. Herndon

Control Instrumentation Additions and Modifications. Further addi-
tions to and modifications of the instrumentation and controls systems
were made to provide additional protection, improve performance, or pro-
vide more information for the operators. One hundred twenty-five re-~
quests for changes in the instrumentatlion and controls system (or in -
systems affecting instrumentation and controls) were received and re-
viewed during the past report pericd. Of these, 52 requests resulted
in changes in instrumentation and/or controls, 19 were canceled, 8 did
not require changes in instrumentation or conbrols, and 25 are active
requests for which design revisions are elther in progress or pending.
Prior to the initiation of design changes, the requests were reviewed
by persons responsible for operating the reactor and for the original
design. Changes 1n the reactor system were not made until the neces-
sary approvals had been obtained., Some examples of these changes fol-
low.

fuel and Coolant Pumps. The six relays that monitor the fuel-pump
motor current were replaced to prevent unmnecessary shutdowns. Relay
chatber was causing spurious operations of the reactor flux scram set-
point circuits. Modifications to the existing relays and their current
settings did not correct this condition; therefore, new relays were in-
stalled, Some spurious operations occurred during thunderstorms. It
ig believed that lightning~induced transients on the power distribution
system caused the very fast-acting current relays to drop oubt and scram
the reactor. To prevent this, the existing relays in the reactor flux
scram set-point circuits were replaced with time-delay relays.

After the fallure of a lube oll flow switch interlock had shut down
the coolant-salt circulating pump during a load scram, it was proposed
that all protection interlocks be removed from both the coolant- and
fuel-salt circulating pump control circuits. This would prevent un-
necessary punp stoppages and provide additional protection against freez-
ing of salt in the radiator. After careful consideration it was decided
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that these interlocks should remsin in the circults, because the protec-
tion they provide for the pumps outweighs their disadvaniages. However,
new operating criteria stipulate that prevention of possible freezing
of salt in the radiator is more important than protecting the punp from
possible damage resulting Trom loss of lube oil or cooling-water flow.
To satisfy these nevw requirements, we presently plan to install a manual
switel which (after proper administrative approval) mey be operated to
override the pump protective interlocks. Since pump shutdown may result
from other causes, such as action of overcurrent trip in the circuit
breakers, loss of TVA power, etc., additional changes in the power dis-
tribution and switchgear systems will be required 1if maximum obtainable
pumping reliability is required. NManual switch circuits that will over-
ride all protective interlocks in this pump control circuilt are now belng
esigned.

A weld-gsealed electric pressure transmitter was installed on the
fuel-pump helium supply line 516 at a point hydraulically near the fuel
punp. This measurement will be compared to the pump~-bowl cover-gas
pressure to determine the pressure drop across the lube-0il static seal
between the fuel-pump shield and the 1lmpeller shaft housing. This in-
formation should help Lo determine if there are periods of conditions
that should favor leakage of an abnormal amount of oil into the pump
bowl.

Master Control Circuits. A new jumper and associlated circuitry
were installed to provide a bypass around the freeze valve 111 Trozen
pernissive contact in the drain-tank helium supply valve control cir-
cuit. The Jumper will make it more convenilent to operate through the
salt-transfer freeze valves. 1t was previously necessary to freeze
and thaw freeze valve 111 three times when hlowing out the transfer
lines after a fuel-salt transfer.

To prevent radiocactive gas backup into the drain-tank helium supply
lines, a continuous helium purging system, compatible with safety re-
quirements, was designed and installed. Iach supply line is purged .
through a capillary flow restrictor which is sized to limit the purge
flow rate to 0,07 liter/min. The capillaries are supplied from line -
519 at a point downstream of the containment block valves.

It was proposed that spurious operatlons of interlocks in the RUN
mode, OPERATE mode, main blower No. 1, and main blower No. 3 control
circuits that were causing unnecessary shutdowns be prevented by re-
placing the existing relays in these circuits with time-delay relays.
This proposal was canceled after invesgtigations indicated that the real
cause of the trouble was erratic operation of the new 60-kva system
power supply. The performance of the power supply has been improved
considerably, and these circuits are now operating normally.

Load Control. To satisfy established operating criteria, addi-
tional control-grade circuits were designed to provide aubomatic load
setback action when the reactor i1s in the manual load control mode.
The installation of these circuits is beling delayed pending a complete
review of the automatic load control system.
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Additional safety-grade circuits were installed to provide auto-
matic load scram whenever the reactor control rods are scrammed. The
purpose of this revision is to help prevent salt from freezing in the
radiator.

The design of a system to measure the vibration of the radiator
cooling-air blowers and motors is now in progress. Surplus vibration
instruments suitable for this application are on hand.

Thermocouples. The thermocouple system did not change appreciably,
although a few thermocouples were added. Twelve with in-cell type re-
mote disconnects were installed on the fuel system off-gas filter and
particle trap. These are read on a multipoint recorder located in the
vent house. Thermocouples were also added to the new f£filters in off-
gas line 524, to the gas holdup volume tank in line 522, and to the
bearings on the main blowers.

Weigh System. The problem of leaking pneumatic selector valves in
the drain-tank weigh system readout was studied. Manometer readout is
accomplished by selecting particular weigh cell channels with the se-
lector valves. The valves are composed of a stacked array of individual
valves operated by cams on the operating handle shaft. Leaks from these
switches cause a slight error in the manometer reading. Efforts to stop
the leaks permanently have not been successful. Leak tests on a quick
discomnect device indicate that it would be a satisfactory replacement
for each valve in the switch assembly. The valves were noh replaced
because the problem is not severe enough at this time to justify the
expense,

Auxiliary Systems. A pressure-reducing valve, a flowmeter, and a
containment block valve were installed in the reactor cell thermocouple
nitrogen-pressurizing supply header. The normal operating pressure was
reduced from 50 to 5 psilg because of the excessive leak rate into the
reactor cell,

The component-coolant-pump control circuits were cross-interlocked
to prevent both pumps from beling energized at the same time. This was
accomplished previocusly with contacts mounted directly on the circuit
breaker starter, but this arrangement would not allow one pump to op-
erate normally when the breaker for the other pump is racked out for
maintenance.

A new design of instruments and controls is under way for a 350-
gal-capacity degassing and surge tank which was added to the treated-
water system to remove gases generated in the reactor thermal shield.
A tank level measurement and possibly some flow control are reguired.
An air purge system, which includes a pressure regulator, flow indi-
cator, and two solenold~operated containment block valves, 1s also re-
quired.

Other minor revisions and additions were as followg:

1. The beryllium monitor was relocated from the vént house to the high-
bay area.

2. The range of helium flow measuring loop FE-524-B was increased,
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The range of the differential pressure transmitter was increased from
0-3 psig to C-10 psig. Also, the indicator in this neasuring loop
was replaced with a strip-chart recorder.

A flowmeter was installed in treated-water line 877.

A nevw instrument power distribution panel was installed to brovide
additional circuits required by other modifications and for future
expansion.

Manual switches were added in the main radiator blower damper con~
trol circult so that the dampers can be closed when the blowers are
not running.

Radiator duct blower air flow switches were added to the annunciator
clrcuits.

A time delay was provided in the high-bay area containment pressure
annunciator,
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2. COMPONENT DEVELOPMENT

Dunlap Scott

The development group continued to assist in the operation and test-
ing of the reactor. Much of their effort consisted of helping in diag-
nosing problems and in devising and installing equipment used to solve
she problems. The operational performance of the equipment is covered in
Chap. 1, but the descripticn of problems and their solutions is given
below.

2.1 Freeze Valves

M. Richardson

Operation of the freeze valve since the addition of the modulating
air controllers has been without incident. Operation of ¥FV-103 was im-
proved by deleting the hysteresis feature of the FV-103-1A module, which
caused thermal cycling of the valve bpefore the valve temperature reached
equilibrium. The module FV-103-1A now operates as an off-on switch which
alarms at 1000°F.

2.2 Control Rods

M. Richardson

The three control rods have operated without difficulty. Fiducial
zero positions are listed below. Changes are caused by changes in rod
length.

Rod 1 Rod 2 Rod 3 Date

1.74 1.55 1.40 2/12/66 (startup)
1.73 1.41 1.49 4)24/66

1.78 1.57 1.52 7/14/66

Rod-drop times for 51-in. fall for rods 1 and 2 remain at < 0.8 sec.
Drop time for replacement rod 3 remains between 0.9 and 0.95 sec since
installation.
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2.3 Control-Rod Drive Units

M. Richardson J. R. Tallackson

The control-rod drive units were operated from installation in
Pebruary until shutdown in August with the following difficulties.

1. The coarse-position synchro torque transmitter of the No. 3
drive failed. The transmitter was deenergized, and the drive unit con-
tinued operation using the fine-position synchro transmitter and the po-
tentiometer to indicate position.

2. The "Fill Permit" position potentiometer of the No. 1 drive
began to transmit erratic readings. The potentiometer was Jjumpered out
of the circuit, and the drive continued to operate satisfactorily.

3. The high-temperature (200°F) switches which are mounted 6 in.
from the bottom of the drive-unit housings went into alarm on No. 1 drive
and remained in alarm under normal operating conditions. The switches
cleared when the reactor was drained and the cell temperature was lowered.

The potentiometer and synchro were replaced during the current shut-
down. Examination showed that the potentiometer had developed a region
of cpen wiper contact. The synchro, mildly radioactive, has not yet been
disassembled to determine the exact cause of failure. Resistance measure-
ments indicate a coll-to-coil short circuit in the stator windings, and
the partially melted plastic end cap is positive evidence of excessive
temperature.

The thermostatic temperature switches! in the lower end of the drive
housing are intended to indicate the approach of high-temperature con-
ditions which would damage the motor and gear box assembly at the upper
end of the housing. The switches are lnaccessible, and i1t was not possible
to determine absolutely if the high-temperature indication from the No. 1
drive was correct or if one or both of the switches had misoperated. Since
neither of the other drive units showed a similar indication, there was
room for doubt. Measurements were taken of the winding resistances of the
drive motor, the fan motor, and the tachometer generator and compared to
those of similar units at room temperature and in the other two rod drive
units. These indicated that temperatures of the sensitive parts of the
questionable unit were normal. Operation was continued with the switches
bypassed but with periodic checks of these winding resistances.

Inspection of the No. 1 and No. 3 rod drive units in August revealed
that the switches on the No. 1 unit were operating correctly, and they
showed