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SUMMARY

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

1. MSRE Operations

Preparations for power operation were completed, and the M3RE was
operated at nuclear powers up to 1 Mw before the system was shut down to
replace a space-cooler motor and to relleve plugging problems in the off-
gas systenm.

The power preparabions included some system modifications shown to
ve required by operating experience and by continuing development and
analysis work. Remote maintenance techniques were tried and evaluated,
some special tests were performed, the operators were trained and guali-
fied for power operation, and the secondary containment was sealed and
shown to have an acceptably low leak rate.

The nuclear performance of the system at all powers up to 1 Mw was
highly satisfactory. Reproducible reactivity behavior and a lack of
gignificant cross contamination between the fuel and flush salts were
demonstrated., Dynamics tests at power showed that the reactor has a
slightly wider margin of stability than had been predicted from calcu~
lations. Preliminary results indicate that xenon poiscning may be lower
than was anticipated. :

The performance of most of the egquipment was satisfactory, but
substantial operational difficulty was caused by plugging of very small
openings in off-gas system components by organic material. This problem
was extensively investigated after the shutdown from 1 Mw. Other, less
gerious problems ineluded the freak failure of an electric motor inside
the secondary conbainment, activation of the corrosion inhibitor in the
treated cooling water, ailr entrainment in the cooling water, and ex-
cegsive radiation levels in a few remote areas. Solutions have been
developed for all the problems except the off-gas plugging, which is
st1ll under study.

Formal design of the instrumentation and controls systems for the
MSRE was completed. Additions and modifications are now being made as
needed to provide additional protection, improve performance, or provide
more information for the operators.

The addition of a low-level BF3 counting chamnel with control func-
tions, the addition of cadmium shielding in the neutron instrument pene-
tration, and changing reactor period interlock trip points were required
to obtain satisfactory performance of the nuclear Instrumentation system.
The remaining changes were mostly of secondary importance. Some sporadic
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difficulties were experienced with individual hardware items such as air
and helium valves and electronic switches. Most of the work done on the
instrument system can be characterized as debugging the original instal-
lation.

The data-logger—computer was put into operation in conjunction with
the reactor. Although the performance has not been up to expectations,
it is proving useful to the operation of the reactor experiment. A power
level simulator was assembled, and it operated satisfactorily for the
training of operators.

2. Component Development

The "fast thaw" requirement was eliminated in all freeze valves ex~
cept for those which control the emergency drain of the reactor and of
the coolant system. The operation of all the valves which might contain
sufficient radiocactivity in the salt to produce radiolytic fluorine at
low temperature are now operated above 400°F, which is sbove the threshold
for fluorine release.

The braided wire sheath cover for the convoluted hose of control rod
No. 3 was found to be severely torn about 2 ft below its upper end. The
cause was traced to a Jammed roller in the upper bend of the control rod
thimble. The roller was replaced, and the upper rod sheath was repaired.
There has been no further Aifficulty after several months of operation.

Control rod drive unit No. 3 was replaced because of a shift in the
remote position indication and because of a tendency for the lower limit
switch to stick. The shift of the indicated position was eliminated by
removing the excess slack in the chain, which had allowed the chain to
slip over the sprocket. The sticking lower limit switch is being cured
by replacing the return spring with a stronger one.

Modifications were made to the radiator door guide tracks and lock
mechanisms to allow for thermal distortion, found after the initial oper-
ation of the radiator doors at temperature. Alterations were made to the
limit switch system to prevent a damaging overtravel of the door in the
upper end of the travel.

A "loss-of-tension"” device was designed which will stop the radiator
door drive unit should the door support cables show any slack as the door
is being lowered. This arrangement is intended to prevent damage to the
support cable if the radiator door Jams, as well as Lo indicate a mal-
function.

Failure of the insulation on the electrical leads to the radiator
heaters was traced to excessive heat leakage into the area immediately
above the radiator. Changes were made to reduce the temperature in this
area, and electrical insulation with a higher temperature rating was in-
stalled.
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Several changes were made to the sampler-enricher to improve the
operation and safety of this system. Among these were the changes made
to the interlock circuit, which require that additional barriers be
present during certain critical operations, thereby assuring double con-
tainment at all times.

Forty samples were taken during runs 4 and 5, nine of which were
large 50-g samples for oxygen analysis. These larger samples caused
some difficulty until the capsule design was altered slightly to make it
hang straighter.

One of the operational valves developed a 20-cc/min helium leak
across one of the two sealing surfaces of the gate. Since this is one
of two valves in the line and the leak is clean buffer gas, the valve
was not replaced.

During the same period ten samples were removed from the coolant
gystem, two of which were the larger 50-g samples. The first sample
taken after an extended shutdown had a black film on it, which was ldenti-
fied as decomposed oil. Although there was o0ll in the general area the
exact source was not established. No films were found on subsequent
samples.

The design and installation of the fuel processing system sampler
is proceeding.

A system is being designed to permit analysis of the reactor off-gas
stream. It will contain:

1. a thermal conductivity cell for on~line indication of the gross con-
taminant level,

2. a chromatograph for quantitative determination of contaminant,

3. a refrigerated molecular sieve trap for isolation of a concentrated
sample for transfer to a hot laboratory for isotople analysis.

Estimates of the '3%Xe polison fraction for the MSRE were computed
as a function of several parameters. At 10 Mw the resulls indicate that
the poison fraction is 1.6%. It was found that the mass transfer coef-
ficient from the salt to the graphite is controliing the transfer and
that the properties of the graphite are not important.

The remote maintenance group galined more experience with the reactor
components during the period priocr to power operation. Among these were
removing and replacing the pump rotary element and replacing the graphite
sampler agsembly. After a short period of power operation several oper-
ations were performed, using remote maintenance technigues, on & mildly
radicactive systen.



The MSRE pump test facility was modified, and the prototype pump
was operated for periods of 165 and 166 hr at 1200°F Lo provide shake-
down of the spare fuel pump impeller and the spare coolant pump drive
motor. The spare rotary element for the fuel pump was modified to pro-
vide positive sealing against olil leakage from the shaft lower seal
cateh basin into the system past the outside of the shield plug. The
drive motor containment vessel was redesigned, and the new design will be
used for the fifth drive motor vessel. Modified ejectors were installed
on the lubrication systems for the MSRE salt pumps, and the lubrication
pump endurance test was continued. The MK-2 fuel pump tank design was
completed and is being reviewed.

The PK-P molten-salt pump continues on endurance operation and has
operated for 22,622 hr. The pump containing the molten-salt bearing was
placed in operaticn, but the bearing seized after 1 hr of operation.

Efforts to improve the stability of the ultrasonic level probe in-
stalled in the MSRE fuel storage tank were continued without success.

Testing of a NaK~filled differential pressure transmitter which
Tailed in service at the MSRE was continued. Performance of the instru-
ment was improved by refilling with silicone o0il but is still not satis-
factory.

Performance of the ball-float-type transmitter installed at the
MSRE continues to be satisfactory. Some difficulties were experienced
with a similar (prototype) transmitter on the MSRE pump test loop; how-
ever, these troubles were anticipated and corrected in the design of the
MSRE model.

Performance of the conductivity~-type level probes installed in the
MSRE drain tanks continues to be acceplable.

Observation of the performance of 110 single-point temperature-
alarm switches is continuing. Data obtained to date are insufficient to
determine whether set-point drift in these switches is excessive.

Testing of alternate trim material combinations for the helium con-
trol valves was terminated. Some additional valve failures have occurred.

Results of final checks indicate that errors in the coolant-salt-
radiator differential temperature signal, produced by thermocouple and
lead-wire mismatch, have been eliminated.,

Drift testing of selected MSRE-type thermocouples was concluded.
The Tinal temperature equivalent drift values were between +4.7 and
+6.4°F.

Performance of the MSRE temperature scanning system continues to be
satisfactory. Calibration drift appears to have been eliminated, and
reliability is much better than had been expected.
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3. M3RE Reactor Analysis

For the purpose of on~line computation of control rod veactivity
with the TRW-340 data logger, a mathematical formula was fitted to the
rod~worth vs position curves obtalned from calibration experiments. The
form of the expression used was obtained by applying a perturbation
technique to evaluate the integral expression for the rod reactivity. A
linear least-squares curve-fitting procedure was then used to evaluate
the unknown coefficients in the resulting functional expression. Close
agreement between calculated and experimental curves was obtained for
those configurations of shim and regulating rods of interest in monitor-
ing the control rod reactivity during operation.

Theoretical calculations were made to estimate the influence of the
overall spatial distribution of 135%e absorbed in pores near the graphite
surfaces in the reactor core. The purpose was to detplmlue spatial cor-
rection factors for use in the onwline calculation of 13%Xe reactivity
with the TRW-340. Basged on an approximate model of the reactor core,
these calculations indicated that the equilibrium 135%¢ reactivity at 10
Mw is reduced by a factor of about 0.76 relative to the value obtained
from a "point" calculation. In addition, this correction was found to

depend on the time history of the power level. Results of calculations
are presented for step changes in power level, increasing to and de-
creasing from 10 Mw.

Part 2. Materials Studies

4o Metallurgy

Thermal convection loops made of Hastelloy N and type 304 stainless
steel have circulated molten fuel salt for 33,000 and 22,000 hr, re-
spectively, without incident. A Co-1% Zr 1oop circulating lead at 1400°F
with a 400°F AT was found to produce columbium crystals by mass transfer.

Specimens of Hastelloy N and grade CGB graphite showed no detectable
changes as a result of 1100 hr exposure to molten flucride salts in the
MSRE core during the precritical, initial critical, and associated zerc-
power experiments.

The reactor control specimen rig, which will establish base-line
data by exposing graphite and Hastelloy N surveillance specimens to ap-
proximately the operating conditions of the MSRE except for radiation,
has been loaded with salt and is teing calibrated with the computer that
monitors the MSRE.

Metallographic examination of capsules from in-pile experiment MIR-
47-6 showed no evidence of nitriding of the Hastelloy N. UWo apparent
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change in wall thickness or evidence of attack was observed, although an
unexplained change in the etching characteristics of the grain boundaries
at the surface was noted.

Development of methods of Joining graphite to metal has included:
(1) the design of a transition Jjoint to reduce shear stresses arising
from thermal expansion differences and (2) screening tests on potential
brazing alloys.

A small pipe of grade CGB graphite brazed to molybdenum satisfactorily
contained molten fluoride salts at 700°C under pressures of 50, 100, and
150 psig for periods of 100, 100, and 500 hr respectively. This is the
first of a series of tests of graphite-to~-metal joints to determine if
such Jjoints are corrosion resistant and mechanically adeguate for the re-
quirements of molten~-salt breeder reactors.

A few samples of needle~coke graphite and isotropic graphite have
been obtained and are being evaluated to determine their suitability for
use in molten-salt breeder reactors.

The radiation-dsmage problems were evaluated for graphite in advanced
molten~salt reactors, considering growth rate, creep coefficient, flux
gradient, and geometric restraint as Important factors. The stress de-
veloped by differential growth in an isotropic graphite should not be
allowed to exceed the fracture strength of the graphite and thus cause
failures. The estimated life of graphite i1s at least five years before
failure from inability to absorb creep deformation. The major uncertainty
seems to be the ability of graphite to sustain doses of 2 X 1022 nvt withe
out loss of integrity.

Creep~-rupture life of Hastelloy N was found to be less affected by ir-
radiation as the stress levels are lowered. The effects of irradiation
temperature on the postirradiation creep life of air-melted heats are un-
certain. Vacuun-melted heats show a large dependency on irradiation tem-
perature. Pretest heat treatment can improve the ductility of irradiated
specimens. The creep-rupture properties of structural material in the
MSRE appear to be better than originally predicted on the basis of linear
extrapolation of data for stress vs log of rupture time.

Experimental welds have been made to study methods of improving the
weldability of Hastelloy N.

5. Chemistry

Three innovations have been introduced in the chemical analysis of
MSEE salts: a new end point for uranium titrations, a new method for
determining structural-metal ions, and a new method for oxide analyses.
Together they have given increased assurance that fuel conforms to the
inventory composition and that the chemical purity of the salt has been
maintained.



Examination of deposits belleved to have been responsible for the
plugging of off-gas lines in the MSRE revealed the presence of oil and
polymer products presumed to have formed from oil., A negligivle amount
of salt was found.

The formula Tor the uranium-bearing crystals in the frozen fuel has
been found to bve IiF-UF, rather than 7IiF-6UF,; as formerly supposed.

In a study of the physical chemistry of fluoride melts, vapor-pres-
sure measurements have been made for three compositions in the LiF-Bels
system. Because of vapor-phase association, the apparent volatility of
LiF increases with decreasing concentration of LiF in the melt. Methods
have been developed for predicting density, specific heabt, and thermal
conductivity in molten fluorides.

The solubility of oxide in MSRE-related fluoride melts has been re-
evaluated with improved experiments. When Increasing amounts of Zrf,, as
present in the MSRE fuel, are added to flush salts, the capacity for
oxide first decreases, then increases.

Interest in reprocessing methods for MSBR fluorides has led to cone
tinuing studies of distillation and of chemical reduction as a means of
separating rare earths from fuels or protactinium from blankets. The
composition that yields MSRE barren solvent as distillate has been found;
this product distills, leaving the rare earths behind. Alloys of bismuth
containing a small amount of lithium have proved very effezctive Tor re-
ducing and extracting rare ecarths into a liguid-metal phase. Thorium has
been found effective as a reducing agent for removing protactinium from
vlanket melts. Protactinium can also be removed on ZrOs.

The in-pile molten~salt loop experiment and assoclated auxiliary
equipment are being fabricated and assembled so that medifications to
beam hole HN-1 in the ORR and installation of equipment can begin in
April.

The precision and accuracy of the hydrofluorination method for de-
termining oxide in MSRE salts were established. The method was applied
to the analysis of nonradioactive samples taken during the starftup of
the MSR; the results were in reasonable agreement with those obtained by
the KBrF, method. The hydrofluorination apparatus for the determination
of oxide in radioactive samples was fabricated and tested and 1s now being
installed in a hot cell.

Tonic iron and nickel were determined voltammetrically on a sample
of molten fuel withdrawn from the MSR. These measurements indicate that
the major fraction of iron and of nickel in the fuel 1s present in an
un~ionized state, presumably as finely divided metal. Also, a well-
defined voltammetric wave for the reduction U(IV) — U(III) was observed.
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Efforts were continued on the development and evaluation of equip-
ment and procedures for analyzing radiocactive MSRE salt samples. The
coulometric uranium procedure was modified to eliminate a negative bias.

Both flush- and fuel-salt samples were analyzed for U, Zr, Cr, Be,
F, Fe, Ni, and Mo. The analyses were routinely performed in the hot
cells of the High~Radiation-ILevel Analytical Laboratory.

The quality control program was continued during the past period.

The results obtained on synthetic solutions established more realistic
limits of error for the methods employed.

6. Molten-3alt Breeder Reactor Design Studies

Design and evaluation studies were made of thermal molten-salt
breeder reactors (MSBR) in order to assess their economic and nuclear
potential and to identify important design and development problems.

The MSBR reference design concept is a two-region, two-fluid system with
fuel salt separated from the blanket salt by graphite tubes. The energy
produced in the reactor fluid is transferred to a secondary coolant-salt
circuit which couples the reactor to a supercritical steam cycle. On-
site fluoride volatility processing is employed, which leads to low unit
processing coslts and economic reactor operation as a thermal breeder.
The resulting power cost is estimated to be 2.7 mills/kwhr for investor-
owned utilities; the associated fuel cycle cost is 0.45 mill/kwhr
(electrical); the specific fissile inventory is 0.8 kg/Mw (electrical);
and the fuel doubling time is 21 years. Development of a protactinium
removal scheme for the blanket region of the M3BR could lead to power
costs of 2.6 mills/kwhr (electrical), a fuel cycle cost of 0.33 mill/kvhr
(electrical), a specific fissile inventory of 0.7 kg/Mw (electrical),
and a fuel doubling time of 13 years.

7. Molten-Salt Reactor Processing Studies

A close~coupled facility for processing the fuel and fertile streams
will be an integral part of a molten~salt breeder reactor system. The
fuel salt will be processed on a 40-day cycle. The uranium will be re-
moved from the caryiler salt and fission products by fluorination, and the
carrier salt will be recovered from the fission products by a semicon-
tinuous vacuum distillation. Relative veolatilities between lithiuan and
the rare earths have been measured to be 0,01 to 0.04 at 200 to 1050°C.
The reconstitution of the Tuel salt, by combining the purified carrier
salt with the purified UFg, can be done by direct absorption of the UFg
in fuel salt which already contains some UF, and subsequent reduction of
the intermediate uranium fluoride to UF, with hydrogen. Experimental
tests showed rapid and complete absorption. The primary problems in con-
tinuous fluorination of the fuel salt Lo remove the uranium are corrosion
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and getting adequate mass transfer and countercurrent flow Lo assure good
recovery. Corrosion can probably be eliminated by the use of a layer of
frozen salt on the wall of the vessel. Experimental work with a small
countercurrent continuous fluorinator gave recoveries of 90 to 96% of the
vranium. Fluorination during the processing of the fuel from the MSRE
produces volatile chromium fluorides. These can be effectively trapped,
with negligible uranium losses, by use of sodium fluoride beds. A pre-
liminary design study has been made on a conceptual processing plant ine-
corporating the above concepts. Among the problems which this study
illuminated were the complications from the handling of high-heat-~
generating materials. The fixed capital cost for the conceptual plant was
$5.3 million; the salt inventory cost was $0.196 million, and the direct
operating cost was $787,790.00 per year.






INTRODUCTION

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

The major goal of the program is to develop a thermal breeder re-
actor. Fuel for this type of reactor would be 233UF4 or 235UF4 dissolved
in a salt of composition near 2LiF-BeF;. The blanket would be Thl, dis-
solved in a carrier of similar composition. The technology being devel-
oped for the breeder is applicable to, and could be explolted sooner in,
advanced converter reactors or in burners of fissionable uranium and plu-
tonium that also use fluoride fuels. Bolutions 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 progranm.

Our major effort is being applied to the development, constructlon,
and operation of a Molten-Salt Reactor Experiment. The purpose of this
Bxperiment is Lo test the types of fuels and materials that would be used
in the thermal breeder and the converter reactors and to obtain several
years of experience with the opsration and maintenance of a small molten-
salt power reacbor. A successful experiment will demonstrate on a small
gecale the attractive features and the technical feasibility of these sys-
tems for large civilian power reactors. The MSRE operates at 1200°F and
at atmospheric vressure and will generate 10 Mw of heat. Initially, the
fuel contains 0.9 mole % UF,, 5 mole % ZrF,, 29.1 mole % BeFy, and 65
mole % LiF, and the uranium is about 30% 2555, e melting point is
840°F, In later operation, we expect to use highly enriched uranium in
the lowsr 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 came liquidus temperature.

The fuel circulates through a reactor vessel and an exbernal pump
and heat-exchange system. All 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 modarator bars
that are in direct contact with the fuel. The graphite Is a new material?
of high density and small pore size. The fuel salt does not wet the
graphite and therefore sghould not enter the pores, even at pressures well
above the operaling pressure.

Ialso s0ld commercially as Inco No. 806.
?Grade 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 coolant salt is punped 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 Fs.

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

Fabrication of the reactor equipment was begun early in 1962. Some
difficulties were experienced in obtaining materials and in making and
installing the equipment, but the essential installations were completed
so ‘that prenuclear testing could begin in August of 1964. The prenuclear
testing was completed with only minor difficulties in March of 1965.

Some modifications were made before beginning the critical experiments
in May, and the reactor was first critical on June 1, 1965. The zero-
power experiments were completed early in July. Additicnal medifica-
tions, maintenance, and sealing and teslting of the containment were
required before the reactor began to operate at appreciable power. This
work was completed in December, and the power experiments were beguun in
January 1966. The reactor had been operated for a short time at 1 Mw
at the time of this report. Further increases in power were delayed by
difficulties with the off-gas system.

Because the MSRE 1s of a new and advanced type, substantial research
and development effort is provided in support of the design and construc-
tion. Included are engineering development and testing of reactor com-
ponents and systems, metallurgical development of materials, and studiles
of the chemistry of the salts and their compatibility with graphite and
metals both in-pile and out-of-pile. Work is alsc being done on methods
for purifying the fuel salts and in preparing purified mixtures for the
reactor and for the research and development studies. Some gstudies are
being made of the large power breeder reactors for which this technology
1s being developed.

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

ORNL-2474 Period Ending January 31, 1958
ORNL-2626 Period Ending October 31, 1958
ORNL-2684 Period Ending January 31, 1959
ORNL-2723 Period Ending April 30, 1959
ORNL~-2799 Period Ending July 31, 1959

ORNTL-2890 Period Eading October 31, 1959



ORNL-2973 Periods Ending January 31 and April 30, 1960
ORNL-3014 Period Ending July 31, 1960
ORNL-3122 Period Ending February 28, 1961
ORNL-3215 Period Ending August 31, 1961
ORNL-3282 Period Ending February 28, 1962
ORNL-3369 Period Ending August 31, 1962
ORNL-3419 Period Ending January 31, 1963
ORNL-3529 Period Ending July 31, 1963
ORNL-3626 Period Ending January 31, 1964
ORNL-3708 Period Ending July 31, 1964
ORNL-3812 Period Ending February 38, 1965

ORNL-~3872 Period Ending August 31, 1965






Part 1. MSRE OPERATIONS AND CONSTRUCTION, ENGINEERING ANALYSIS,
AND COMPORENT DEVELOPMENT






1. MSRE OPERATIONS

Chronological Account

Preparations for operation at high power were completed, and the ex-
perimental program was resumed. The power ascension was interrupted at
1 Mw, however, by partial or coumplete plugging at several points in the
fuel off-gas system. The plugging materials were ildentified as organics,
probably the products of oil decomposition.

Figure 1.1 outlines the major activities in the period covered by
this report. A brief account follows; details are glven in later sec-
tions.

Two of the larger modification jobs scheduled before power opera-
tion, the coolant line anchor sleeves and the installation of new ra-
distor doors, were completed in August. ILate that month, the assembly
of graphite and Hastelloy N survelllance specimens, which had been in
the core from the beginning of salt operation, was removed. While the
reactor vessel was open, inspection revealed that pleces were broken
from the horizontal graphite bar supporting the sample array. The pleces
were recovered for examination, and a new sample assembly, designed for
exposure at high power and suspended from above, was installed.

The fuel pump rotary element was removed in a final rehearsal of
remote maintenance and to permit iuspection of the pump intermals. It
was reinstalled after inspection showed the pump to be in very good con-
dition.

Tests had shown that heats of Hastelloy N used in the reactor vessel
had poor high-temperature rupbure life and ductility in the as-welded
condition. The vessel closure weld had not been heat treated, so 1t was
heated to 1400°F for 100 hr, using the installed heaters, to improve these
properties.

At the conclusion of the heat treatment, the reactor cell was sealed
for the first time. The drain cell had already been sealed, and some of
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the closure devices on contaimment penetrations had been tested. Now test-
ing of the containment provided by the reactor cell, drain cell, and vapor-
condensing system became the primary effort. After preliminary tests at
pressures up to 5 psig, the program was interrupted on October 21 to in-
stall Masonite sheets between the cell membranes and upper blocks to
modify the access opening over the core. Testing at 20 psilg disclosed
many small leaks at penetrations, which were repaired (many while the
reactor cell was open for ten days for stralin-gage measurements of pip-~

ing stresses). After the repairs, leakage rates were measured at 10,

20, and 30 psig. Extrapolation to 39 psig (the peak pressure in the
maximum credible accident) gave a leak rate of O.4%/day, compared to
1.0%/day assumed in the safety analysis. Leakage rates at -2 psig (the
normal. operating pressure) were measured to serve as a reference during
subsequent operation. This progran was completed on Decenber 5.

Stresses in the reactor cell piping and vessels were calculated in
detail to permit evaluation of the service life of the Hastelloy N parts
under irradiation. Some adjustments of supports were made to minimize
stresses, after which the calculated stresses were acceptably low ex-
cept at the heat exchanger nozzles, where a complicated geometry made
calculations unreliable. The strain-gage measurements in early Novem-
ber showed tolerable stresses at this point also.

While the contaimment testing and strain-gage measurements were
under way, the operators and supervisors underwent further training
with emphasis on power operation. Classroom lectures were followed by
practice on a simulator which included the actual controls, Iinstrumen-
tation, control rods, and radiator doors.t Examinations and certifica-
tion of qualified operators followed.

Early tests with the radiator holt and the exercises during simula-
tor practice showed that the operation of the radiator doors was unre-
liable. Four weeks in November and December were spent in modifying
and adjusting the door rollers, tracks, seals, and limit devices before
tests showed they would operate reliably hot or cold.

Air leakage from the radiator enclosure when the main blowers were
operated proved to be excessive, both from the standpoint of coolant-
cell ventilation capacity and because of excessive heating outside of
the enclosure. Hoods were installed, into which the radiator doors re-
tracted, and the sheet-metal enclosure was generally tightened and modi-
fied before leakage became acceptable. (Even after the improvenents it
was necessary to supplement the cell exhaust with ducting Lo one annulus
blower to attain a negative pressure in the coolant cell.)

When the main radiator blowers were operated with the radiator hot,
air leaking from the top of the enclosure overheated electrical insula-
tion in that area. Tt was necessary to install ceramic jnsulation on
leads on top of the radiator and reroute the leads to cooler locations.
Ducting was also installed to redirect cooling air flow across the top
of the enclosure where the door hoods had blocked the original flow pat-
terns.

The radiator werk lasted from early November to mid-January, delay-
ing the filling of the coolant system and the start of power operation.



Ag soon as conbalnment testing was finished, the instruments, con-
trols, and equipment were given the checkoubs required prior to startup.
The Tuel system was then heated, and flush salt was clrculated for three
days., Bamples of the flush szalt taken at this tilme were analyzed for
oxides by an improved, more reliable method. Results averaged less than
100 ppm, well below tolerable levelsg. (Bvidently the measures taken to
avold oxygen contamination while the reactor vessel and fuel pump were
open were effective.)

Fuel salt was charged into the loop, and the reactor was taken crit-
ical on December 20. Between then and January 18, when the coolant loop
was filled, nuclear experiments were restricted to powers below 25 kw.
Iven so, useful measurements were made on flux distributions in the
thermal shield and beside the reactor vessel, control rod shadowing ef-
fects, and zero-power kinetics of the nuclear system. At the same time,
numerous fuel-salt samples were analyzed, showing uranium in excellent
agreement with expectations, low oxlde ccncentration, and practically
no corrosion.

With the coolant system in operation, the power was raised to 100,
500, and then 1000 kw as heat was extracted at the radiator. Dynamics
tests and heat balances were conducted at each power. Oun January 23,
while the power was at 500 kw, the fuel pressure control valve {or its
filter) showed signs of plugging, but the situvation cleared up in a few
hours. There was also evidence of an abnormal restriction in the egqual-
izing line between the fuel pump and the drain tanks. The next day the
reactor was taken to L Mw, and a few hours later signs of intermittent
plugging in the fuel off-gas line again appeared. It was established
then that the equalizing line was completely plugged. When 1t was also
discoversd that the auxiliary vent line was almost completely plugged,
the reactor was taken subcritical. Efforts to blow out the plugs in the
equalizing line and the auxdiliary vent line failed, and the fuel and
coolant loops were drained to shut down the reactor. (The systems were
kept hot, with helium circulating.)

The check valve in the vent line to the auxiliary charcoal bed was
removed, and the line was reconnected. Gag then freely passed through
the lines. The fuel drain cell was opened, and the flow-restricting
capillary in the egqualizing line was removed. This line then proved to
be clear. The check valve and capillary were taken to the High-Radiation-
Level Examination Laboratory (HRLEL), where they were observed to contain
small aounts of intensely radicactive material. They were not plugged,
however.

Meanwhile the plugging of the fuel pressure conbrol valve (or filter)
recurred. Blowing backward through the line did not clear the obstruc-
tion, so the assembly of valve and filter was removed. A new valve was
installed, and the assenbly was replaced to see 1f 1t were open. (This
was simpler than flow testing the contaminated parts outside the sys-~
tem.) At first the pressure drop was acceptable, bub over a few hours,
excegsive pressure drop again developed. After the assembly was removed,
the new valve was proved to be elear, so the filter was taken to the
HRIEL for examination. The old pressure control valve was also cut open
and examined in the HRLEL after flow tests showed its Cy was a factor of
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3 below its original value. There was some solid mabterial in the pores
of the Tilter, but the pressure drop across the filter was not as high
as 1t had apparently been while iunstalled. Inspection showed that the
valve trim was coated with oll and varnish-like material.

The total amount of material in the valves and filter was quite
small. Therefore we decided to resume operations, using a filter with
larger pores (50 p instead of 1 p) and controlling pressure with a hand
valve (CV = 1.0) already in the line instead of the pressure control
valve (C 0.07). (The pressure control valve was eliminated.)

v
During the operation at significant power, activation of potassium

in the cooling water corrosion inhibitor had been more than expected.

While the reactor was shub down, the original corrosion inhibitor was -

replaced with T4 nitrite and borate, which would give only a small

amount of activity (britium).

Alsc while the reactor was down, pressure drops across the charcoal
beds were measured. There had been intermitbtent indications of excessive
pressure drops during the 1-Mw operation and Just afterward, but when
measured before the next startup they were normal. Operators and ex-
tension handles on the charcoal-bed hand valves had been repailred during
this interval. (Ice, rust, and binding had prevented easy operation,
and setscrews in two of the extensions had sheared.)

Operation was resumed, and fuel was circulated for 44 hr before the
power was raised to 1 Mw. It was necessary to gradually open the hand
valve being used for pressure control about 1/4 turn during this period
in order to hold the fuel pressure in the range of 4 Lo 6 psig. The
implication was that a2 small amount (perhaps 0.0L in.) of material had
built up on the valve trim. Within 3 hr after going to 1 Mw, the ap-
parent accunmulation of material accelerated. The valve was adjusted to
maintain control, but a short time after wmaking an uvnusually large ad~
Justment, the differential pressure across the charcoal bed and valves
suddenly increased, indicating blockage in those lines.

Just at this point, the motor on the space cooler in the fuel drain
cell failed. Rising temperatures in this cell then reguired that the
fuel e drained and secured so the cell could be opened.

The remainder of the period was spent in replacing the space cooler
motor and investigating the trouble in the off-gas system.

Analysis of Experiments

Reactivity Balance

The reactivity balance involves calculation of the effects of changes
in all known variables affecting reactivity. The net effect of changes
between any two times that the reactor is critical should be zero if
the calculations are accurate. Deviations from zero indicabe elther
error 1n the measurements and calculations or some unforseen effect.
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The reference conditions Tfor the reactivity bvalance were established
in run 3 (the zero-power experiments which ended July 4, 1965). Between
then and the startup in December, cne variable changed significantly —
the 227U concentration in the fuel. Because of uranium additions to the
circulating fuel, at the end of run 3 the 2337 concentration in the Lloop
was about 104 higher than that in the salt remaining in the drain bank.
Thus the drain and wmixing at the end of run 3 caused a substantial de-
crease in 23°U concentration, but ocne that could be calculated. On the
other hand, the fuel loop was flushed at the end of run 3 and the be-
ginning of run 4, resulting in mixing into the fuel an amount of flush
salt which was probably small bub was not directly measurable. Before
criticality in run 4 the 2357 concentration was calculated, assuming no
dilution with flush salt. The change in concentration from run 3 was
converted into reactivity change, using the concentration coefficient
of reactivity that had been observed in the zero-power experiments.2
The resultant reactivity was converted to a predicted control-rod con-
figuration for criticality at 1200°F and zero power, using the control-
rod poisoning representation based on the rod calibrations. (Ses "MSRE
Reactor Analysis,” this report, for a discussion of the equation for rod
poisoning.) The predicted critical position of the regulating rod (rod
1) with the two shim rods withdrawn 34 in. was 24.7 in., and the observed
eritical posibion was 23.3 in. This difference, equivalent to only 0.08%
ék/k, may be due to several factors, including (1) dgifferences in temper-
ature measurement, (2) inventory errors at the end of rum 3, and (3)
errors in the rod-poisoning calcuwlation. The most important conclusion
to be drawn from this is that there was no significant dilution of the
fuel salt by the flush-salt operation.

Critical operation of the reactor during runs 4 and 5 provided an
opportunity for checking out some parts of the reactivity-balance cal-
culation. 'The computer-executed reactlvity balance was not used be-~
cause (1) the accurate representation of control-rod poisoning had not
been incorporated into the program, (2) the calculation of xenon poison-
ing was not fully developed, and (3) there were indications of other
sysbematic errors in the program that had not been resolved. However,
several manual calculations were made at very low powers where the fis-
sion product poisoning and fuel-burnup terms are insignificant. Some
caleulations were also made at powers up to 1 Mw but without the xenon
and. samarium terms. :

To general, the zero-power reactivity balances showed a variation
of *0.02% 6k/k. This corresponds to a variation of *0.3 in. in the
critical position of the regulating rod or *3°F in system temperature
and provably represents the limit of accuracy of this portion of the
calewlation.

Calculations after up to 24 hr of operation at 1 Mw showed no mea-
surable change from the zero-power reactivity valances. Neglect of the
fission product terms should have resulted in a change of about ~0.2%
6k/k if the anticipated xenon behavior had occurred. This is much larger
than the scatter in the measurements, go one can conclude that the xenon
poigoning was actually much less than predicted.
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The difference between indlcated and actusl position of control rod
3, which developed after the start of run 4 (see p. 54), was reflected
as a shift of about 0.05% &k/k in the zero-power reactivity balance.
This demonstrated the ablility of the reactivity balance to show up small
changes, at least under simple conditions, that is, no fission product
poisoning and low power.

Power Calibration

One cbjective of the carly power tests was to correlate the thermal
power of the reactor and the outputs of the various neutron sensing ele-
ments. The principal requirement of such a calibration is an independent
method for measuring The thermal or fission power of the reactor. Vari-
ous methods were used in the apprcoach to 1 Mw with reasonably good agree-
ment.

The first approximation, used throughout run 3, was based on cal-
culations of the inherent (alpha—n) source in the fuel and subcritical
multiplication. The primary purpose of this calibration was to permit
positioning of the safety chambers so that they would provide a control-
rod scram at a few kilowatts and still not interferc with the planned
experiments at lower powers. Absolute accuracy was not required since
none of the experiments involved operation at powers where thermal ef-
fects were apparent.

A thermal-power calibration was made shortliy after the start of run
4 8t a nominal 25 kw. At this time, only the fuel loop wag full and
circulating; the thermal power was evaluated from the rate of tempera-
ture rise and the known heat capacity of the loop. This provided a
basis for subsequent operation at higher powers and, incidentally, showed
that the initial source-power calibration had been in error by only 8%.
A similar test was performed at higher power with both the fuel and
coolant loops full and circulating. However, the second test was di-
vided in two parts. First, the nuclear power was set at about 75 kw,
and 75 kw of electrical-heat input to the loop was turned off. These
operations did not lead to a steady temperature, but the change in tem-
perature slope with time before and after the Increase to 75 kw was used
to correct the thermal power. The nuclear power was then increased by
50 kw, to 125 kw, and the increase in the rate of temperature rise was
measured. The thermal-power calibration from these two steps was within
5% of the 25-kw calibration.

Several overall heat balances were calculated with the nominal pu-
clear power at 1 Mw. The results in run 4 varied between 0.94 and 1.18
Mw, with an average value of 1.0l Mw. In run 5, the steady-state heai
balances at an indicated power of 1 Mw gave 1,19 £ 0.02 Myw. The reagons
for thls apparent discrepancy have not been established.

Flux Measurements

Flux measurements were made in the neutron source tube to determine
1f operation at power would regenerate the external neubroa source (Am-



13

Cm-Be) to a significant degree. The regeneration would take place as a
result of thermal-neutron captures in 241py (Tllg = 462 years), wnich
would produce the more active 2420y (T1/2 = 162.5 days). The measure-
ments were made using cadmium-covered and bare copper folls to determine
the thermal-neutron flux at the permanent source position, an elevation
of 830 ft & in. The thermal flux at that point was found to be 3.8 X 107
neutrons cm™? sec”t with the reactor at 1.02 kw. This extrapolates to
3.7 x 1011 neutrons cm™? sec™t at a power of 10 Mw. Using conservative
assumptions, it was calculated that the source strength will be kept at
an acceptable level for at least l-l/2 yvears after power coperation has
begun.

Tlux measurements were also made in the reactor furnace {(~4 in. from
the reactor vessel wall) in the location later occupied by metallurgical
surveillance specimens. The measurements were made using gold and copper
foils. The foils were sealed in a stainless steel envelope from which
alr nad been purged to protect the copper from oxidation during the irra-
diation at 1200°F. Fluxes were measured along a vertical line 80 in.
long. The peak flux (at approximately the core midplane), extrapolated
to a power of 10 Mw, was 7 X 10%? neutrons cm™? gec™t. Fast and thermal
contribubtions to this flux were 4.8 X 10'® neutrons cm™@ sec™ and 2.3 X
10%2 neutrons cm™? sec”™t respectively.

MERE Dynamic Tests

Description of Dynamic Tests

A muber of dynamic tests were performed during operation at zero
power and subseguently at power levels up to 1 Mw. The purpose of these
tests was to investigate the inherent stability of the system, as well
as 1o evaluate the mathematical models and the parameters that were use
to predict its dynamic characteristics.

The inherent stability of the system (i.e., without automatic con-
trol) was the subject of an exhaustive theoretical analysisB in which 1t
was concluded that the reactor would be stable at all powers and that
its stability characteristics would improve as the power level increased.
Tests made on the reactor operating without servo contrcl at power levels
of 75 kw, 465 kw, and 1 Mw confirmed these predictions, as shown in Fig.
1.2, which shows the response of the power to arbltrary perturbations.
The improvement in the natural damping characteristics and the decrease
in the period of oscillation with increasing power level are clearly
shown. Figure 1.3 shows a comparison of the experimental and theoretical
ceriods of oscillation.

A subject of coasiderable interest during the MORE development was
whether or not the reactor power would "wallow" when operating without
servo control. Wallowing would occur if the system were unstable or if
random perturbations in reactivity or cooling load induced lightly damped
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but the power
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At both 75 and 465 kw some wallowing was observed,

level perturbations were less than *5%. In both cases

neither of the main radiator blowers was on, so the bulk of the cooling
load was due to natural convection and radiation, and random fluctuations

in load were seen. When one radiator main blower was turned on for the
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1-Mw case, however, the. bulk of the cooling was by forced convection, and
the power level fluctuations were reduced considerably. Thus, at higher
powers, negligible inherent low-frequency neutron level fluctuations can
be expected since the load will be steadier and the inherent damping of
the system even greater.

Frequency Response Tests

Both pseudorandom binary tests and pulse tests were carried ont in
order to determine the frequency response of the system. The pseudorandom
binary tests consisted of specially selected periodic series of positive
and negative reactivity pulses. The advantages of this type of signal
for frequency response testing in the MsRE are:

1. The signal may be generated with standard reactor hardware. The
sequences were generated using the MSRE digital computer and a portable
analog computer to control the position of a regulating rod.

2. A large number of frequencies may be analyzed in a single test,
with less +time required to carry out the experiments compared with that
required for oscillator tests, which analyze cne frequency at a time.

3. The location and relative amplitudes of the harmonics of the
input signal may be adjusted by varying the vasic pulse or "bit time"
and the number of bits in the sequence.

4. The signal power is concentrated in specific harmonic Trequen~
cies. This gives a better effective signal-to-noise ratio than that in
nonperiodic signals with a continuum of frequencles.

5. The average value of the perturbation is essentially zero, re-
sulting in a small net upset of the system.

Pseudorandom binary tests were run at power levels of 100 w, 75 kw,
465 kw, and 1 Mw. The particular sequences and thelr duration were
selected zo0 that the expected low-freguency resonance in the Trequency
response amplitude? could be identified. Sequences with 19, 63, 127, and
511 bits per sequence were used. As will be shown below, this type of
test worked quite satisfactorily.

Single reactivity pulse tests were also run, but the resulting
transients were inadequate for Irequency response analysis. Since the
signal strength of a single pulse is distributed continuously over a wide
frequency range, pulse tests require s comparatively low-noise signal.

The low-Trequency load perturbations seen at low power reduced the signal-
to-noige ratio to an unacceptable value in the frequency range of inferest
(0.002 to 1 radian/sec). Pulse and step response tests are planned at
higher power levels, where the conditions should be more favorable.
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Tmplementation of Pseudorandom Binary Tests

The pseudorandom binary reactivity input required a very precisely
controlled series of regulating rod insertions and withdrawals. Since
the freguency range of interest was from about 0.002 to 1.0 radlan/sec,
the rod jogger was designed so that sequences with a bit time of 3 to 5
sec could be run for as long as 1 hr. The rod jogger system, which re-
quired no special-purpose hardware, consisted of a hybrid computer con-
troller shown schematically in Fig. 1.4. The portable EAT-TR-10 analog
computer was used to control the bit time and the rod drive motor "on"
times for the insert and withdraw commands. The MSRE digital computer
was programzned Lo contrdo tne sequencing of the pulse train by means of
a shift-register algorlbhm. The number of bits in the sequence could

N

be varied over a range between 3 and 33,554,431 bits.

The rod Jogger system performed extremely well, as it was able to
position the rod with an accuracy of about +0.01 in. (corresponding to
+0.0005% 8k/k) out. of 1/2 in. peak-to-peak rod travel for over 500
insert-withdraw operations.

The analog computer was also used to amplify and filter the rod-
pesition and power~level signals prior to digitizing. Throughout the
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dynamic tests the MSRE computer was used in the fast scan mode to
digitize and store the data on magnetic tape at a sampling rate of 4 per

second.

A typical plot of the reactor power level Tfluctuations during a
pseudorandom input test is shown in Fig. 1.5, where the points were taken
from the M3RE computer digitized record of the test.

Anelysis Procedures

The test data were analyzed using two independent digltal computer

methods.
dures.

This duplication was done as a check on the analysis proce-
The "direct method” used a digital Tiltering technique to obtain

the spectral density of the input and the cross spectral density of the
The frequency response of the system at some fre-
quency is the ratio of the cross spectral density to the input spectral

input and the output.

density at the frequency.
analysis be harmonic frequencies since the input signal is perlodic.

It is neces

selected for
The

sary that frequencies

"indirect method" required a calculation of the autocorrelation function
of the input and the cross correlation function of the input and the

output.

Subsequent Fourier analysis
the input spectral density and the cross spectral density.

of these correlation functions gave

These were

then used to give the frequency response as in the direct-method analysis.

Both methods gave

essentially the same results.
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Results

The results of the MSRE frequency response tests for power levels
up to 1 Mw are shown in Figs. 1.6 to 1.13, along with previocusly published
theoretical predictions.? The experimental results indicatle a consiste-
tently lower magnitude ratio for (SN/NO)/(ék/kO) than the theoretical
predictions at all frequencies and at all power Jevels. However, the
shapes of the experimental curves clearly are consistent with predictions.
Work is now in progress to determine the reasons for the differences.
Fortunately, the theoretical work in ref. 3 included calculations of the
sensitivity of the frequency response to changes in numerous system
parameters. This information is proving to be valuable in establiching
which system parameters to suspect as responsible for the discrepancies.

Farly work suggests that the zerco-power discrepancies are due to the
effect of fuel-salt plenums above and below the core. These regions in-
crease the cffective volume of the core. An increase of the effective
core volume to include one-third of the upper and lower plenums in the
theoretical model gilves agreement with experimental results.

The at-power theoretical results obtained with the increaged ef-
fective core volume agree with experimental results at higher frequencies
for the at-power runs, but the discrepancies in magnitude ratio remain
at low frequencies around the peak. The computed sensitivities indicatbe
that the frequency response in thils range is most sensitive to power
level, Ng, fuel temperature coefficient of reactivity, Q%, and fuel heat

capacity, (MCp)f. Furthermore, the system equations indicate that these
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parameters appear as a quantity NOQ%/(MCp)f' It was found that excellent

agreement between theoretical and experimental results may be obtained at
all frequencies and all three power levels if, in the theoretical calcu-
Jations, the increased effective core volume is used and the quantity

Noaf/(MCp)f is increased by a factor of 1.5 to 2. The plausibility of

such changes is now being examined.

Temperature Response Test

In order to get a more accurate estimate of the fuel temperature
coefficient of reactivity, the hot-slug transient test as reported
carlier’ was modified and rerun in January 1966. In this test the re-~
actor power level was controlled by the flux servo at 100 w with the
fuel loop circulating and the coolant loop stagnant. After heating the
stagnant coolant salt about 20°F hotter than the fuel salt, the coolant
pump was started, producing a hot slug of fuel in the heat exchanger
which was subseguently introduced into the core. In this test, then,
the change in reactivity was due entirely to the change in temperature,
and the rod-induced reactivity required to keep the reactor critical was
approximately equal and opposite to that due to the fuel and graphite
temperature change. Since the graphite responds slowly to changes in
fuel temperature, the immediate effects on reactivity can be attributed
to the fuel temperature coefficient alone. Further corrections have yet
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to be applied to the results of the test, but a preliminary estimate of
=47 x 107 (°F)“1 has veen obtained. 'This compares favorably with the
predicted value of —4.84 x 1077 (°F)~! used in the theoretical calcu~
lations.

The transfer function of reactor outlet temperature response to
changes in reactor inlet temperature was alsc calculated from this test,
and the plot of magnitude ratio vs frequency is shown in Fig. 1l.14. Note
that the experimental curve indicates much greater attenuation over most
of the freguency range shown. This is probably due to higher~than-ex-
pected rates of heat transfer to the graphite, since experimental mixing
studies® indicated that there is very little attenuation due to mixing
in the frequency range below O.1 radian/sec. Reasons for this discrepancy
are being studied.

Systems Performance

Off-Gas System

Some difficulty with plugging and vartial restrictions in the MSRE
off-gas systems has been encountered at various times in the operation
of the reactor systems. In the past these obstructions have developed
at in-line filters and pressure-control valves with extremely small flow
passages. During early operations, the plugging of filters was attributed
to having filters with inadeguate flow areas to accommcdabe the rmaterial
t0 be removed from the gas shreams. (For example, the original filter
in the coolant off-gas line, 528, was a tubular element only 1 in. long
by 1/2 in. in diameter.) The plugging of valves appeared to be a re-
sult of £ilters which were too coarse to remove all the particles that
were capable of causing plugs.

During shutdown which followed the zero-power experiments (zun 3),
larger filters, capable of removing particles greabter than 1 p in di-
ameter, were installed ahead of the pressure~control valves in both the
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fuel and coolant off-gas lines. The fuel-system pressure-conbrol valve
(Pov 522), which had exhibited some erratic behavior in rua 3, was tested
and found to have the same pressure-drop characteristics that it had when
first installed. 'This valve was reinstalled for the next operation of
the reactor. No further difficulties were encountered with the coolant
off~gas system, but several problems developed in the fuel system. (See
Fig. 1.15 for a simplified flowsheet of the fuel off-gas system.)

The performance of the fuel off-gas system was satisfactory during
the subcritical and low-power (up to 25 kw) operation of the reactor in
December 1965 and January 1966. The first indication of difficulty in
this run (run 4) occurred on January 23 with the reactor power at 500 kw.
The total integrated power accumulated up to this time was about 3 Mwhr.
At that time the system pressure began to rise slowly, indicating either
a restriction in the vieinity of PCV 522 or a malfunction of the valve.

(A routine check of system pressure interlocks on the previous day had
indicated normal behavior of all components.) Shortly after the start

of this pressure transient, the response of the drain-tank pressures
indicated an abnormal restriction at a capillary flow restrictor in line
521, the fuel-loop-to~drain-tank pressure equalizing line. The excess
pressure in the fuel system was relieved by venting gas through HCV 533

to the auxiliary charcoal bed umtil the restriction at PCV 522 was cleared
by operating the valve several times through its full stroke. These opera-
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tiong slso revealed at least a partial restriction in the line to the
uxiliary charcoal bed, appavently at HCV 533, Yhe reactor was made sub-
ritical after 4-1/2 hr operation at 500 kw.

0

[

Satisfactory pressure control was maintaived for about 24 hr, bub
the plugging at HCV 522 recurred shortly after the reacltor power was
raised to 1 Mw. Again, the operation of this valve through 1ts full
gtroke was effective in relieving at least part of the restriction.
However, on this occasion, evidence of restrictlons at the charcoal-bed
inlets began to appear. These restrictions were oypassed by publting
the two spare charcoal-~bed sections (24 and 2B) in service and cloging
the inlet valves to the two that were restricted (1A and 1B). Within
sbout 6 hr the inlets of beds 24 and 2B alsoc plugged. When the pre-
vicusly plugged beds were checked, at least one was found to be clear
and off-gas flow was reestablished through bed 1B. The manipulation of
the charcoal-bed inlet valves revealed substantial mechanical difficul-
ties with the manual operators. These were caused by misalignment of
extension handles and corrosion due to weather exposure and resulted in
two of the valves becoming inoperative.

The combination of difficulties in the off-gas system resulted in
a reactor shubdown to correct the conditions. The restrictions in the
equalizing line (521) and the auxlliary vent line (533) were relieved
by removing the capillary (FE 521) and a check valve (CV 533) respec-
tively. The valve and filter assembly, and a second valve that had been
tried briefly, were removed from line 522, The original valve and the
filter were subsequently subjected to detailed examinations which are
described in "Component Developument,” this report. Pressure-drop meas-
urements showed a higher pressure drop by a factor of 3 to 4 in the
valve and a factor of 10 in the filter. However, the observed restric-
tions, particularly in the case of the filter, were not high enough 1o
account for the dbserved pressure behavior in the operating systen.

While the reactor was shub down, several measurements were made of
the pressure drop across individual sections of the charcoal beds.
Measurements made shortly after the shutdown showed essentially normal
pressure drops for three of the four sections. The pressure drop across
the fourth section (1B) was about 60% higher than that scross the others.
(These measurements include the pressure drops across the inlet and oub-
let valves of each bed section.) Although nothing was done to correct
this condition, measurements made just before the next startup (run 5)
showed that all four sections had essentially identical, normal pressure
drops. Mechanical repairs had been made tc the operating mechanisms of
the valves, but these did not affect the flow characteristics. Meagure-
wments were also made of the pressure drop across the auxiliary charcoal
bed; no abnormalities were observed there.

The preparations for the next startup included installatlion of a
large, relatively coarse (50-u) filter and a large, open hand wvalve at
the PCV 522 location. This arrangement eliminated the small, easily
plugged passages associated with PCV 522, and it appeared that the filter
would still remove any particles large enough to plug valve 5228, which
was to be used for system pressure control. (Satisfactory manual pres-
sure control using valve 522B had been demonstrated during the shutdown. )
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In the next operation of the fuel loop (run 5), fuel salt was cir-
culated for 44 hr with the reactor subcritical or at very low power
(100 w) vefore the power was raised. The evidence is not conclusive, but
there was some indication of an increase in flow resistance at valve
522B during this time. Shortly after the power was raised to 1 Mw,
the increase in flow resistance at 522B accelerated sharply. Frequent
adjustment of the valve was required to maintain reasonable pressure
control. The restriction at the charcoal beds which ocecurred after
one such adjustment developed quite rapidly and resulbted in almost com-
plete plugging of the two beds that were in service (1A and 1B). After
the reactor drain, which was required because of the failure of the
space-cooler mobor, it was debermined thalt the auxiliary charcoal bed
was also restricted. This bed comes into service automstically during
a drain as a hackup to relieve any excess gas pressure. The helium in
the fuel system was then released through the two standby charcoal beds.

Detalled investigations after the shutdown showed that the charcoal-
bed restrictions were probably at the inlet valves. Valve 621, the in-
let valve to bed 1B, was removed for examination in the HRIEL. The re-~
sults of these examinationg are described in the section entitled "Com-
ponent Development." The pressure drop across bed 1B with valve 621 in
place was very much higher than normal. With the valve out, the pres-
sure drop was much lower but still higher than for a normal, unrestricted
bed. An excess of helium was then forced through the bhed for a few min-
utes, and the pressure drop suddenly decreased. Subsequent pressure-drop
measvurements under controlled conditions gave values wnich were normal
for an unrestricted bed.

Several gas samples were taken from the fuel loop during this shut-
down in an effort to i1dentify some of the plugging constituents. For
several days after the drain, all heliwm flow through the fuel system
was stopped, and the helium in the loop was circulated at ~1100°¢. The
heliumm in the off-gas holdup volume (170 liters) was stagnant at about
122°F. Three successive pairs of samples were then trapped from the
discharge of the holdup volume; each pair of sample traps consisted of
a pipe coil at liquid-nitrogen temperature followed by a U-tube filled
with molecular sieve material, also at ligquid-nitrogen temperature. The
first pair of samples was isolated from the gas that had been in the hold-
up volume by displacing it through the traps with helium from the fuel
loop. The helium which entered the holdup volume during this displace-
ment was presumed to be recpresentative of the material circulating in the
loop. A second displacement through another pair of traps was used to
isolate material from that gas. For the third pair of samples, the re-
actor cell temperature was allowed to rise to heat the off-gas holdup
volume to 173°F before the gas was passed through the traps. The pur-
pose of this was to see 1If any additional material was released from
the holdup volume by the increase in temperature. Analysis of the samples
has not yet been completed because of the high activity associated with
them.

Since particulate matter originating at the fuel pump was regarded
as one possible cause of plugging in the off-gas system, the main fuel
off-gas line (522) was opened at the fuel pump for visual inspection.
Small amounts of gray-green powdery material were found between the faces



of the flanges that were opened, but no deposits were ceen in the part
of the holdup volurme Lhat could be inspected. Samples of the solid ma-
terial and swabs of the holdup volume were removed for analysis.

Additional work o he performed before the next startup includes:
1. a blowoub of the holdup volume to remove any loose malberlal,

2. design, fabrication, and installation of a new filter—control-valve
assenbly at PCV 522, and

3. replacement of several valves in the system with valves having larger
trinm,

Salt-Pump 0il Systems

Botrained gas in the circulating oil tends Lo accumulate in the
volute of the standby oil pump. From the beginning of MSRE operation,
it was necessary to prime the standby pump frequently to keep it ready
for operation. (Priming was done roubinely once a shift.) Observations
in a development loop showed that entraimment and frothing in the res-
ervolr were due to the action of a Jjet pump used tto scavenge oil from the
bearing housing (using shield plug oil flow Lo drive the jet) and agl-
tation of oil by the shaflt and.bearings.6 In September 1965, the jets
on the fuel and coolant pumps were replaced with less powerful jJets to
decrease entrainment, After this modification, 1t was possible to re-
duce the frequency of priming the standby pump to once a week in the
fuel oil system; on the coolant lube o0ll system 1t was necessary to con-
tinuve as before.

After the jets were changed 1t was found that changes in fuel-pump
bearing-oll flow or reservoir pressure caused changes in reservolr level,
apparently because of holdup of oil in the salt-pump mobtor cavity. Oil
from the bearing housing can enter the mobor cavity elther by leakage
past the upper seal or through a passage comecting the motor cavity to
the area between the two shaft bearings. Apparently an excess of flow
to the bearing housing cauges o0ll to be forced up into the motor cavity.
Although the breasther line affords a return to the oil reservoir, it has
been found that once the oil collection vegins in the motor cavity it
wsually continues until either the oil system is shut down completely or
the bearing flow is reduced to below normal. An increase in oil flow
to the bearing housing from the normal 4 gpm to 5 gpm causes a level de-
crease in the oil reservoir of over 2 gal. (Much more than this could
collect without reaching the motor, but normally action is taken to stop
eollection at less than a gallon.)

ITeakage past the lower seal drains to the oll cateh tank, which is
equipped with a level indicator and which is pericdically drained to the
waste oll receiver. After the installation and calibration of a siphon
tube in the fuel-pump oil catch tank in November, oil wag not added to
bring the level indicator on scale. The fuel-pump lower-seal leak rate
during the months of December and January is therefore nob known pre-
cigely. However, when oil was deliberately added to the oil catch tank
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in February, it took 900 cc to bring the level instrument on scale. Tae
seal leakage evidently had been very low, because this volume is very nearw
that calculated to £111 the empty pipe from the oil catch tank to the drain
valve alt the waste oll receiver. After the oill catch tank level indicator
was brought on scale, the indicated leak rate was approximately 2 cc/day.
The coolant-salt-pump lower-seal leakage measured during January and

most of February was zero. Near the end of February a leak rate of ap-
proximately 4 cc/day began.

The levels in the oll reservoirs are recorded roubinely once a
shif't. As was seen above, the amounts of oil held up in the motor
cavities vary with operating conditions, and these cause variations in
the oil reservoirs. DBut there has been no reason why this variable
holdup should show any long-term trend. Therefore, the reservoir levels
recorded over a period of weeks should reveal changes in oil inventories.
Figure 1.16 is a plot of the fuel-pump 0il reservoir levels from December
1965 through February 1966, when the oil system was in continuous opera-
tion. It is apparent that leakage was less than can be measured by this

ethod. The coolant-pump oil reservolr level showed similar behavior
except that the fluctuations were smaller (probably reflecting less motor-
cavity holdup).

Treated Cooling-Water System

The treated-water system is a closed system removing heat from the
thermal shield and other items in the reactor and drain cells. Problems
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encountered during this report period were neutron activation of the cor-
rosion inhibitor and interruptions of flow through the thermal shield
slides.

Activation. During power operation in run 4, induced activity in
the treated water rose to an unexpectedly high level. Extrapolation of
obgerved radiation levels indicated that at 10 Mw, gamna radiation near
the heat exchanger in the diesel room would be about 400 mr/hr; similar
levels would exist in the water room. The activity proved to be 12.4-hr
42K produced in the corrosion inhibitor (2000 ppu of a 75% potassium ni-
trite, 25% potassium tetraborate mixture). The level indicated that the
average Tlux in the system (zbout 80% of which is included in the thermal
shield) was equivalent to about 7 X 100 thermal neutrons cm™? sec™! at
10 Mw.

A survey of possivle cation replacements for potassium led 4o the
choice of lithium, highly enriched in the 714 isotope to minimize tritium
production. An adequate amount of 1ithium nitrite solution was prepared
cormercially by ion exchange from potassium nitrite and lithium hydroxide.
After the 4000-gal treated-water system was diluted with demineralized
water to reduce the potassium from 800 to 3 ppm, the desired inhibitor
concentration was atbained by adding i nitrite, boric acid, and 11
hydroxide.

When the reactor was next operated at power, in run 5, objectionable
activation again occurred, this time due to 1.0 ppm of sodium which had
evidently come in with the demineralized water from the ORNL facility.
Condensate was produced at the MSRE with less than 0.1 ppm of sodium,
and this was used to dilute the sodium in the treated-water system to
0.3 ppm. The concentrations of sodium and ®Li are now low enough so that
shielding and zero-leakage containment of the water system will not be
necessary.

Flow Interruptions. On several occasions flow through the thermal
ghield slides stopped. Each time it was found that when the water supply
line was disconnected and water was allowed to flow backward through the
slides, considerable amounts of alr cawme out with the water. The con-
clusion wag that air could acecumulate in the longest slide until the
head exceeded the pressure available to cause flow. (This should be im-
possible if the piping in the slide were installed as designed.) Vent-
ing the inlet line restored the flow, and provisions were made to fa-
cilitate venting. The source of the alr was evidently a vortex in the
surge tank which occurred when the level was low. After the flow through
the surge tank was drastically reduced (it had been about 30 gpm) there
was no recurrence of the flow interruptions.

Secondary Containment

The secondary contalnment, that is, the envelope surrounding the
reactor and drain-tank cells, was tested and pub into service for the
first time during this report pericd. The testing procedure followed
generally the MSRE Operating Procedures, Sect. 4E.7 This procedure in-
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cludes testing of individual closure devices on lines penetrabting the

of the overall leakage rate.

All lines carrying nelium, air, or water into the cells are equipped
either with check valves or block valves actuated by radiation monitors.
A1l of these valves were tested, in place wherever possible; otherwise
they were removed and bench-tested. ‘Test pressures were 20 psig or more,
and leakage rates were required to meet conservative criteria. This work
was done concurrently with maintenance before the cells were closed.

eaks which occurred in the cooling-water system were mostly in the
check valves. These were the result of Toreign particles, apparently
washed out of the system and trapped between the sliding and moving parbs
of the valves. Two hard-seated valves in the treated-water system had
to be replaced even though the seats were lapped in an effort to get them
to seal. One was a check valve with a swinging check, in a water line
between the surge tank and condensate tank, and the other was a spring-
leoaded hand valve on top of the surge tank, which has to contain air.
They were replaced with soft-seated valves. The leakage rates on water-
containing valves were determined by collecting the leakage, and a flow-
meter was used Lo measure air leakage through valves on top of the surge
tank.

The majority of the valves in the helium system of both primary and
secondary contalnment had satisfactory leak rates. “Those which had ex-
cessive leakage were check valves and were found to have damaged O-rings
and/or foreign particles, usually melal chips from machining, in them.
Affer cleaning and installing new O-rings, they were satisfactory. Many
of the check valves had to be removed from the system to pressurize them.
After reinstalling, the lines were pressurized and the fittings were
checked with a helium leak detector. Leakage rates through the valves
were determined by a flowmeler or by displacement of water in a ecalibrated
tube.

The instrument-air-line block valves with Tew exceptions were found
1o be satisfactory; however, numerous tube fitlings were found to be
leaking by checking with leak-detector solution when the lines were
pressurized to check the valves. ©Several quick disconnects on air lines
inside the reactor cell and drain-tank cell were found Lo be leaking when
checked with leak-detector solution and were repaired. These leaks do
not constitute a leak in secondary containment, since each line has a
block valve oubtside the cell; bub a leak here does affect the cell leak
rate when air pressure is on the line to operate the valve.

The butterfly valves in the 30-in. line used for ventillating the
cells during meintenance operations were first checked by pressurizing
between them. The leakage measured by a flowmeter was excessive, and
the valves had to be removed from the system to determine the cause.
There was considerable dirt on the rubber seats, and one was cub; these
seats were cleaned and repaired. We found that the motor drive units
would slip on their mounting plates by a small amount, thus causing a
slight error in the indicated position of the valve. Dowels were in-
stalled in the mounting plates to prevent this. Small leaks were also
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found around the pins which fasten the butterfly to the operating shaft;
these leaks were repalred with epoxy resin., The line from the thermal-
shield rupbure disks to the vapor-condensing systems has numerous threaded
Jjoints that leaked badly when pressurlized with nitrogen. Fach jolant was
broken, the threads were coated with epoxy resin, and the joint was re-
made. All joints were leaktight when rechecked with leak-detector solu-
tion.

When closing the cells, all membrane welds were dye checked. After
completion of the membrane welding, alternate top blocks were installed,
and the cells were pressurized to 1 psig to leak check all menbrane welds
with leak-detector solution. DNo leaks were found in the welds. The re-
actor access cover plate, which has a double O-ring secal, was found to
be tight by pressurizing between the O-rings.

With the cells at 1 psig, all penetrations, pipe Joints, tube fit-
tings, and mineral-insulated (MI) electrical cable seals subjected to
this pressure were checked with leak-detector solution. Numerous leaks
were found in tube fittings and ML cable seals, and the leak rabe was
about 4500 £t2/day, indicating a major leak. Many of the small leaks
were stopped by simply tightening the threaded parts of the seal. How-
ever, the leak rate was still about 4500 ft3/day.

The cells were then pressurized to 5 psig, and leak hunting con-
tinuved. Three large leaks were located: one in the sleeve of line 522,
the off-gas line from the pump bowl to the carbon beds, under the bent
house floor, another in an instrument air line to wvalve HCV 523, and
another from the vapor-condensing system to the steam domes and out Lo
the north equipment service area through a line that was temporarily
open. All penetrations, tube fittings, and ML cable seals were again
checked with leak-detector solubtion. Many ML cable seals which had not
leaked at 1 psig were found to be leaking, and some of those which had
been tightened and sealed at 1 psig now leaked.

The hook gage being used to monitor the leakage rate along with
conventional pressure gages did not work properly, and the trouble was
found to be the result of extremely small lesks in the tube fittings on
the reference volume side of the system. This and tempersture changes
in the coolant drain-tank cell and specilal equipment room caused appre-
ciable difficulty in determining the leaksge rate. The piping to the
hook gage was evenbually replaced with virtually all welded tubing.
Temporary closures were put on the special equipment room, and the door
entering the coolant drain-tank cell was kept closed as much as possible.
These measures considerably improved the reliability of the data.

The MI cable seals as a group accounted for a large percentage of
the remaining leaks., Many were sealed by tightening, but many of them
reguired tightening more than once. As a result, several of the gland
nubs gplit and goldering was required. All large leaks were sealed or
greatly reduced, and many of the small leaks were stopped. To stop
thegse and other small leaks which may not have been located, all ML cable
seals were coated with epoxy resin at the seals outside of the cells.
Teflon tape, used extensively on MI cable seals, other threaded plpe,
and tube fittings, did nct perform satisfactorily in providing a gas
seal.
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After stopping or reducing the leaks in the MI cable seals and in-
strument air lines, testing was begun at 10, 20, and 30 psig. At these
higher pressures, large leaks were located in both component coolant pump
dome Tlaonges by leak-detector solution, and one of them was audible. To
correct these leaks, the width of the gaskelt was reduced to increase the
loading pressure on the gasket. All penetrations, MI cable seals, tube
fittings, and external parts of valves which are part of the secondary
containment were checked with leak-detector solution at each of the above
pressures.

In each of these tests, the containment system was pressurized to
a specific pressure. Then all gas additions and controlled exhausts
were gtopped, and the leak rate was measured by the change in pressure
corrected for changes in temperature. The calculated leakage rates are
presented in Fig. 1.17.
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The leakage rate 1ls accepbable if it is l% per day of the contained
gases under the conditions of the maximum credible accldent. This rep-
resents a leakage rate of aboubt 430 sefd at 39 psig and 250°F. With this
as the condition of maximum leakage rate, the curves in Fig. 1.17 relate
the leskage rate to system pressure for various Tlow regimes thal can
exist (see ref. 1). Also shown is a highly cconservative linear relation-
ship for leakage rate vs pressure. The data taken during the leak-rate
tests at 10, 20, and 30 psig are all well within the bounds of these
curves; the in~leakage rate at —2 pslg is acceptable for all but the
linear relationship. Although the dabta at —2 psig indicate the contain-
ment is inadequate for the linear extrapolation, a comprehensive exami-
nabion of the data clearly indicated that the leakage rate was acceptably
low.

Core Access Opening. Convenilent access to the control-rod drives
and the core accegs flange is had by removiug a 40-in.-diam plug in a
steel-Llined hole in a lower shield block. Originally a flange on the
upper rim of the hole liner was welded to the cell membrane, and a bolted,
gasketed cover plate completed the conmtalmment. This abtachment of the
membrane to a lower block presented a problem which became apparent dur-
ing testing and which led to modification. DBecause of their greab welght,
the upper blocks must be supported at thelr ends, not by the lower blocks.
To ensure this, there 1s necessarily some clearance between the upper
plocks and the membrane, which normally lies on the lower blocks. When
the cell is pressurized, therefore, the membrane 1ifts up wntil it con-
tacts the upper blocks. This it was free to do everywhere except around
the access opening, where 1t was fastened to the flange. Analysis showed
that this situation would produce excessive sbresses when tThe cell was
pressurized for leak testing. Redesgign of the liner or flange was im-
practical, so the membrane was cut lcose from the flange and an overlap-
ping pateh was welded on the membrane. This patch must now be cut off
whenever access is required.

Vapor-Condensing System. Installation of instrumenbation and shield-
ing on the vapor-condensing syetem was completed, and the gystem was leak-
tested before water was added. Bhielding consists of earth having a min-
imum thickness of 4 £t on top of the gas storage tank. This bank is Jjust
inside the area fence along the HFIR sccess road, and at least 8 £t of
earth was provided on the road side to give complete probection to passers-
by under the worst conditions. Before the tanks were covered, all pene-
trations were helium leak-tested and found to be tight. Then during the
reactor cell leak test, the vapor-condensing system was leak-tested at
30 peig, and a leakage rate of only 5.5 fts/day was measured from the
6800~f’té system. After the leak test, the vapor-condensing tank was
filled with water to the proper level, placing the system in readiness
for operation.

Ventilation of Coolant Cell. The cell housing the coolant-salt
systen is connected to the bullding ventilation system by a duct which
exhausts 5500 efm of air. This was enough to wmaintain a negative pres-
sure in the area until the radiator blowers were put into operation. Then
air leakage from the radiator enclosure exceeded the cell exhiaust capacity.
Even after congiderable work on the enclosure, the leakage was too much,
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To alleviate the situation, the inlet of the south annulus blower was con-
nected to the coolant drain-tank cell by ductwork. This blower can now re-
turn about 7400 cfm of air to the duct leading to the coolant sback. Now
when the annulus blower is used to supplement the regular exhaust, the
main radiator blowers can e operated withoul ralsing the coolant-cell
pressure above atmospheric.

sShielding

Complete radiation surveys of the reactor area were made at each
higher power level from 1 to 1000 kw. These showed a few areas of un-
acceptably high radiation. The treated-water system has already been
discussed. OScattering of fast neutrons and gamma rays from the reactor
cell into the coolant drain cell through the 30-in. cell ventilation
line caused excessive dose rates outside the access door. A wall of
16 in. of concrete block and 6 in. of borated polyethylene was built in
the coolant drain cell to reduce dose rates al the door to accephable
values. (The door is locked during nuclear operatlon to prevent entry
into the cell.) Gamma radiation from the fuel off~gas line in a 3-ft
gap between the reactor building and the vent house reguired earth shield-
ing, as had been expected. We also expected that additional shielding
would be required directly above the reactor, where there are large cracks
between the shield blocks. However, present indications are that the
shielding there will be adequate.

Component Performance

Considerable effort was spent in modifying and adjusting the ra-
diator to meet operational requirements. Other components performed
well, but there were some failures in convenblonal equipment.

ﬁégiator

The original radiator doors proved inadequate in that they bowed
and jammed when the radiator was heated. In August 1965, doors of im-
proved degign were installed. Tests showed that these doors deformed
far less when hot and suffered none of the permanent warping of the
first doors. Heat losses due to air leakage around the doors continued
to present a problem, however. Before all parts of the radiator tubes
could be gotten into an acceptable temperature range for filling with
salt, 1t was necessary to work out several minor changes. These in-
cluded shimming the gasket to conform to the complex bowing of the doors
and enclosure and changing the heater wiring to give a nonuniform heat
input over the face of the radiator.

At Tirst the new doors did aot move freely. On separate occasions,
both doors hung up and falled to lower, leading to snarling and kinking
of the lifting cables. Reliable, free movement of the doors was attained
only after several revisions. The seal strips were modified to eliminate
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digging into the asbestos and metal gasket and were abttached more securely
to the doors after the strips warped and broke in several places. The
upper limit switch arrangement was changed to prevent hangups due to over-
travel. The door gulde rollers were changed to eliminate binding. More
clearance between the moving doors and the enclosure was provided by mov-
ing the guide tracks and modifying the closing cams, which force the doors
in against the enclosure at the bottom of thelr travel.

When the main hlowers were operated to best the doors, other Jdif-
ficulties bhecame apparent. Alr leakage from the sheeb metal enclosure
was clearly excessive (about 10,000 cfu), even though the original de-
sign had been modified to include hoods into which the doors were raised.
The leakage was reduced by installing asbestes cloth boots around the
cables, applying sheet metal to some gaps, and packing insulation in others.
iven so, the leakage required an increase 1n the cell exhaust capacity
to prevent pressurization of the cell. Ieakage of hot air inbto the re-
gion just above the enclosure caused overheabing of electrical insulation
on the numerous thermocouples and power leads in this vieinity. The prob-
lem was compounded because the new door hoods blocked the circulation of
air from the cell coolers. Leak stopping and more thermal insulation
improved the situation, but it was stlll necessary Lo relocate junction
vages in cooler locations along the cell wall and install higher-tempera-
ture electrical inswlation on the thermocouple and the electrical leads
over the enclosure. Flexible ducts and vanes were uged Lo redirect coocl
air flow over the leads and the lifting mechanisms. See "Component De-
velopment” for additional information about the modifications.

After the improvements in the door seals, alr leakage through the
radiator was manageable, but 1t was still considerable. Otack draft
alone pulled enough alr arcund the closed doors to make the heat losses
(and regulred heater settings) sensitive to the wind oubtside and the
position of the radiator bypass damper. It was found that the dcor~-seal
leakage also depended on whether the doors had been scrammed or were
lowered normally. The first operation at 1 Mw (in run 4) was with one
main blower on, the bypass open, the outlel door raised 15 in., and the
inlet door 211 the way down. later, in run 5, more than 1L Mv was ex-
tracted with both doors down (but not scrammed), cne main blower on,
and the bypass open.

During the 1-Mw operation in run 4, salt froze in the lines con-
nected to FT 201, the venturli flowmeter located in the upper part of
the radiator enclosure. With the blower on, cool air leakage past the
element made it necesgary to turn on local heaters to prevent freezing.
When the blower was stopped, the heaters had to be turned down to avold
overheating. It appeared likely that in higher-power operation, with
greaber air pressure in the radiator, the element could not be kept from
freezing. Therefore, between runs 4 and 5, the top of the enclosure was
cut open, part of the stacked~block insulation was removed, and fibrous
insulation, protected by shim stock, was installed around the alement.
Cpeyation in yun 5 indicated that the insuvlation was then adeguate.



ther Components

Heaters. Very little trouble was encountered with the heaters on
the salt systems.

A faulty thermocouple led to fallure of two elements in H 106-1, a
heater on the fuel drain line to drain tank 2, in October 1965. Investi-
gation of an anomalous drop in current showed that two elements had failed
after a lengthy period in which the heater was operalting near the maximum
power (about 50% higher than other heaters in similar locations). The
thermocouple whose reading was used o set the heater was then checked.
One lead was grounded in the shield, causing the indicated temperature
to be 400°F low. All three elements in H 106-1 were replaced. X rays
showed that about 1 in. of resistance wire in the two failed elements had
melted. Imspectlion of the pipe showed no damage from the abnormally high
temperature .

All heaters performed properly during the heatup of the fuel and
coolant loops, with one minor exception. A broken lead turned up on a
heater between the radiator and the coolant pump. It was simply recon-
nected.

After the startup, one of three elements in one of the heat-exchanger
heaters falled. No action was taken because the other elements were enough
to produce the desired temperature.

Drain-Cell Space-Cooler Motor. The fans on the reactor- and drain-
cell space coolers were originally driven by 3-hp motors; 10-hp motors
were subseguently lnstalled to provide the additional power needed to
keep the fans running in the event of an accident which pressurized the
cells.

The motor on the drain-cell cooler failed at the end of run 5, after
about 2900 hr of operation. The cooler was removed, and examination
showed that the rotor had slipped along the shalt until the rotor fan
blades rubbed, causing the stator windings to overheat and to be destroyed.
Normally a forece of 2 or 3 tons is required to force the shaft out of a
rotor of this size.

This very unusual failure does not appear to reflect a weakness in
design, but most likely improper manufacture. Therefore, the ruined
motor was replaced with one practically identical.

Component Cooling Pumps. The two component cooling pumps are large,
positive~-displacement blowers which supply cooling air to freeze valves
and other equipment in the reactor and drain-tank cells. Whenever +{he
fuel system is hot, one punp is kept in operation, with the other on
standvy. By the end of February 1966, CCP 1 had operated 4995 hr; CCP 2
had operated only 1620 hr.

The drive belts on CCP 2 broke after 1454 hr of operation and again
after 11 additional hours. The belts had been operated at loadings in
excess of thelr rating since the beginning of operation when the sheaves
were changed to reduce blower speed. After this was recognized, follow-
ing the second failure, the sheaves and belis were replaced with a poly-
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V-belt drive adequate for the 75-hp motor capacity. The criginal belts
onn CCP 1 lasted for 4360 hr before fallure. They too were replaced with
8 poly-V-belt drive.

At the time of the second failure of the CCP 2 belts, it was dis-
covered that the discharge check wvalve on this blower was inoperative.
This valve is a 6-in. butterfly-type valve with an elastomer hinge hold-
ing two flappers in place. The hinge had broken, allowing one flapper
to fall off. The result was that CCP 2 "motored" because of reverse
flow when CCP 1 was operated. The check valve was rebullt and reln-
stalled.

Diegel Generators. UYhree Diesel-powered generators, each with a
capacity of 300 kw, supply emergency ac power to motors and heaters in
the MSRE. There has been no occasicn on which this emergency power was
needed. The diesels are sbarbed once a week, and once a month they are
operated under partial load. They have also been operated during plauned
power oubtages for up to 6 hr.

In November 1965, coolant leaked into the crankcase of DG 3, and
it was found that an imperfect head made a tight seal beltween head and
vlock imposgible. The head was replaced and the bolts torqued to the
manufacturer's specifications. In Februsry a crack was found in the
block at one of the bolt holes. A stop-leak compound was used bempo-
rarily until repairs could be planned. At the manufacturer's recom-
mendation, repair of the crack was attempted by metallic arc welding.
The attempt was only partly successful, and stop-leak compound was
needed to halt slight seepage from a crack adjacent to the weld. Turther
attempts at repair are deemed inadvisable, and the expense of a new block
does not appear Justifiable in view of the purpose of DG 3 — if 1t were
to fall when called on for emergency power, it would at worst cause delay
and inconvenience bub no system damage. Presently DG 3 is tested roubinely
with the cother diesels, but the crankcase oll is monitored especially
carefully for traces of coolant.

Adr Compressors. Compressed air at the MSRE is supplied by three
reciprocating air compressors. Two of the compressors, AC 1 and AC 2,
provide instrument air. The other, AC 3, supplies alr for service needs
and, in emergencies, can supply alr to the instrument systemn.

The service air compressor is an 8~in.-bore, 7-in.-stroke, 5l4-rpm
machine with Teflon rings, installed new in 1962. In more than three
years of service, it failed once, in 1964, when blockage of the after-
cooler discharge line by a falled check valve led Lo excessive pressure
and a head gasket fallure.

The instrument air compressors are also 8~in.-bore, 7-in.-stroke
machines, bub they were originally equipped with carbon rings and op-
evated at 600 rpm. Both had been used elsewhere, and both had been
overhauled and eguipped with Teflon rings before being placed in service
ab the MSRE in 1964. Through Jaanuvary 1966, six head gasket fallures had
pecurred in these two compressors, three on each compressor.

Investigation of bthe excessive failure rate on AC 1 and AC 2 led
to the conclusion that the failures were csused by overheating of the
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cylinder liner, which occurred whenever the cooling-water temperature

or the load was slightly above normal (but still within the specified
range). This was attributed to binding of the TeTlon piston rings, which
was observed at times after brief operation at rated load. When the rings
began to bind, the cylinder liner apparently overheated, expanding axially
and deforming the head gasket. Water then leaked from the cooling pas-
sages into the cylinder when the compressor cooled and the cylinder liner
shrank. The compressor wmanufacturer now recommends a maximum speed of
514 rpm on 7-in.-stroke compressors; apparently piston speeds at 600 rpm
were too high after Teflon rings were substituted for carbon. It was pos-
sible to reduce the speed on AC 1 and AC 2 to 512 vpm and still meet the
requirements for instrument air flow. This change was made, therefore,

by changing the drive sheaves and belts, and apparently the binding and
overhealting were eliminated.

Inspection of the Fuel Pump

The fuel pump rotary element was removed for inspection after the
flush salt circulation at the end of run 3. The pump was checked for
dimensional changes, deposits, corrosion or ercosion of hydraulic parts,
and for rubbing of close~clearance running fils.

The pump was generally in good condition, and nothing was found that
would interfere with the satisfactory operation of the pump. There was
no indication of rubbing of the ruoning fits or of corrosion or erosion
of the hydraulic parts. The only dimensional change was a 0.006~in.
growth of the pump lank bore diameter where the upper O-ring wates with
the puup tank.

Flgure 1.18 is a photograph of the lower part of the rotary element
in the decontamination cell where it was examined. The dark stains on
the shield plug arec the results of an oll leak through the gasketed Joint
at the cateh basin for the lower oil seal. This oil had ruan down the
surface of the shield plug, where i1t had become coked by the higher tem-
peratures near the bottorm. Some of the oll had reached the upper O-ring
groove at the bottom of the shield plug and had become coked in the groove,
but none appeared to have leaked past the O-ring during high-temperature
operation. Some fresh oil was observed below the ring after the rotary
element had been moved to the deconbamination cell, but we believe this
0il dripped from the open oil lines during the transfer to the cell.

The photograph also shows part of a deposit of flush salt that
failed to drain from the labyrinth flange just above the impeller. Cal-
culations of fission product activity after high-power operation indi-
cated that this incomplete drainage would not increase the maintenance
hazard significantly, provided Tlush salt 1s circulated to flush fuel
from this location prior to the removal. There were also deposits of
salt that contained fuel in both the upper and lower O-ring grooves.
These deposits would not ve effectively diluted during flush salt opera-
tion and would constitute the major radiation source during maintenance
operations.
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Fig. 1.18. MSRE Fuel-Circulating-Pump Rotary Element After Run 3.

The parts of the rotary element that had been in contact with the
salt had clean, bare metal surfaces, while the parts exposed to the gas
had a thin black film. There was an abrupt transition, which may be
seen in Fig. 1.18, between the two types of surface, but this transition
was slightly above the actual level. The salt deposit above the laby-
rinth flange and a smaller salt deposit in the pump volute were also
partially covered with a thin black £ilm.8

The pump was reinstalled using remote maintenance techniques so
that these techniques and procedures could be evaluated. Four universal
Joints on the flange bolts that had been found broken during the dis-
assembly were repaired prior to the reinstallation of the rotary element.
The failures resulted from excessive bolting torque that had been used
earlier to obtain an initial seal on the flange.

Heat Treatment of Reactor Vessel

After the reactor vessel was installed, tests of Hastelloy N from
the heats used in the vessel showed that the closure weld between the top
head and the flow distributor ring would be expected to have poor me-
chanical properties in the as-welded condition. Further tests showed
that the rupture life and ductility, which were unacceptably low, could
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be practically restored to those of the base metal by stress relieving
for 50 to 100 hr at 1400°F.° Although this is well above the normal op-
erating temperature of the MSRE, it was attainable with the installed
heaters, and calculations showed no harmful thermal stresses would be
involved. Therefore the vessel closure weld was heat treated in place.

Temperatures were monitored by six thermocouples evenly spaced
around the vessel Just below the weld. Because of gaps in the shroud of
vertical heater tubes around the vessel, a perfectly uniform temperature
could not be attained. A day was spent at about 1300°F, adjusting heaters
to minimize the temperature spread. Then for 90 hr the lowest tempera-
ture was held at 1400 * 20°F, while the hottest thermocouple was at
1460 * 20°F. After the vessel was cooled at the end of the treatment,
inspection showed that the furnace and insulation were undamaged.

Stress Analysis of Reactor Piping and Nozzles

The MSRE fuel system was designed for the fuel pump and the heat
exchanger to move horizontally and vertically. This was done to keep
the stresses low in the piping and eguipment nozzles while accommodating
the expansion and contraction of the closely coupled system as it is
cycled between 150 and 1300°F. During the prenuclear and critical test-
ing we found that the pump mount could not be depended on to move ver-
tically. At the same time we learned that the creep properties of the
metal in the reactor vessel and the piping inside the thermal shield
would detericrate with neutron irradiation. The former condition could
cause the stresses in the piping and nozzles at the reactor vessel to be
high with the system hot or cold. The latter requires that the stresses
be kept low when the reactor is at high temperature, although normal de-
sign stresses are permissible below about 800°F.

According to our calculations, acceptable stresses at the reactor
vessel nozzles could be cobtained by raising the pump 1/2 in. and the
heat exchanger 1/4 in. from thelr existing cold positions and fixing
them against further vertical movement. This "cold springing" would
result in the stresses being high at low temperature, and expansion of
the piping on heating would lower the stress as the temperature is raised.
Because of the relative locations of the supports, fixing the pump and
both ends of the heat exchanger was found by calculation to result in
excessive stresses in the heat-exchanger nozzle during the thermal cy-
cling. However, acceptable stresses could be obtained there by mount-
ing the heat exchanger on spring supports at the end closest to the pump.

The changes were made as indicated above, and the fuel system was
heated to 1200°F. There was no appreciable vertical movement of the
heat exchanger on the spring supports where a downward movement of 0.1
in. had been expected. This indicated that some of the assumptions used
in the calculations were not accurate and the calculated forces at the
heat exchanger were too high, or that the junction of the nozzle to the
shell of the heat exchanger yielded under small forces.

After the system was cooled, strain gages were installed on the heat-
exchanger nozzle and on the piping to the pump. The heat exchanger was
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ralsed and lowered about 1/8 in. while the forces on the spring supports
and the strains were measured. The measurements indicated that the maxi-
mum stress was in the heat-exchanger nozzle, but that high stresses in
the nozzle were accompanied by large forces on the springs. We concluded
that the spring mounting should act to relieve any large vertical forces
on the nozzle and that the revised installation was satisfactory.

Instrumentation and Controls

General

Formal design of the MSRE instrumentation and conbrols system is
now complete. The need for further additions and modifications to the
instrument and controls system has become apparent as initial operations
progress. oome provide additlonal system protection, but in the majority
of cases the purpose is to lmprove performance and provide more informa-
tion for the operator. A few minor design errcrs were corrected, and
some instrumentation was added to simplify maintenance procedures. Ex-
cept for some specification sheet revisions and preparation of a design
report, documentation is complete.

Safety Instrumentation

No major changes to the fiux and temperature safebty system were re-
quired. Minor modifications were made as follows:

1, The model Q-2623 relay safety element was altered by replacing
the 115-v ac relays with 32-v dc relays. This eliminated ac pickup on
the other mcdules through which relay coll current is roubed and reduced
the likelihood of spurious trips, particularly when the Q-2602 flux am-
plifier Lrip points are reduced by a factor of 1000 from 1.5 Mw to 15 kw
of reactor power.

2. The voltage adjusting resistor in the rod drive clutch circuit
was increased from 500 to 750 ohms to facilitate setting the cluteh cur-
rent to the necessary and sufficlent minimum value.

3. Current meters were placed in the rod drive motor circuits.
Gross changes in motor load, caused, for example, by a sticking rod,
may be inferred from an increase in meter reading.

4. Dynamic braking circuitry for rod drive 1 (servo-controlled
rod) has been designed, built, and tested, with installation scheduled
for March 1966. Braking action is obtained by discharging direct cur-
rent from a capacitor through the motor field windings when the drive
motor is turned off. This break will provide a substantial reduction
in coasting of the rod drive after the power is switched off. As a re-
sult it will take less back-and-forth Jogging to get small increments of
rod motion when manually shimming. Servo performance is expected to im-
prove for the same reason.
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To assure a drain, additions and revisions to existing safety cir-
cuits were designed to open the fuel drain-tank vent valves on signal
from high neutron flux (seram) and keep them open until manual reset is
used to permit reclosing.

Wide-Range Counting Channels

Reactor power and period information from these two fission counter
channels™?® provides interlocks which govern permissible reactor power
levels (control system modes)*? and reactor £ill, which johibit rod
withdrawal during start, and which provide control-rod reverse action.

Very generally and typically, reactor pericd signals from counting
channels operating at low input levels are characterized by slow response.
This inherent delay produced a problem withh servo-controlled rod with-
drawal during start. In a servo~controlled start, the demand signal
causes the regulating rod to withdraw until the period-controlled "with-
draw inhibit" interlock operates. ITf the period continues to decreasc,
the "reverse' interlock acts to insert the rods in direct opposition to
the servo demand. These "withdraw inhibit" and "reverse" trip points
were originally established at periods of 420 and +10 sec respectively.
The delayed low-level response of the "inhibit" interlock allowed suf-
ficient inecremental rod withdrawal to produce a 10-gec period and thus
cause a reverse. The situation was aggravated by coasting of the shim-
locating motor in the regulating rod limit switch assembly.l3

As remedial measures, the "withdraw inhibit" and "reverse' period
trip points were changed to +5 and +25 sec, respectively, and an electro-
mechanical clutch-brake was inserted in the shim-locating molbor-drive
train. The dynamic brake described above is also expected to reduce this
period overshoot problem.

Provision for testing the period and log power interlock trips in
the wide-range counting channels was provided. Testing is donc roubtinely
by Instrumentation and Controls Division mainftenance personnel and is ac-
complished by push buttons inside the instrument chassis.

Nuclear Instrument Penetration

We assumed that the neutron flux in the instrument penetrations would
tend to decrease exponentially with increasing distance from the core ves-
sel.l Tnis implies that most of the flux within the penetration originates
with neutrons entering the lower end face of the penetration. Figure 1.19
shows that concrete shielding was added in an effort to shield the pene-
tration from other sources of neutron flux. The vernistat in the wide-
range counting chamnel's model Q-2616 funciion generatort’ will compensate
for any reasonable departure from an exact exponential atbtenuation of
flux; however, it became apparent duriang the first series of critical ex-
periments that flux atbtenwation within the instrument penetration was
deviating, grossly, from the assumed exponential curve. This unseemly
behavior is illustrated by curve A on Fig. 1.20, which shows fission counter
response (normalized count rate) vs withdrawal from the lower end of the
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penebration in gulde tube 6. It was reasonable to conclude from this,

and from similar curves, that the excess neutrons responsible for the dis-
torted part of the curve were entering the penetration along its length.
The count rates in other guide tubes nearer the upper half of the guide
tube were even more distorted than curve A.

A flux field with attenuatlon per curve A precludes successful op-
eration of the wide-range counting instrumentation. We decided to shield
the fission counters from stray, side-entry neutrons with shields of sheet
cadmivm which were inserted into guide tubes 6 and 9. As a counter travels
up a guide tube during withdrawal, it first enters a partially shielded
section of the guide tube. The partial shielding is obtained by uvsing
wedge-shaped strips of cadmium laid around the guide tube, which provide
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ever-increasing shielding from side-entry neulrons as the counter is with-
drawn. 'The bases of these long narrow wedges occupy the full periphery
of the shield tube at its upper end and thereby provide a smooth tran-
sition to the 100% wraparound cadmium sleeve which Tollows. This shield-
ing, Fig. 1.20, was an eminently successful answer to the problem; curve
B, normalized count rate ve distance, wag obtained after this shield was
installed in guide tube 6.

B3 Confidence Instrumentation

Because of very unfavorable geometry the strongest practicable neu-~
tron source would not produce 2 countb/sec Trom the fission counbers in
the wide-range counting channels until the core vessel was approximately
half full of fuel salt; neither would it produce 2 Oounts/sec with flush
salt in the core at any level. This is the minimum count rate required
to obtain the permissive "confidence" interlock which allows filling the
core vessel and withdrawing the rods. Therefore a counting channel using
a SGnultJVP BF3 counter was added to establish "confidence" when the core

spsel 1s less than half filled with fuel salt. With the revised system,
a fuel—salt i1l may begin when the reactor vessel is empty if BF3 count
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rate "confidence" is established but camnot be continued after the re-
actor vessel is half full unless "confidence" is established with either of
the two wide-range counting channels. When f£illing the reactor vessel with
flush salt, rods may be withdrawn and the fill allowed to proceed at any
level if BF3 count rate "confidence"” is established and if the drain-

tank selector switch is in the fuel flush tank (FFT) position. Selection
of the FFT position bypasses the half-full welght interlock and requires
administrative approval. Figure 1.21 is a block diagram of this BFs count-
ing channel.

Personcnel Monitoring System

The reactor building radiation and conbamination warning system
was revised to correct some deficiencies and to improve its effective-
ness as Indicated by tests and experience during reactor power operation.
An alarm relay was insballed in the personnel and stack monitor alarm
system clrcuitry to provide an annunciation upon loss of the 24-v de
voweyr supply. Monitron RE-70L2, located in the south end of the high
bay, was moved east about 20 £t to monitor for possible radlation escaping
from the nuclear instrument penetration. CAM RE-7001 wag moved closer
to the sampler-enricher to monitor its operation. Several of the Q-2091
beta-gamma monitors were relocated to provide more protectlon. One unit
was installed in the instrument shop, one wnit was removed from the health
vhysice office and installed in the hall between Buildings 7503 and 7509,
and. the unit in the vent house was relocated to reduce its background
regsponse from lines in the vent house. Two additional alr horns were
added to increase the area covered by the horn evacuation signal. One
horn was installed on the southeast corner of Buillding 7509 and the other
in the diesel house. TFour additicnal beacon alarm lights were Installed
in areas where the horn might not be heard. A light was installed in the
vent house, cooling~water equipment room, the switch house, and the Plant
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and Eguipment shop bullding. A Q-2277 rate meter and Q-2101 alpha oprobe
will be installed in the hot change house.

Control Instrumentation

Containment. To maintain the integrity of the reactor secondary
containment, solenold block valves with safety-grade wiring were Iin-
stalled in the fuel-drain-tank steam dome drain piping. These valves
are interlocked to close when reactor cell air activity or pressure is
above limits. The interlocks override a manual switch used for normal
operation of the steam dome drain system. Actuating signals were ob-
tained from existing circuits.

Safety-grade conbtrol circults were installed to operate four weld-
sealed solenoid valvegs serving the fuel off-gas sample system. The
valves are specially designed and constructed Tor use on MSRE contain-
ment systems and are identical to those previously purchased for use in
the fuel-pump-bowl bubbler level system. The procurement of four addi-
tional valves from a commercial source 1s nearing coupletion.

Fuel Sawmpler-Inricher. The fuel sampler-enricher safety-grade con-
trol circults were revised to increase the reliability of the two con-
talnment barriers between the primary System.(fuel pUn bowl) and the
operator. Originally, the circuits were designed so that the sample
access port could be opened 1f either the operational valve or the
naintenance valve was closed. With this arrangement a condition existed
wherein a single failure could permit the access port to be opened when
both the operational valve and the maintenance valve were open. 1f this
had occurred when the manipulator cover was removed, the manipulator boot
could have become the only containment barrier between the operator and
the fuel pump bowl. Since the boot could be ruptured by system pressures
in excess of 10 psig, this condition was considered to be hazardous.

The circults are now designed so that bhoth the maintenance valve and

the operational valve must be closed before the access port is opened.
Also, the removal valve and access port must be closed and the manipulator
cover must be in place before either the operational or the maintenance
valve can be opened. The position of the cover 1s detected by a newly
installed vacuum pressure swibtch. Additional protection for the manipu-
lator vwoot has also been provided by a new circuit that prevents develop-
ment of excessive differential pressure across the hoot during sampler
evacuation operation. This protection is accomplished by closing a valve
in an exhaust liae to the vacuum pump when the differential pressure across
the boot exceeds 30 in. (water column).

Fuel and Coolant Pumps. To satisfy established operating criteris,
the fuel and coolant salt circulating purip control circuits were revised
as follows:

1. In both the fuel and coolant salt circulating pump circuits, the
existing pump bowl level switch actuvation valve was changed to re-
duce the level at which the pump is stopped, and one new switch was
installed to prevent pump shartup until pnormal fi1l1l level is rveached.
Since the salt level drops 8 to 12% after pump startup, the single
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level switeh system previously used did not leave enough operating
margin to prevent normal level fluctuations from stopping the pump
and shutting down the reactor.

2. 'To prevent unnecessary shutdowns, the control which indicates that
TV 103 is frozen is now sealed out after the fuel pump starts. The
only purpose of this interlock is to prevent pump startup until the
freeze valve is closed.

3. Jumpers were added around the coolant salt system helium off-gas ra-
diation contacts in the fuel pump circuit to prevent the pump from
stopping each time a' cireuit test is conducted. The radiation monitor
ig a safety-grade device, and its primary functlon is to initiate an
emergency drain. Both channels must be tested routinely.

Fuel Procegsing System. A mass flow-rate meter was installed to
indicate the flow of HF to the fuel storage tank during fuel processing
operations. The purpose of this second flow measurement is to provide
an independent check on the existing orifice meter because the HI Tlow
rate is important in calculating the amount of oxide removed from the
fuel salt.

To prevent possible diffusion of Hz into the HF gas supply cylinder,
interlocks were installed to close both the Hp and HF gas supply station
valves when the main gas supply valve to the fuel storage tank is closed.

Operating Experience — Process and Nuclear Instruments

Control System — Relays. Little or no trouble has been experienced.
Virtually all design changes to the relay control gear have been made 1o
meet new requirements developed by operating experience, not to correct
malfunctions of this equipment.

Valves. The difficulty experienced with bthe pressure control valve,
PCV 522A, in the pump bowl off-gas system is a part of the larger general
problem of off-gas contamination®® by carryover of solids and vapors which
are depogited in the off-gas lines. Valve-selection criteria for the off-
gas system did not include considering nongaseous foreign matter in the
off-gas stream.

Two pressure control valves, PCV 500J and PCV 510Al, in the main in-
let helium line gave difficulty from galling. These valves are being re-
worked.

Pressure Transducers. One strain gage unit in the sampler-enricher
suddenly shifted calibration, but during operation reburned to its original
state. The most likely explanation is molsture which, after getiing ianto
the device, was baked out during service.

Thermocouples. Thermocouple performance has been excellent. Only
one in-cell thermocouple was lost during the six-month period covered by
this report. The plastic insulation on the radiator thermocouple lead
wires suffered from local temperaturesl7 which were substantially in ex-
cess of those anticipated. Remedial measures such as insulabing indi-
vidual wires with ceramic beads, directed flows of cooling air, and in-




48

sulating the high-temperature regions from heat sources have reduced, but
not eliminated, the problem.

Tiquid-Level Bubblers. The helium bubbler instrumentation used for
fuel salt level instrumentatlon experienced a mechanical failure in two
of the differential pressure-sensing instruments. The failure was a
leaky connection caused by weak welduents fabricated by the vendor and
used to attach autoclave filtings to the pressure inlet tubing. With
the assistance of the Metals and Ceramics Division, the weldment was re-
designed and rewelded. No further difficulties have been experienced.

Weight Tostrumentation on Salt Tanks. The system has not been en-
tirely satisfactory. The basic input instrumentation (weigh cells, mount-
ing, etc.) has functioned satisfactorily, but the readout has given trouble.
Manometer readout is accomplished by selecting a particular weigh cell
channel with pneumatic sclector valves. The valves are composed of a
stacked array of individual valves operated by cams on the operating handle
shaft. The valves leak; proposals to eliminate the problem are being con-
sidered.

Nuclear Safety Instrumentation. The electronic instruments have
given little trouble. The solid-state modular instruments, hitherto un-
tried in an operating installation, have needed very little service, and
no major problems have developed with use. Channel 3 of the safety systen
produced an abnormal number of spurious trips. A large numnber of these
are believed to have originated in faulty, vibrabtion-sensitive relays in
a commercial electronic switch which provides the high-temperature trip
signal in the channel. Vibration isolation and substitution of a dif-
ferent relay are being consldered as possible antidotes. Another source
of occasional Talse trips is believed to have originated with a chatter-
ing of the relays which change the sensitivity of the flux amplifiers in
the safety circuits. This has been corrected. Very generally the source
of spurious Urips has been difficult to trace, since they are random and
usually appear to be unrelated to events elsewhere In the reactor sys-
tem. As electrical nolse~producing components elsewhere in the system
are eliminated, the number of false trips 1s expected Lo be reduced.

Wide-Range Counting Channels. Moisture penetration has been ex-
perienced with the wide-range counting channel "snake"*8 assenmbly. An
improved waterproof Jjacket is expected to cure this affliction. A faulty
vernistat and an overloaded gear reducer in the drive unit of the wide-
range counting channel required replacement.

Linear Power Channelg and Servo Controller. The compensated ion
chambers use a small electric motor to change compensation. One motor
drive has given some trouble and has been responsible for the maintenance
required by these chambers. The servo rod controller has been used for
automatic control in bobth the flux and tewmperature modes. Excepting the
problem associated with the wide-range counting channel, the servo's per-
formance was very satisfactory.

Electrical Power System. Substitution of the new 50-kva solid-state
converter for the existing 25-kva motor generator is expected to reduce
or eliminate many of the problems stemming from instability, noise, and
poor voltage regulation.
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False alarms from the monibtron in the east service tumnel were traced
to electrical ncise from the sampler~enricher vacuum punps. An electrical
noige Filter 1ls belng designed to remedy this., A fauldty scolid-state switeh

in the gampler-enricher was responsible for noise in the oubput of the
Sorensen regulator.

Data System

The installation of extensive modifications®® to the data~logger—
computer was complebed on August 31, 1965, and testing began immediately.
Several falled computer components were found and replaced, and two loose
connectbions in the analog inpubt system were found and repaired. Additional
degign changes and adjustments were required as a regult of the modifica-
tions, and, with the exception of the digital filter-integrator, which re-
guired complete redesign, these changes and btesting were completed on Sep-
tember 16. The seven-day acceptance test was restarted on Sephember 16,
1965, and completed September 23, 1965. The remainder of Septenmber was
spent correcting miscellaneous hardware problems, principally loose cir-
cult card connections. Apn air-conditioning failure caused the compubter
room ambient temperature to rise to 85°F, and, simultaneously, the ac supply
voltage fell to 103 v. These two conditions, although simultancous, were
not coupled. In these clrcumstances it was impossible %o keep the systenm
on line for more than a few hours at a tiwme. It was concluded that suc-
cessful operation of the compuber regulres that amblent temperature be
held below 85°F and that ac supply voltage be maintalined bebween 105 and
120 v.

Satisfactory operation was restored, and the sysbem was accephed on
October 1, 1965, provided that Bunker-Ramo Corporation (1) supplies and
installs a digital filter-~integrator for the analog input signals, and
(2) provides and installs, at ORNL's opblon, clrcuitry which prevents
damage to the core memory by regtart transients subsequent to a power
logs and whiech provides a controlled seguence automatic restart when
power is restored.

October was spent checking and calibrating inoub instrumentation
and in troubleshooting hardware fallures, principally in the analog in-
pul area of the system. Instrument calibrations were completed in No-
vember, as were substantial modifications to lmprove reliability sched-
uled by Bunker-Ramc. The digital filter-integrator and restart clreultry
were also installed during this shutdown.

In the period of December 1965 through February 1966, the logger-
computer achieved operating status. In addition to the routine and
periodie collection of operating data, 1t was used to obbtain transient
and frequency responses and to determine fuel temperature coefficients
of reactivity. It was programmed to operate the control rod for the
pseudorandom dbinary tests reported in "MSRE Dynamic Tests," this report.
The log of operating data, which did not seem significant during opera-
tion, became extremely useful during analysis of the off-gas problem.
Puring this period the various computing and logging programs were belng
modified in accordance with the requirements developed during reactor op-
eration.,
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Figure 1.22 charts, on a weekly basis, the "in service" or "on" time

as a percent of total time. The shaded areas on the figure are scheduled
shutdowns and cannot be charged against the system as malfunctions. Duriog
the period immediately following system acceptance, performance, as noted
above, was disappointingly low and did not approach the specified reguire-
ments. The system has shown a slow but steady overall lmprovement in op-
erating reliability as debugging progressed. For example, during February
the logger-computer "in service" time was 99.7%.

MSRE Training Simulators

The power level training simulator19 was operated successfully in
1Y

October 1965 as part of the coperator training program. It was set up on
two general-purpose, portable EAT-TR-10 analog computers and tled in with
the reactor instrumentation system. No special hardware was redquired.
The control of the simulator was effected entirely from the operator's
console, where actual rod motion, radiator door positioning, and blower
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manipulation were used as inputs Lo the simulator. Readouts of the simu-
lated linear and log power, key system temperatures, and heat power were
provided by the reactor instrumentation. The simudator was used Lo check
out the reactor Flux and lcoad control systems and bthe procedures used to
switeh from flux to temperature servocontrol.

Documentation

Except for some revisions and additions to insbrument specification
sheet and preparation of a design report, documentation of the MORE in-
strumentation and controls system design is complete. During the past
report period, instrument application and switeh tabulations were com-
pleted and issued, and design drawings were revised to incorporate as-
built revisions and recent additions to and revisions of the system.
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2. COMPONENT DEVELOPMENT

The efforts of the development group were devoted to assisting in
the prepower operation and testing of the reactor. BSeveral changes in
the equipment and procedures were made, and these are described below.

Freeze Valves

The specifications for all but three of tle freeze valves were sim-
plified by eliminating the "rapid" thaw requirement. This requirvement is
needed in FV103, which controls the emergency drain of the reactor, and
in FV204 and FV206, which control the emergency drain of the coolant
gystem, but had been included in the remaining valves only as an opera-
tional convenience. Since the maintenance of the proper temperature dis-
tribution needed to ensure a rapid thaw was more difficult than was con-
sistent with good operating practice, the rapid thaw requirement was
eliminated, and these valves are now operated either in the thawed or
deep~frozen condition. The valves which might contain sufficient radio-~
activity in the salt to produce radiolytic fluorine at low temperatures
are maintained above 400°F at all times. BExperience with the in~pile ex-
periments and other tests have shown that essentially no fluorine 1s re-
leased avove this temperature.

The addition of the modulating air-flow controllers on FVL03, FV204,

and FV206 and the separation of the heaber control circuits on FV204 and
206 have resulbted in greatly improved operation of the freeze valves.

Control Rods

Control rod units 1 and 2 have operated without difficulty since the
initial installation at the reactor, Examination of rod 3 at the end of
the criticality tests revealed that the braided wire sheath had been torn
=zt & point 28 in. below the tow block. The inner convoluted hose was
worn bub not completely through the wall. Cause of the damage appeared
to be the upper roller in the conbtrol rod thimble, which had Jammed and
would not rotate. The roller had a galled flat area on one side. The
thimble roller and upper control rod hose were replaced. Becent examina~
tion indicated no further difficulty after several months of operation
alt temperature.

Rod drop times for 51 in. fall remain at 0.72 sec to 0.8 sec for all
three rods. Overall rod lengths remained within 0.10 in. of the installed
lengths.
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Control Rod. Drive Units

Thermal switches were installed in the lower end of the drive housing
and are set to alarm when the temperature rises above 200°F. The air flow
through the drive unit cases is about 1.4 scfm, which appears to be ade-
quate to maintain the temperature within the housings at less than 200°F.

It was necessary to replace the No. 3 drive unit because the position
indicators revealed an 0,8-in. deviation from the original zero sel point.
The deviation was caused by a partially restricted spring actlon of the
preload spring operator of the drlve chain. This allowed enough slack in
the drive chain to permit the chain links to slip over the sprocket gear
teeth., The unit contiaued to operate without difficulty with the 0.8-in.
error until replaced.

The lower limit switch of unit No. 3 showed an intermittent tendency
to stick when the control rod was dropped from above 24 in. The switch
could be released by fully withdrawing the control rod. We found that
the shock absorber stroke was 25% greater than normal when the control rod
was dropped from 51 in. There is evidence that the inertia of the switch
actuating arm was sufficient, when the control rod was dropped from 51
in., to overcome the force of the actuator recovery spring to a point
where the lower end of the actuating rod could strike the lower flange of
the drive unit. The acltuating rod had been slightly bent due to striking
the flange, causing it to bind in the guide bushing. A stronger recovery
spring will be installed to prevent the overtravel.

Figure 2.1 is a photograph of the control rod drive units in position
on the reactor. The shielding and access hatch have been removed, showing
the air and electrical disconnects in the drive unit cover. When a unit
is removed,the small hatch on the drive unit cover is removed (note unit
No. 2 in Fig. 2.1), which permits access to the control rod tow block for
releasing the control rod from the drive unit, and also access to the
lower drive unit flange for releasing the drive unit from the tThimble
flange. This method of removal has been utilized for conbrol rod mainte-
nance since the initial installation at the reactor.

Radiator Doors

Thermal warping of the radiation doors and door seals permitted air
to leak through the radiator enclosure at an excessive rate, and modifi-
cations had to be made to reduce the leakage.

The following modifications were made (Fig. 2.2 shows the face of the
radiator with the inlet door raised after repairs and modifications):

1. The door trip locks. The locks were modified and adjusted so that,
when the door was Tully closed, the trip locks forced the metal door,
by a Torward camming action, against the soft seal on the face of the
radiator enclosure. The forward force is exerted by movement of the
door in the downward direction into the rolling cam locks located on
the radiator frame.
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Fig. 2.1. Control Rod Drive Units in Operation Position at MSEE.
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Tig. 2.2. Inlet Side of Radiator Door in Raised Position.
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Door guide tracks. The door moved too close to the radiator seals
when it was raised or lowered. Warpage of the door caused some of
the seal elements to hang on the door, and they were torn loose. The
position of the door track was moved to provide 1 in. of clearance
between the seals and the face of the door when the door was released
from the fully closed position.

Cam follower bracket. The doors tended to drag and jam in the guide
tracks. Cams had been installed in the tracks to force the doors away
from the seals when they were not fully closed. The cam follower
brackets are mounted on the doors, and contain rollers which ride on
the track cams. These rollers were damaged by the wedging action of
the trip locks against the door rollers and tracks when the doors were
dropped into the closed position. The cams were changed to provide
clearances of 1/8 in. between the rollers and cams when the doors were
closed. A short movement of a door in the upward direction brings

the roller into contact with the cam, forcing the door away from the
soft seal.

End rollers were installed on the cam follower brackets to prevent
side motion from Jamming the doors against the tracks.

Reliable operation of the limit switches is important in reducing the
number of ways in which the doors can malfunction, and the original
switches were not very reliable. New heavy-duty switches and actu-
ators were installed to obtain more positive action. An additional
upper limit safety switch was added plus a mechanical "hard stop”
above the added upper limit switch. In the event of complete switch
failure the door strikes the "hard" stop and an overload switch stops
the drive motor before the door seals can be damaged.

The door position indicators are synchro-driven devices located on
the drive shafts. The doors are lifted by steel cableg which are
wound and unwound on chain-driven sheaves on the drive shafts. If
the doors Jam while being lowered, the sheaves continue to turn and
give incorrect indications of the true door positions. Continued ac-
tion of the drive unit, after the doors have stopped moving, causes
the 1ifting cables to unwind from the sheaves and attempt to rewind
in the reverse direction. The cables usually jump out of the grooves
in the sheaves and become snarled and kinked.

A "loss-of-tension" device has been designed but not installed which

will stop any action of the drive unit should the cables become slack.
It is simply a switch which will be actuated by movement of the cable from
its normal tightened position.

7.

When the clearance between the door and door seals was changed to 1
in. with the door open (see No. 2 above) it was necessary to provide
additional clearance between the door and the radiator enclosure hood.
The hoods on both inlet and outlet doors were shifted 1-1/2 in. to
provide this clearance.
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Radiator Heater Electrical Insulation Failure

The electrical leads from the radiator heaters extended vertically
up through the radiator enclosure and terminated in junction boxes on
the floor of the area between the radiator door hoods. These leads are
insulated with ceramic beads. The electrical leads extending from the
Junction boxes to the supply and control circuits were plastic-insulated
wires which were rated for 140°F. Heat leaks up through the radiator
enclosure along the wire bundles overheated the Jjunction boxes, and the
plastic insulation melted.

The heat leakage into this area was reduced by welding the original
sheet-metal enclosure wherever possible, by patching some openings, and
by reinsulating. The junction boxes were removed from the high-temperature
area between the hoods to a cooler position on the east wall of the pent-
house. EFlectrical wire extensions between the relocated Jjunction boxes
and the beaded heater lead wires were insulated with 194°F thermoplastic
and asbestos composition. Figure 2.3 shows the present arrangement of
the heater wiring between the hoods over the radiator doors. Increased
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Fig. 2.3. Area Between Radiator Door Shrouds and Top of Radiator
Enclosure.
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circulation of cooling air in that area was provided by rerouting some

of the existing exhaust ducts. Cool air is directed downward through

the drive mechanism into the heater lead area; exhaust ducts remove the
heated air from the floor between the hoods. The south exhaust duct can
be seen in Fig. 2.3. There are two additional exhaust ducts on the north
end of the ares; these are 10-in.-diam flexible tubes. Alsc a duct was
installed between the door hoods so the hoods will be cooled when the
main blowers are running.

The average ambient temperature in the area between the doors after
the above modifications was approx 100°F with the blowers off. Tempera.-
ture within the beaded electrical lead bundle penetrations at the top of
the radiator was 600°F with the blowers off. These temperatures are sat-
isfactory, and the temperatures also were satisfactory with the blowers
on.

Sampler-Enricher

During the shutdown period following run 3, the low-power experiment,
several modifications were made to the sampler-enricher to increase the
efficiency of operation. Most of these were discussed in the previous
semignnual report.l The major modifications made at that time included:
(1) replacing the removal valve with a modified version, (2) adding a
knob to one linkage pin of each access port operator to aid in opening
1t with the manipulator if it should fail to function properly, (3) put-
ting steel rings in the convolutions of the manipulator inner boot to
hold it free of the manipulator arm, and (4) adding a pressure switch to
prevent an excessive pressure gradient across the manipulator boot.

The manipulator arm which was bent during run 3 was replaced. The
hand was straightened, and a 1/4 X 1/4 in. projection was welded to the
bottom of each finger to aid in handling the capsule cable. Clearances
in the Castle Jjoint were increased to reduce the force needed to operate
the manipulator.

Additional changes have been made to improve the reliability of op-
eration. The brass keys used to attach the capsules to the lateh were
replaced with nickel-plated mild steel keys. In case a capsule is dropped
it can now be retrieved with a magnet.

Two changes were made in the interlock circuit. A pressure switch
installed on the manipulator cover requires a negative pressure in the
cover before the operational or the maintenance valve can be opened.

Also, both the operational and the maintenance valves must be closed be-
fore either the access port or the removal valve can be opened. These
changes were made to ensure that there is double containment at all times.

Installation of lead shielding around the sampler-enricher has been
completed. Ten inches of lead or the equivalent was installed around
the main components and 4 in. around the off-gas system. While the re-
actor was operating at 1 Mw, the radiation level around the equipment
was < 1 mr/hr.



During runs 4 and 5, 40 samples were taken, 9 of which were 50-g
samples Tfor oxygen analysis in place of the usual 10-g samples. Two
of the large capsules failed to trap a sample. The first assembly was
not long enough to submerge the £ill opening of the capsule in salt in
the pump bowl. All other assemblies were made longer. The second failure
to trap a sample provably resulted from the capsule catching on the latch
stop at the top of the pump and not entering the pump bowl. The capsule
has been modified slightly to make it hang straighter and is therefore
less apt to hang.

While withdrawing one of the 10-g capsules, the positicn indicator
stopped, indicating that the capsule had hung or the cable had jammed.
After repeated attempts, the cable was withdrawn completely. The cable
was examined to determine the cause of trouble. Apparently the capsule
or lateh had hung on the gate of the maintenance or operational valve
causing the cable to coll up. The cable also backed up into the drive
unit box and caught ian the motor gears. The cable was straightened, the
openn limit switches on the operational and maintenance valves were reset
to open the valves wider, and the outside diameter of the latch was re-
duced. No similar trouble has been experienced.

The equilibrium buffer pressure to the operaticnal valve dropped
from 55 to 35 psia during one sampling operation. This represents a
leak of about 20 cc He/min through the seal on the upper gate of the
valve. A particle of salt or metal apparently dropped on the gate while
the capsule wag helng removed or attached to the latch and lodged be-
tween the gate and the seat. DRepeated efforts to blow the particle from
the sealing surface have falled. The leak rate has not ilncreased with
continued use. The leak of heliuwm from the buffer system is mainly an
inconvenlence, as 1t slowly pressurizes the volume above the valve, and
the gas must be vented to the auxillary charcoal bed about once a day.
Besides this seal, three more sealing surfaces bebween the pump bowl and
the sample access area provide adequate safety; therefore the valve will
noct be replaced at this time.

The sample capsule used while the reactor was operating at 1L Mv left
considerable contamination in the transport container. The cpen end of
the bottom cup read 40 r/hr near conbtact after the capsule was removed.
Replaceable liners have been fabricated to reduce the contamination left
in the transport container.

Coolant Salt Sampler

During runs 4 and 5, ten samples were isolated from the cooclant
punp bowl, two of which were 50-g samples. During one sampling the
latch failed to slide freely through the transfer tube. No reason for
the difficulty could be found, bubt the oubtside diameter of the latch
was reduced to lessen the possibility of future trouble.

During the shutdown period following run 3 a capsule was left hang-
ing on the latch. A dry helium atmosphere was maintained in the sampler.
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When the capsule was retrieved from the pump bowl in taking the first
sample of run 4 (CP~4«1), a black Iilm covered the salt and adhered to the
outside of the capsule. The film was identified as decomposed oil. An-
other sample taken 4 hr later was clean with no evidence of black film.
The sampler was opened and examined for oll contamination. A swall

amount was found on the top flange of the glove box near the elastomer
gasket. No evidence of oll was found around the drive unit or capsule.
The source of the oil was not located, but subsequent samples have been
free of the film.

Examination of Components from the MSRE Off-Gas System

The difficulty with plugging and partial restriction in the MSREE
off-gas system is described in the section on systems performance. Sev-
eral of the components which had given trouble during the early operation
at 1/2 and 1 Mw were removed to the HRLEL for examination. Photographs
were taken through periscopes, and many samples of the foreign material
found 1n the components were removed and transferred to the analytical
chemistry hot cells for analysis. The results of these analyses are re-
ported in the section on chemistry. A summary of the visual examinations
made in HRLEL is given below.

Capillary Flow Restrictor FE 521

The flow restrictor consigts of a short length of 0.08-in.-ID tubing
welded into the line at one end and coiled to fit inside a 3-in.~ID con-
tainer. The other end of the line is left free. The container was cut
open, and the entrance and exit ends of the restrictor tubing were ex-
amined. The entrance region was clean, and only a small deposit was
found on the container wall near the end of the discharge region. This
deposit 1s shown in Fig. 2.4. The restrictor was not completely plugged
when examined in the hot cell.

Check Valve CV 533

The check valve is a small spring-loaded poppet-type valve installed
in the gas line to prevent a backflow into the fuel pump gas space during
the venting operation on the drain tanks. Some foreign material was found
on examination of the poppet, but this was nobt sufficient to stop th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>