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CURRENT EVENTS

SRE Operating Experience

Editors’ Note: This article was pbrepared by
Robert W. Dickinson* of Atomics International
at the request of the editors of Nuclear Safety,
It therefore represents the views of Atomics In-

*Robert W. Dickinson is Director of Sodium Reac-
tors Department of Atomics International, a Division
of North American Aviation, Inc. In this posilion, he
has over-all techniecal responsibility lor the design
and development of sodium-cooled nuclear reactors
for the production of power, including the Sodium Re-
actor Experiment, operated by the company for the
AEC, and the Advanced Epithermal Thorium Reactor,
an advanced power reactor being developed for South-
wesl Atomic Energy Associates.

Dickinson obtained the A.B, degree from the Uni-
versity of California in 1941, the M.S, degree in me-
chanical engineering from the U. 5. Naval Postgradu-
ate School in 1948, and the S.M. degree in nuclear
engineering from the Massachuseltts Institute of Tech-
nology in 1953,

During World War II he served as a naval officer
aboard U. S. submarines, chiefly in an engineering
capacity. He participated in seven combal war pa-
trols, and was awarded the Silver Star medal. Alter
obtaining the M.S. degree from the U. §. Naval Post-
graduate School in 1948, Dickinson was a submarine
squadron engineer w .. 1re U. §. Navy in San Diego,
Calif., for two year:. | rom 1950 to 1952, he was an
assistanl planning and estimating superintendent at
the Mare Island Naval Shipyard in California.

Following study at Massachusetts Institute of Tech-
nology, Dickinson was connected concurrently with the
Navy's Bureau of Ships as an engini 1 conierand s,
the application of nuclear propulsion for naval use and
with the AEC as head ol the Nuclear Components Sec-
tion of the Naval Reactors Branch. lie resigned lrom
the Navy in 1956 with the rank of commander and
Joined Atomics International the same year.
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ternational and is consequently not a critical
reriew in the same sense as most of the mate-
rial presented in this journal.

The Sodium Reactor Experiment (SRE) is a
sodium-cooled graphite-moderated reactor sys-
tem that operates with slightly enriched fuel at
4 thermal power level of 20 Mw. It was origi-
nally designed solely as a reactor experiment,
but a small turbine-zenerator set and a steam
generator were added by the Southern California
Edison Company (SCEC) to dissipate the heat
produced. The plant for generating electricity,
including the steam generator, is owned andop-
erated by SCEC; the reactor is owned by the
AEC and is operated by Atomics International,
Criticality was achieved in April 1857, andelec-
tric power was first generated on July 12, 1957.
During the life of the first fuel loading, slightly
more than 15 x 10° kw-hr of electricity was
generated. Operation of this first core waster-
minated by metallurgical damage to the unal-
loyed uranium fuel as a result of fission-gas
swelling. Coincidentally, an auxiliary coolant
system failure, which will be discussedindetail
below, caused restrictions of coolant flow tothe
fuel elements and required suspension of reac-
tor operation on July 27, 1959. It was found that
13 of the 43 fuel assemblies had been damaged.':?
A new fuel loading consistingof 7.6 wt.% thorium
in a uranium alloy was inserted, and criticality
was achieved with the new core loading on
Sept. 5, 1960,

The SRE was the first high-temperature re-
actor of any significant power rating to be op-
erated in this country and, as such, has provided
much information relative to sodium technology
and to high-temperature reactor operation in
general. A ‘“once-through” steam-generating
system is used which provides steam at 600 psi
and B25°F. These conditinns were set, not by the
ability of the liquid-metal-cuoled reactor sys-
tem to generate steam at these conditions, but
rather by the ability of the small 7.5-Mw(e)
turbine-generator set to employ them. Sum-
maries of SRE operating experience have been
provided from time to time inperiodic progress
reports and, more recently, by acomprehensive
report dealing with the damage to the fuel as-
semblies in the 1959 incident.® Anover-all sum-
mary of the operating history to date is being
prepared, and detailed descriptions of the reac-
tor and the early operating experience have
been issued.! '

System Operating Information

The design and construction philosophy of the
system emphasized the use of conventional,
commercially obtainable components wherever
possible. To this end, the coolant circulating
pumps are simple adaptations of hot oil pumps.
The stuffing box was replaced by a cooledannu-
lus around the shaft to freeze sodium and thus
seal liquid sodium in the pump casing from the
supporting bearings on the shaft and e drive
motors.

The primary and the secondary systems each
have a 6-in. pump and a 2-in. pump, and three
of these pumps have had erratic operating his-
tories. The 2-in. pump in the primary system
has bound on numerous occasions. Itisnormally
operated at minimum speed, and minor fluctua-
tions in the temperature of the coolant to the
freeze seal result in fairly large variations in
the torque required to shear the frozen-sodium
shaft seal. These fluctuations have been re-
duced as experience has been accumulated.
Closer control over coolant temperatures is now
maintained, and the pump is operated routinely
at 300 rpm, a speed which experience shows
provides sufficient torque to keep the pump
running but still does not circulate an excessive
amount of sodium through the primary system.
Conversely, the 6-in. 1500-gpm-capacity pump
in the secondary system has never given diffi-
culty and has operated uninterruptedly for
1000-hr periods that were terminated by shut-
down of the system rather than by difficulties
with the pump.

The 6-in. 1500-gpm pump in the primary
system, on the other hand, wasthe mainoffender
in the fuel-element damage incident that oc-
curred in July 1959, Difficulties had been ex-
perienced from time totime with binding similar
to that of the 2-in. pump, and, ontwo occasions,
the auxiliary coolant (Tetralin) in the fre. ..
seal had leaked into the main sodium coolant
stream. This was detected by identifying hydro-
carbon vapor in the atmosphere above the reac-
tor pool. The first of these occurrences; in
April 19583, resulted in an insignificant amount
of leakage before the freeze seal was repaired.
This leak was caused by a pinholeinthe freeze-
seal casting. The second such leak occurred in
May 1959 and resulted in somewhere between 2
and 10 gal of Tetralin being admitted to the
primary sodium stream.® This leak was traced
to failure of a thermocouple well. The Tetralin-
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cooled shaft seal was then replaced with a NaK-
cooled seal arranged in such a way that two in-
dependent barriers would have to fail before
mixing of NaK and the primary sodium could
occur. As will be mentionedlater, however, suf-
ficient Tetralin had already been admittedtothe
system to create the condition that damaged the
fuel assemblies.

The heat-transfer performance of components
outside the core proved to be both enlightening
and somewhat disappointing.® The main inter-
mediate heat exchanger is a shell and U-tube
unit of the simplest configuration deemed feasi-
ble in 1954, The straight sections in the shell
are baffled, but the expansion space inthe U end
is unbaffled. Measurements have indicated two
primary faults with this design. First, the un-
baffled end section is substantially ineffective in
heat transfer, and, second, the baffles that direct
flow back and forth across the tube bundle hori-
zontally are relatively ineffective in preventing
stratification of sodium on the shell side. The
high temperature drop taken across this heat
exchanger from inlet tooutlet, 460° For greater,
causes significant density changes inthe sodium,
and the cooled sedium sinks to the bottom of the
exchanger. This, of course, upsets the tempera-
ture distribution, affects the efficiency of heat-
transfer surfaces, and also introduces unfore-
seen thermal-stress patterns. Results of these
phenomena are that (1) the heat exchanger is
only about two-thirds as efficient as designed,
thus requiring a log meantemperature difference
across the heat exchanger (temperature drive)
of 90°F rather than 60°F, -and (2) thermal-
stress patterns are set up which are expected
to limit useful life in this piece of equipment. In
fact, in the vicinity of the tube sheet, “wrinkles”
0.0625 in. in height have already been observed
in the shell of the heat exchanger, which is 0.14
in. thick. A new heat exchanger designed to al-
leviate the problems with the original equipment
has been obtained for installation when con-
venient. Although the new heat exchanger is, in
general, similar to the original equipment, it
contains additional heat-transfer surface and is
baffled to inhibit stratification of cooled sodium
on the shell side.

The once-through steam generator procured
by the SCEC has, in general, been satisfactory.’
It, too, is a horizontal U-shaped, shell-and-tube
unit, with sodium in the shell and feed water
(and steam) in the tubes. Each tube is made up
of two concentric tubes, with mercury in the

annulus. The mercury serves as aleak detector
in case of failure of either of the tubes. Heat-
transfer performance has been satisfactory in
all but one respect; the stratification noted in
the intermediate heat exchanger also exists in
the steam generator. The shell side, which con-
tains secondary-system sodium, is essentially
unbaffled except for tube supports, and tempera-
ture differences of up to 150° F have been meas-
ured vertically across the outlet (steam) tube
sheet. Appul‘ently saturated steam is being de-
livered from at least some of the bottom tubes
in the area, and highly superheated steam is
produced by the top tubes. As these streams
mix, a net superheatisachieved, but undesirable
stress patterns are set up across the tube sheet,
It has been noted that the shell of this unit,
which has a developed length of 80 ft, has be-
come bowed to the extent that the outlet end of
the heat exchanger has raised 4 in. from its
original position, both measurements having
been taken with this end unrestrained. On the
other hand, no evidence of deposition of foreign
materials on the water side has been found, and
there have been no indicutions of chloride stress
corrosion, despite construction of the unit from
type 304 stainless steel. A rigid program of
water purification has been developed and ad-
hered to by SCEC. Total dissolved solids are
maintained at less than 0.5 ppm, and oxygen is
maintained at an undetectable level through hy-
drazine injection. Internal inspection of the
steam generator duringa recent shutdown period
indicated that these measures have been highly
Successful in preventing the development of
conditions that caused difficulty in previous
sodium-healed steam-generating systems.
Bellows-sealed valves in sizes of 2 in. or
less were used throughout the auxiliary systems,
These valves have been a Source of some diffi-
culty, particularly as s resultof bellows failure,
Collection of sodium wvxide in the bellows area
and occasional freezing of sodium in the volume
provided by the bellows have interfered with
subsequent operation of the valve and have been
the prime causes of system failures, as estab-
lished by post-mortem examinatiorn. Nine valves
of this type have failed in the primary and sec-
ondary systems. None of these failures have
occasioned more thaninconvenience, since leak-
age sodium usually freezes, oxidizes, and pre-
vents further leakage from the failed valve;
however, the valve is rendered inoperative.
These valves are usedonly inauxiliary systems,
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and therefore it has not been necessary to shut
down the plant immediately to repair a valve
thut failed. Such repairs have, however, inevi-
tably extended maintenance shutdown periods.

Conversely, the primary sodium system stop
valves, which are sealed by frozen sodium at
the stem, huve been completely sutisfactory.
Therefore, as bhellows-sealed valves are re-
moved from the auxiliary systems, they arere-
placed with freeze-sealed valves cooled by am-
bient inert gas atthe gallery temperature (140°F
or less). Such valves have beencompletely ade-
quate in experimental loops containing sodium
at temperatures up to 1200°F.

Reactor Structure

The reactor structure is unique in that the
required containment is immediately adjacent
to the core, and no external sphereorpressure-
containment building is provided.® This design
is based primarily on the following three con-
siderations:

1. The coolant is essentially at atmospheric
pressure, and thus it represents negligible
stored mechanical energy. :

2. The fuel, moderator, and coolant are
chemically compatible, and thus there is no po-
tential for release of chemical energy.

3. The system has a large thermal capacity
that is available for absorbing any conceivable
unplanned release of nuclear energy.

The stainless-steel core tank, which contains
the moderator and fuel elements, is surrounded
by a second containment vessel, which has di-
mensions such that, in the event of a leak in the
reactor vessel, the sodium coolant will be re-
tained and the level of the sodium inthe reactor
pool will not drop below the level of the outlet
nozzles. An inert-gas atmosphereis maintained
in the second contuunent vessel, and therefore
sodium ecirculation c¢un be continued even in the
event of failure of the core tank. Should both
these vessels fail, tertiary containment is pro-
vided by a carbon steel “cavity liner,” which
serves to support thermal insulationonitsinner
surface. The space between the secondary con-
tainer and the cavity liner is suchthata rupture
of both the two inner vessels will not drop the
sodium pool level below the top of the core.
Thus adequate decay heat cooling of the fuel
el ements would be available inthe unlikely event
{hat both inner containers ruptured. Leak de-

tectors are provided to indicate failures of the
two inner tanks.

The core tank and the inner containment ves-
sel are cylindrical and are sealed at the top by
a rotatable steel plug filled with magnetite ore
and concrete grout, with a total weight of 75
tons. This top plugis pierced foraccommodation
of 81 smaller shield plugs from vhich fuel ele-
ments are suspended, control and safety rods
are inserted, and core instrumentation is ma-
nipulated. These smaller plugs are sealed with
rubber O rings that operate atambienttempera-
ture. The entire shield plug is sealed to the
surrounding biological shield by a low-melting
metal alloy (Cerrobend) which solidifies in a
tongue-and-groove seal. Double containment of
the reactor nozzle extends 6 ft from the reactor
pressure vessel to a point immediately adjacent
to the system stop valves and terminates ina
bellows seal that accommodates differential ex-
pansion. An inert-gas atmosphere is maintained
within this containment space, and leak detectors
are provided to indicate a pipeor nozzle failure.
Sodium is conveyed in single-walled piping out-
side these bellows, with secondary containment
provided by concrete shielding blocks over the
galleries. The shielding blocks are sealed with
neoprene gaskets, and an oxygen-deficient at-
mosphere (less than 1 per cent Q) is main-
tained inside the galleries during reactor op-
eration.

No failures have been detected in piping or
containers by leak detectors or other indica-
tions, such as loss of pressure or sodium
smoke. The neutral atmosphere maintained in
the galleries proved effective in preventing so-.
dium combustion in the one instance of a leak
in a 2-in. bellows valve in the secondary sys-
tem. The leak was first indicated by a wisp of
sodium oxide “smoke” from reaction with airin
the valve operator. Only static sodium was in-
volved, and there was no radioactivity associ-
ited with the smoke. In this casc tiic sodium
was frozen in the line by turning ofi 1eristance
heaters, and operation proceeded until the next.
scheduled shutdown period, at ‘which time the
leaking valve was cut out and replaced. Exami-
nation of the valve indicated that less than 1 1b
of sodium had leaked out and Lhat this souwm,
after solidification and oxidation, had effectively
sealed the leak. The valve was, of course, ren-
dercd inoperative, Other valves in the secon-
dary (nonradioactive) system had leaked from
time to time, with generally similar results
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(i.e., sodium fires did not occur because of so-
lidification and the formation of a protective
crust over the free sodium).

Difficulty was experienced early in the reac-
tor outlet nozzle area.’ This nozzle conducts
sodium at the outlet temperature of 960°F to
the main circulating piping system, and it was
not provided with a thermal baffle. The tank
wall to which the nozzle was attached was baffled
to maintain approximately 1 in. of stagnant so-
dium against the tank wall in order to alleviate
temperature gradients. When power operation
was initiated, it was found that the circulation
of sodium by natural convection after a scram
was approximately 30 per cent greater than
originally calculated. If the circulation were not
controlled, the fuel elements would be cooled
more rapidly than decay heat was being gener-
ated, and the temperature at the top of the so-
dium pool would be rapidly lowered. This cre-
ated thermal stresses in the nozzle, since the
nozzle assumed the new sodium temperature;
whereas the wall, which was thermally baffled,
_ retained its original temperature for a signifi-
cant period of time. This did not create a prob-
lem during startup, steady-state operation, or
normal shutdown operation, but calculations
showed that it would cuuse excessive stresses
during a scram from [ull power. Consequently,
the reactor power level and the temperature
were limited to values that could not induce
stresses past the yield point of type 304 stain-
less steel until an eddy-current brake could be
installed in the primary system to control con-
vective sodium flow after a scram. Tempera-
ture measurements tuken after installation of
the eddy-current brake have indicated that the
brake is completely successful in matching flow
and heat-generation characteristics following a
seram at full power.

Radiution Levels

The primary cooling system of the SRE is, of
course, contained in biological shielding of con-
crete aggregate to control radiation from the
Na?! generated in passage of the coolant through
the reactor. The buildup of radiation on system
piping through the various agencies was, how-
ever, of great interest in terms of accessibility
after periods of reactor operation. It was con-
sidered that the temperature conditions of the
primary sodium system (i.e., a maximum tem-
perature of ~1000"F and a temperature differ-

ence across the system of 500" F) were poten-
tially conducive to accelerated mass transferof
iron, cobalt, nickel, and other constituents of
the stainless-steel and zirconium componentsof
the circulating system. In addition, the possi-
bility of [ission-product leakage is always
present. i

No activity transport could be measured dur-
ing the first two years of reactor operation, and
during that time sodium was circulated in the
system for approximately 16,000 hr, 4500 hr of
which was at a high temperature and a large
temperature differential. During this two-year
period, two fuel elements were found to have
pinhole leiks, and there was some release of
gaseous fission products, These were detected
by the presence of Xe'™ in the rcactor helium
atmosphere, as indicated by a pulse-heightana-
lyzer. The leaking fuel elements were identified
by. withdrawing the elements into the fuel-
handling cask during a shutdown period and
noting any increase in gas activity within the
cask., The two fuel elements which were defec-
tive revealed their presence quite clearly by
immediately producing an increase in the count
rate measured by the cask-gas sampling appa-
ratus from a background value of 200 dis/min
to count rates of 3000 and 16,000 dis/min, re-
spectively. The remaining 41 elements causedno
increase in count rate upon sampling ofthe cask
gas, Visual examination of the suspect fuel ele-
ments in the SRE hot cell indicated no defects
visible to binocular-aided vision, but these ele-
ments were removed from the reactor and
stored for eventual reprocessing.

A massive release of fission products
throughout the primary system occurred in the
July 1959 incident, as described previously.??
Thirteen of the 43 fuel assemblies sustained
damage sufficient to cause failure of the clad-
ding on all seven rods of the assembly and to
form at least some ivon-uranium eutectic that
was molten for a short period of timein the re-
actor. Measurements of cover-gas activity ex-
trapolated to the time of the fuel-element dam-
age indicate that approximately 10,000 curies
of mixed fission-praduct activity was-released
to the coolant stream, although this massive
release of activity remained undetected for
some days because of the complete contain-
ment afforded Ly the SRE shielding system.
This occurrence, which caused some fuel-
element temperatures to rise abnormally high,
at least to 1430°F, came about during a period



CURRENT EVENTS 59

of reactor operation in the 2- to 3-Mw(t) range.
This power level was being maintained in or-
der to alleviate a temperature maldistribution
throvughout the reactor, which was considered,
on the basis of previous similar experience, to
be caused by impurity collection on the orifice
plates. Temperature-induced reactivity fluc-
tuations amounting to 0.3 per cent Ak/k were
found upon examination of records after the fuel-

]
element damage was discovered. Theoperators.

noted subjectively that the reactor was somewhat
"-P"tnuchy” ‘to control, and, when the reactor went
on a T-sec positive period, it was immediately
:shut down. A cautious restart did not reproduce
‘any of the symptoms present prior to the fast
period, and:low-power operation was continued
for several days. These events were described
previously? and have beenanalyzed by Fillmore.?
. The primary piping system was opened three
months after the release of radioactivity to the
.system. At that time, the radiation level
throughout the primary gallery averaged 500
mr/hr, but isolated spots in the system gave
readings as high as 15 r/hr at the piping sur-
face. These spots were almost invariably asso-
ciated with irregularities in the system, such
as thermocouple wells, heat-exchanger end
bells, and horizontal piping runs containing so-
dium that was normally circulated at a low ve-
locity. Cold trapping through a 30-gpm side-
stream loop was undertaken, andit was apparent
that fission products were being removed by the
cold trap, since the radiation level rose from
substantially zero to 190 r/hr at a specific point
on the surface of the trap in a period of six
days. At this time, the cold trap was removed
because the radiation level was increasing be-
yond that which could be handled by the avail-
able shielding. A new cold trap was installed
and monitored, and a similar increase in ac-

tivity from zero to about 90 r/hr occurred in_

five days. While the cold trapping was being
performed, sodium was being circulated at the
maximum flow rate of 1500 gpm through the
primary system. After the cold-trapping pe-
riod, the radiation levels in the pipe gallery had
dropped to an average of 150 mr/hr. Byapplying
lead-sheet shielding locally in the region of the
cold leg of the intermediate heat exchanger and
at some piping depressions, the radiation level
was reduced in working areas to the B-hrtoler-
ance.

Upon draining the sodium from the reactor, it
was discovered that a black sponge-like mate-

rial, which had apparently been floating on top
of the sodium pool, had been deposited on the
tops of the moderator cans. Later analysis
proved this substance to be amorphous carbon
with about 25 per cent sodium and sodium oxide
in the vacant holes. Visually, this mass had the
appearance of black foam with small spherical
bubbles that ranged from 0.1 to 1.0 mm in di-
ameter. Radiation analysisof this deposit, which
was removed with a vacuum device operated
through hermetically sealed shield plugs in the
loading face shield, indicated that much of the
activity was concentrated in the carbon. The
activity of sodium samples taken six months
after the fuel-element damage was 0.3 pc/cm’,
but the carbon activity was 0.03 curie/cm?®, a
factor of 10° greater. The specific carbon ac-
tivity was difficult to determine because of the
spongy nature of the material, but the orders of
magnitude are consideredto be correct, Vacuum
cleaning of the tops of 100 of the 119 moderator
cans removed approximately 10 lb of carbona-
ceous, sodium-bearing material in which the
bulk of the fission-product activity was appar-
ently concentrated. The remaining carbona-
ceous material is currently being removed by
filtration in the cold trap and by hot trapping
the dissolved carbon.

The specific activity of the sodium is declin-
ing in accordance with the decay curve for
mixed fission products. The sodium has been
reintroduced into the reactor, but the maximum
temperature has been limited to 800° F because
of the dissolved carbon. Concern is felt that, at
temperatures greater than 800°F, the dissolved
carbon might cause carburization of the 0.010-
in.-thick type 304 stainless-steel fuel cladding. '?
Higher temperatures will not be generated until
the cold and hot trapshave reducedthe dissolved
carbon content of the sodium to 20 ppm or less,

Analysis of the helium cover gas shortlyafter
discovery of the activity release showed lat
only the noble gases were released. Xenon and
krypton were identified as the sole contributors
to cover-gas activity, No I'’! has been detected
except that combined with sodium. Removal of
the irradiated fuel from the reactor reducedthe
cover-gas radioactivity to near normal back-
ground, despite the presence of fission products
in the sodium. Disposal of piping and compo-
nénts replaced during the recovery period has
not proved to be a severe problem. The normal
methods used for cleaning components contain-
ing uncontaminated sodium were applied, with
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the additional precaution of retaining the sodium-
steam.reaction products which apparently con-
tained all the fission products not deposited on
pipe walls. Fission products remaining on pipe
walls created radiation levels of only a few

milliroentgens per hour, and these components -

could be disposed of as relatively low-level
wastes by conventional methods. The reaction
products were disposed of as low-level liquid
waste by diluting and mixing with concrete.

Repair Under Radioactive Conditions

For the first nine months of the repair period,
exposed, irradiated fuel elements were present
within the reactor structure. This necessitated
performing all operations on the core structure
through hermetic seals, since the core cover-
gas activity ranged from 0.3 x 107° to 1.0 X 107°
pc/cm®. Inasmuch as the activity was well above
the atmospheric release tolerance, complete
containment was required. Inflatable seals were
found to be adequate and were widely employed
in the equipment designed and constructed for
removal of damaged fuel elements, moderator
cans, fuel slugs, and other debris that had been
deposited in the core. In addition, it wasneces-
sary to prevent the spread of activity over the
reactor floor by repair eguipment-which had
been mated to the reactor face and through
which irradiated material had passed. Vinyl
plastic sheet, laid over the entire floor to pre-
vent contamination of the concrete, performed
this function effectively. Regular replacement
was required because of wear and tear, and the
sheet was necessarily disposed of as contami-
nated material. Cloth and plastic booties, used
in conjunction with coveralls, were employed by
the operating crews involved in reactor floor
operations. Continuous monitoring of personnel
did not reveal any instance of contamination.
Wo_ 't in the primary-system pipe (-lleries,
which involved cutting and welding, was per-
formed by Atomics International craftsmen.
Components that required replacement were cut
from the system by men using respirators; the
area adjacent to the cut was thoroughly cleaned
of sodium by using butyl alcohol prior to con-
ducting rewelding operations. These operations
were carried out under the supervisionofhealth
physicists; again, no activity release above tol-
erance was noted, and no person received more
than 300 mr/week, despite the presence of con-
taminated equipment and a rather high back-

ground activity level from piping and system
components.

Operations within the reactor core were par-
ticularly time consuming because tools and
viewing apparatus had to be improvised for
each situation. The operations were further
complicated by the necessity for keeping the
entire reactor structure at a tumperature above
250°F in order to prevent solidification of any
residual sodium that might be adhering to mod-
erator cans or might be trapped by carbona-
ceous deposits. Mercury-vapor lamps, built into
shield plugs 3 in. in diameter, were inserted
into the top shield for illumination, and various
remotely controlled grappling tools were em-
ployed to remove 82 fuel slugs 6 in. long and A
in. in diameter from the top of the core where
they had fallen upon removal of the partially
severed elements. A particularly difficultsitua-
tion was presented when inspectionofthe bottom
plenum (33 {t from the operating face of the re-
actor), with the use of locally built periscopes
and illumination, revealed two fuel slugs. It
was necessary to devise a tool capable of pene-
trating 33 ft from the reactor face through a
minimum opening of 2 in. and then reaching 18
in. to the position of the slugs. A “clamshell”
device was designed to recover these slugs so
that, in the event they were dropped, there would
be no possibility of their shattering in the bot-
tom plenum, Shattering was considered a good
possibility if the slugs were dropped because
uranium-iron eutectic is quite brittle, andthere
was no assurance that it was not present to
some degree on these two slugs. Indeed, slugs
removed from the top of the core were found
upon hot-cell examination to be extremely brit-
tle. The entire recovery operation was quite
tedious, but a thoroughinspectionofall available
parts of the reactor structure indicated that all
fuel material was removed.

System Kinetics

The period of operation prior to fuel damage
demonstrated the stability of the reactor, which
has a prompt negative power coefficient of2.2 x
107% (AR/E)/Mw(t), and a pusitive moderator
temperature coefficient of approximately 1 x
107 (Ak/k), with a time constant of 10 min at
normal operating lemperatures.“ The over-all
power coefficient at 20 Mw(t) is —7x 107° Ak/k
per thermal megawatt. The reactor is stable
under all normal operating conditions, and it
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bllows power swings of 4 Mw(t)/min (20 per
cent “per minute) induced by the SCEC steam
plant. An automatic control system has been
installed so that reactor operation can be com-
pletely controlled by the turbine operator; this
system will be programmed from a remote
fa'tation when electr:- power generation is re-
‘sumed in 1961.'2 Careful measurements have
‘indicated no power shift resulting from xenon
‘oscillations, and application of existing theory
demonstrates that such power shifts should not
be expected in sodium-graphite reactors of any
conceivable size. The fuel irradiation lifetime
of the first core loading averaged only 1100
Mwd/ton, and therefore changes in the fuel tem-
perature coefficient with irradiation were not
measurable. Reactivity losses from burnup and
fission-product production were consistent with
calculations,'® although they were of minor ab-
solute magnitude, since burnup proceededto only
‘a maximum of 0.15 at.%.

The radial power distribution across the SRE
core would cause significant temperature dif-
ferences between outlet fuel channelsiforificing
were not employed. Orificing is, in fact, em-
ployed to maintain the outlet temperatures from
each channel within 50°F of the desired mixed-
mean outlet temperature. The orifice platesare
readily changeable in a hot cell. Prediction of
orifice sizes has become quite accurate with
experience, and, as the power profile changes
with control-rod position and total power gen-
eration, orificing may now be predicted for full-
power operation with confidence.

Pile oscillator techniques have been exten-
sively used in determining stability.'* Separa-
tion of fuel, coolant, and moderator power and
temperature coefficients has been demonstrated,
as well as over-all stability of the reactorunder
any conceivable operating condition.

Even under extremc.y udverse conditions,
such as those present immediately prior to the
fuel damage, the reactor was completely con-
trollable. Although the moderator temperature
apparently rosc significantly, no runaway tend-
encies were observed. Completely stableopera-
tion of the reactor was observed at all times,
except during the few minutesin whichthe actual
fuel damage occurred. This damage apparently
resulted in clearing blocked channels to some
extent and permitted stable temperatures to be
maintained in the core structure despite the
existence of severely damaged cladding. Acom-

plete discussion of the reactivity fluctuations has
been prepared.’

Conclusions

Operation of the SRE for three and one-half
years, including a period of recovery from ex-
tensive fuel damage, has demonstrateu the fol-
lowing:

1. The reactor system is both stable and re-
sponsive to power changes.

2. Maintenance and repair of sodium systems
uncontaminated by fission products is a routine
procedure.

3. Release of fission products to the primary
system of a sodium-graphite reactor does not
result in hazards to operating personnel or to
the general public when the SRE containment
philosophy is employed; the sodium apparently
traps the bulk of fission products releasedfrom
the fuel. _

4. Detection of fission-product release by
monitoring the cover gas is effective.

5. Repair of contaminated sodium reactor
systems is feasible.

6. Prediction of sodium-graphite reactor be-
havior, both in normal and abnormal situations,
has been confirmed.

7. Special containment measures, other than
those currently employed, are unnecessary.

8. The sodium-graphite reactor concept has
been demonstrated, by operation of the SRE, to
be technically feasible.

9. The SRE is conservatively designed with
respect to power capability.



