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o ABSTRACT

Following power run 14 on the Sodium Reactor Experiment
(SRE), 13 of the 43 fuel elements were found to be damaged. An
Ad Hoc Committee was established to assist in determining the
source of the difficulty, to review and advise on steps taken t;
return the reactor to operation, and to recommend any necessary
changes in the reactor system or in operating procedures to avoid
a recurrence. An Iterim Report was issued, ""SRE Fuel Element
Damage,' NAA-SR-4488, which presented the evidence available

at that time as to the cause of the damage.

This Supplement is the concluding report of the Ad Hoc Com-
mittee. The conclusion as to cause of the fuel element failures
has been modified to some extent on the basis of data developed
since the first report was written. Several modifications have

been made to the reactor system to avoid a recurrence.
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I. INTRODUCTION AND CONCLUSIONS

During the course’of power run l4 on the Sodiumn Reactor Experiment (SRE)
at low power, temperature differences among various fuel channels were found
to be undesirably high. Normal operating practices did not succeed in reducing
this temperature difference to acceptable values, and on July.26, 1959, the run
was terminated. A series of fuel element inspections was begun to ascertain the
cause of these circumstances, and 13 of the 43 fuel elements were discovered to

have suffered substantial damage.
On July 29, 1959, an Ad Hoc Committee was appointed to:

a) Assist in analysis of the existing situation in the reactor and deter-
mination of its origin;

b) Review and advise on steps taken to remedy the situation and bring

the reactor back into operation;

c) Recommend any necessary changes in operating procedures or the-

reactor system to prevent occurrence of a similar situation.

On November 15, 1959, the Committee issued an interim report, '""SRE Fuel
Element Damage,'" NAA- SR-4488,1 which reported on the origin, the nature and
consequences of the damage to the SRE fuel based on activities, data gathered,
and evaluations performed to October 19, 1959. ‘The Ad Hoc Committee has now
completed its investigations. This final Committee report revises and supple-

ments the earlier interim report.

Since the publication of the interim report, sodium was drained from the
reactor system and the top of the reactor remotely inspected and cleaned. Six-
teen moderator cans were removed and replaced. Sodium coolant was returned
to the reactor system for continuous circulation with cold trapping for impurity
removal. Information on recovery equipment and techniques used will be pub-

].i.shed.2

As a result of the evaluation of the data accumulated during the first core
operation of the SRE, a number of system modifications have been made.3 These
changes include elimination of tetralin as a sefiri;g coolant, modification of the
fuel element design, installation of a continuous cover gag' monitor, and installa-

tion of a number of instruments designed to provide more detailed data onreactor
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operation. As a result of these changes, an addendum to the hazards report

has been pr epared.4'

Metallurgical examinations of the fuel, moderator cans and other compo-
nents of the reactor have been made and results reported.s’6 Filtering and cold
trapping of the sodium coolant have resulted in removal of the bulk of insoluble
contaminants and fission products from the coolant. Strontium-90 has deposited
to the extent of about 0.8 ;.1.c/cm2 in the primary system. A report discussing
the movement of fission products in the primary sodium system will be published.7
Reactivity changes have been investigated more completely, and mechanisms for
these cha=:es have been postulated. A report8 has been written surnmarizing

these conclusions.

Conclusions developed from the Ad Hoc Committee investigation into causes

of fuel element damage are as follows:

a) The fuel elements failed as a result of thermal cycling through the
uranium a-8 transformation temperature and by formation and meilt-

ing of Fe-U alloys.

b) Both effects were caused by partial blockage of coolant passages by

tetralin decomposition products.

c) The high temperature runs (12 and 13) on SRE did not contribute to

the fuel cladding failures of run 14.

d) The reactor excursion during run 14 is explained by the expulsion of

sodium from several of the partially blocked fuel channels.

e) The 1.2% loss in reactivity incurred during run 14 resulted from pene-

tration of sodium into moderator assemblies R-10 and R-42.

f) Carburization and nitriding of the stainless steel in the primary sys-
tem were negligible. Some hydriding of the zirconium moderator cans
occurred. The probability of can failures may have increased as a

result of the hydriding.

g) In spite of the ciadd'mg failure to 13 fuel elements and thé release to
the primary coolant of several thousands of curies of fission product
activity, no rédiological >hazard was presente_;:l to the reactor er;virons.
Recoxfery operations were conducted by SRE operating cfews, working
within standard AEC regulations on radiation exposure.

NAA-SR-I4§88' (suppl)



h) Modifications to the system have reduced the probability of a similar

major fuel element failure to a negligible value.

After a final committee review of causes and effects of fuel element damage,
modifications to the reactor system, changes in the operating procedures, and
revisions of organization and lines of authority at the SRE, the Committee rec-
ommended approval for operation. Approval for operation was received from

the AEC. On September 7, 1960, the SRE was made critical with a Th-U loading.
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{l. CHRONOLOGY OF EVENTS SINCE ISSUANCE OF INTERIM REPORT

In the first report a chronology was presented of pertinent events in the
reactor history previous to the fuel cladding failures and of the initial ‘steps
taken in restoring the reactor to operating condition. The chronology is con-
tinued in this report. Only those operations at the reactor site are discussed -
in this section; supplementary examination, analyses, and experiments in the
hot cell and other laboratories are discussed in Section IV. Major steps in the
recovery operations are shown in Figures II-1 and II-2. Throughout the entire
operation, strict Health Physics surveillance and procedures were followed.
Only ~ery light contaimination of personnel occurred. The few cases which did
occur were quickly detected and remedied. No one received a radiation dosage

greater than standard AEC tolerance.

A. FUEL ELEMENT REMOVAL

Of the 43 fuel elements in the reactor, 13 were damaged. The upper halves—
of 10 of the broken elements were removed by a modified standard procedure
utilizing thé new fuel handling machine. A special cylindrical probing tool was
devised to explore the possibility of grappling and removing the remaining fuel
from the 10 channels involved. These probings revealed that the fuel had dis-
torted sufficiently to completely take up the channel clearance (nominally 29
mils), and they could hot be removed without damaging the moderator can. It
was decided, therefore, to remove the lower part of the fuel element and modera-
tor assembly as a single unit. The hanger rods and shield plugs of the two stuck
elements (R-24, R-76) were separated from their respective fuel clusters by
rotating the shield plugs. This action sheared the hanger rod at the shear pin
which is located near the top of the moderator cans. Following the removal of
the 30 sound fuel elements, one complete but defective element, and the upper
halves of the 10 parted elements, the sodium was drained from the core and
electrical heaters were added to maintain the core at 350°F. The helium cover

gas was replaced with argon.

B. SURVEY AND CLEANUP OF THE REACTOR

At this time, inspection of the core was begun. The radiation level at the
bottom of the loading face shield was measured and found to be 43 r/hr. One of

the 3-in. plugs in the top shield was removed using the fuel handling cask and a

NAA-SR-4488 (suppl)
I-1




Z-1I
(1ddns) gg¥H-uS-VVN

ANSFLL TR BVRL LU BRUM B 4% I BOT LLEL r
A

MIRIC L 08 SRy ol i) [

Trom A A LNCAFIUL AT IUN ABdLMBLY -

-Aw- r-wvm-r ;»s wu u’ m) ™

+ oAby y

LAANL U 83 TuN 191

=3 [ | I o T i e v [ e | ]

iNOR unnm i nmnu .

}‘erll! [H‘ 'u"{ {; LASK MY LAIT FACILIIT)

AN GALLERY
ru ieare

"
O WIALIIED SLAN FOk ELIMNATIN LY FAY
FEATORAMED 1908°F TEST UN 1 BULKN STRM 3K AL LOUPLETED fuv v E R

m %{m@m&a}&m& “ s . NE® COUG TNAY CIPEETIVE LT S¥U LD Fisdiie FAUDULTS I8 e

ADE & AU, AVET OF N2 PIVING
AR-INSPECTED AVAILABLE SPANE MULERATUR Cang

ﬁe&hfﬂ,‘bﬁ Tabaica (e De B 10, 9ATE TalYE)

[ ] [ I I I AN N [ ]

il A es vl il oL . 3 . NS ALLED Mall STH7 LM UN P FuMY
_Gu nuu:mrum] COMPLLTES AEMBLE OF RFARKK AF FUME BLARNG 18l frtoisies HODITICATIond ta e SEav L v auL T
L M N FUMP ——COMFLETED roa AP FUI
MANT COLD FRAP CPLA caLe 1
AT ALLEY Mo 8O- sk FA L r KR )M Na AERPRE vauLl lllALllhﬁ-l TITEM ON A
I, NS PALLED Mal N D PUMP
—i-(mm-urtn e £1-VER PG 1 Ak A T
REMOYED M A0 AS Na PUMPE FUR MUBHN ICA|
AL ulwunn TRAK Fi MR AT RN

RITIER e FVMFE iy i Ao A 1TITEIRE
¥ ANG Mo FILTESR
‘o B riME ¥ifh WORIIKT FVRF)

PO MoK CUBLANT STICEMS FUR M »usir

I ] il | [ I [ ]

(o3 I JINSEECTED ALL SAFETT AND CONTROL AOD POHONW B REPARED MITAVMRNTS O CAITR AL TR3fd
LEAR FULL dan \IN HOF TERL, AL UK FUB CONTINUER OPERA LI EPLACES GALLERT HNLLD BLusks)
CuLL PEY HEIT TYQ GLAPLING TO0LE —ISEMOYED MATEMIALE EYALUATIH FaCILT O

"t'" TABLur oG e PUKL HASOLE Noue TUB prEmAAL
0 2D GENE RATION ¥ Ul arpy [y
e SN ANINGS Mt oG ST

1 'III I [ |

oL mam¥
achwiry

. ALL1S§ 08 MDFRATOR Eaiey
Eeksnrs UEL sLULs a1 sveD U B4 SLACHS HrYa iy IR SELS PN

ou ¢ ‘,'?:‘."‘g"f"f"[f "] {,""’} M, 'T"'"‘"" Eaeav| DVILE s ALAL Y )
Y lnu.oln WACH LOME SLOF un- mmm.nn TeW AND ERAP EFLACED Y mu Raful Caha l‘l -0 8 16 R-JL ANK R N

Evatmmir w TaSuERAToN um D A iieryy s mom IR ALLY BOVLLILD LURLR PLENUM, Ur

AL LD LOWER PLLRUMN INSPLC |
- " 3‘"""‘0'1" ity U3 TR S GUND UNL MURL TULL SLUL AND KEM
ras

AR [ PrEE! SE
e, ke WAL

)
'0 ll oM F4H: UF 014 OrT u nm BLIED BOTIOM LD LUSRL £ ANK vy
i m«; ik oo o o i
»! 401N, PALYL LN LOADING r
weL nm.-r-unmn rovan L0 00 )N y t
"Rl MOVEW O BENOVAL § L 3

TELOVED 10 DAL
OIG WRYET B8 fu uF LomE

et L. O C Al
I—muomn I fun Eou nnsm ar munru- Cang Ii‘“ VARG A W e s 1r

IIIII L1

)

Figure II-1. Chronology of SRE Recovery Operations ( FY-1960)



MONTH

JuLY

AUGUST SEPTEMBER

CUT TWO 2r SPECIMENS FROM MODERATOR CAN R-33
FOR METALLURGICAL ANALYSIS
J CUT 8 2r SPECIMENS FROM MODERATOR CAN R-32
COMPLETED LEAK CHECK OF TOP-SHIELD COOLING CIRCUITS

~—PHOTOGRAPHED AND REMOVED SPECIMENS FROM MODERATOR CAN R-43
— PERFORMED HYDRAULIC TESTS ON PRIMARY

SODIUM SYSTEM
——INSTALLED FISSION-PRODUCT MONITOR HARDWARE
PERFORMED SAFETY -ROD DROP TIME TESTS

OEVELOPMENT
ACTIVITY

rl REINSTALLED MS Na PUMP|

r COMPLETED MODIFICATIONS TO EDDY-CURRENT BRAKES

SOOIUM COMP.
MAINTENANCE

—~ REPLACED S-TON BRIDGE CRANE ON RAILS

—MODIFIED SAFETY AMPLIFIER TO SCRAM AT 1% DURING ThU LOADING

STARTED REMOVING MODERATOR EQUIPMENT FROM HIGH BAY TO STORAGE
SHUT DOWN MAIN ELECTRICAL POWER TO SERVICE STEP-DOWN
TRANSFORMERS

MISC. MAINT.
ACTIVITY

REPLACED MODERATOR CAN R-32
——REMOVED MODERATOR CAN R-45

INSERTED NEW MODERATOR CAN R-45

REPLACED MODERATOR CAN R-44

PROBED MODERATOR CAN ELEVATIONS

FILLED ALL Na SYSTEMS AND STARTED CIRCULATING
TOOK FIRST Na SAMPLE FOR CARBON ANALYSIS

RAISED Na TEMPERATURE TO 545°F AND COLD TRAPPED
——DRAINED CORE; PROBED MODERATOR CANS
STARTED LOADING NON-FUEL ELEMENTS IN CORE
[— CHECKED OPERATION OF ALL SAFETY AND CONTROL
RODS .

OMPLETED LOADING NON-FUEL ELEMENTS

DETERMINED CRITICAL MASS OF 30.5 TbU ELEMENTS

LOADED REACTOR TO 40 FUEL ELEMENTS
REACTOR CRITICAL 12:13 PM SEPTEMBER 7,

|9so|

REACTOR
ACTIVITY

Figure II-2.

Chronology of SRE Recovery Operations (FY-1961)
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glass window 1/2 in. thick was installed. The radiation level above the glass
was about 50 mr/hr.. The contamination in the cover gas was determined to be

3 of K::85 in helium; replacement by argon reduced activity

dbout 4 x 107> pc/em
to about 7 x 107% pel cm>. The condition of the top of the core was examined
with the aid of special viewing devices constructed for this purpose. This ex-
amination revealed a layer of black, flocculent, carbonaceous-appearing mate-
rial on the tops of the cans. On top of this layer, and scattered at random, were
about 82 separate fuel slugs, some bits of fuel cladding, and several pieces of
wire wrap. The material had fallen on top of the core during the removal of
damaged fuel clusters. Location of this debris was mapped, and preparations

were made for its removal.

The fuel slugs and cladding fragments were picked up by articulated grap-
ples fitted through the 3-in. fuel plug openings in the top shield, and pPlaced in
a 2.5-in, -diameter, 30-in. -long bucket suspended from a shield plug in an ad-
jacent corner channel. The buckets were removed by means of the fuel handling
machine, canned and stored with the other damaged fuel. Viewing was accom-

plished by means of a '"corescope,' which was simply a 3-in., 10-ft-long tube
with a lens sealed in the bottom end, and a telescope mounted in the upper end.
Lighting was provided by means of mercury vapor lamps suspended from shield
plugs. Removal of most of the flocculent carbonaceous material was accom-
plished by vacuuming the tops of the cans. The vacuum cleaner consisted of a
commercially available blower, a nozzle, glass-fiber flexible hose, filter and
settling tank, and shielding. The filtered gas was discharged back to the reactor.
One filter change was needed to keep the radiation level below 90 r/hr at the sur-
face of the filter. Roughly 2 lb of carbon, estimated from the associated radio-

activity, were removed from the system by this means.

C. REMOVAL AND REPLACEMENT OF DAMAGED MODERATOR ASSEMBLIES

Preparations for the moderator can removal through the 40-in. plugs in the
loading face shield went on concurrently with the core and system cleanup. Al-
though the moderator replacement equipment had been largely designed and most
of the parts manufactured, it was necessary to complete the assemblies and
thoroughly check them out. In addition, means were developed to detect sodium
in-leakage to individual moderator cans to determine which cans had failed. The

two most useful techniques were: (1) use of an induction probe lowered through

NAA-SR-4488 (suppl)
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a thimble placed in the moderator-can fuel channel to detect the electrical re-
sistance change expected in sodium-saturated graphite, and (2) a probe of the
can heights to detect the 1% to 1.5% dilation of graphite accompanying sodium
absorption. Boi;h methods indicated leaks in cans R-10, which had lengthened
7/8 in., and R-42, which elongated 1-1/2 in.

Equipment for removal of the 40-in. plugs and the moderator elements is

shown in Figures II-3 and II-4. Use of this equipment is described inReference 2.

The moderator-can encapsulating station was equipped for viewing the cans
and obtaining zirconium sa.mples.6 After the cans were inspected, they were
sealed in argon-filled metal storage capsules. The capsules were then trans-

ported to the solid-waste storage building.

All of the equipment used was gas tight; seals between the various assem-
blies were checked for leak tightness at each step. All seals were double;
spaces between the seals were purged to the reactor radioactive vent system.
These precautions prevented escape'c.af' radioactivity from the core into the work

area.

During the moderator-can-removal operation all of the cans were inspected
for carbon deposit. None was observed on the sides of the removed cans or on
the six adjacent can panels. A light carbonaceous deposit was noted on the bot-
tom of some cans. Observations of the top of the grid plate through the void
created by the removed can disclosed a very thin and somewhat mottled dark
coating. The amount observed did not warrant the additional manipulative and

exposure hazard which would have been .necess'ary for its removal.

By means of a special draining device, the sodium level in the lower plenum
was reduced to approximately 1/4 in. in the deepest area. This left several
mirror-surfaced sodium puddles and exposed about one half of the core tank
bottom which was perfectly clean and bright. Two fuel slugs were observed on

the floor of the tank; these were removed.

After establishing that the system was reasonably clean, it was refilled with
sodium, heated to 600°F, and sodium circulated for seven days to check for any
additional leaky cans. Three were found, R- 32, R-44, and R-45; these were
replaced. It was subsequently established that two of the three cans (R-32 and
R-44) failed because of mechanical damage to the short unprotected zirconium

pumpout tubes during fuel slug grappling operations. The third can (R-45) was
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Figure II-3, Equipment for Removing Moderator Cans
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CABLE ATTACHED TO END OF
LIFTING CABLE

@——————0VERLOAD SWITCH

HYDRAULIC LOAD APPLICATION
DEVICE FOR PRECISE RAISING OR
LOWERING OF MODERATOR WITH
INDICATION OF APPLIED LOAD

MODERATOR CASK

LIGHTS

VIEWING PORTS

LOWER GATE ON

MODERATOR CASK
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ARRANGEMENT
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SHIELD

CABLE ATTACHED
TO CABLE DRUM
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Figure I1-4. Removing a Moderator Can
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not examined in sufficient detail to establish the point of sodium entry. Thisg
made a total of 16 cans replaced. A second sodium circulation test and height
probe showed that all the cans were sound. The critical loading was conducted,
the cans were again tested, and found to be intact, thus validating critical load-
ing measurements. Any future can failures can be detected by changes in reac-

tivity.

D. CLEANUP OF PIPING AND EQUIPMENT

It was observed that carbonaceous material taken from the core had a spe-" -
cific activity about 105 times as great as that of the sodium. This phenomenon
provided a ready means of locating carbon deposits in the piping and equipment.
Measurements (made in a 10-in. -diameter thimble which penetrates the main
gallery) showed that the gamma field at the main intermediate heat exchanger
decreased from 2.5 r/hr to 1.8 r/hr while the cold trap increased from 68 r/hr
to 80 r/hr over the same time interval (August 18 to 25, 1959), indicating that
the activity was being transferred from the piping into the cold trap. After the
gallery shield blocks were removed, a detailed sur#ey was made of the piping.
Over most of the pipe runs the activity level was in the range of 0.1 to 0.2 r/hr.
At several specific locations the radiation levels were somewhat higher. A
sodium circulation test was performed to reduce the radiation levels. The re-
sulting reduction in radiation levele a.t the control pomta were: hot trap econo-
mizer 7.0 r/hr to 0.95 r/hr main- pr:.ma.ry pump d1scharge 18 r/hr 1o 7.0 r/hr;
and, bottom of the pump case 0.4 r/hr to 0.16 r/hr.. At the same time, the
radiation level of the replaced cold trap increased from 2 r/hr to 11 r/hr, again

indicating the transport of carbon from the piping to the cold trap.
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I1l. DATA AND EVALUATION

A. FUEL DAMAGE INFORMATION

Since the Interim Report was written, more information has been obtained
on the mode of failure of the fuel elements. A tentative conclusion of the Interim
" Report was that the elements had failed through diffusion of uranium into the
cladding to form low melting alloys. Such alloys had been identified through
chemical analyses of pieces of cladding and wire wrap taken from the area of
failure. It was stated that the high temperatures required for the diffusion proc-
ess had been produced by local plugging of the coolant channels by tetralin de-
composition products, and photographs of such plugs were shown. Much of the
new information was obtained from the examination of a complete element in the
Component Development Hot Cell (CDHC). The additional data demonstrate that

temperature cycling was a major contributor to the failures.

1. Examination of Elemerit From Channel R-24

When the parent report was written, two complete fuel elements remained
stuck in their coolant channels, These were the elements in channels R-24 and
R-76. They were removed from the core along with the associated moderator

assemblies.

The assembly containing channel R-24 was moved to the CDHC where it
was opened in an inert atmosphere. The moderator assembly was sectioned
axially and the outer can and graphite removed. The zirconium process tube

was then cut axially and the tube opened, exposing the fuel element.

The results are shown in Figure III-1. Several features should be noted:
(a) the solid plug of material about 1-ft above the bottom of the fuel rods, (b) the
Fe-U alloy melt-through area about one-third of the way up the element and ex-
tending for several inches, (c) the region above the melt-through where the clad-
ding had been distended until it burst, and (d) the black spongy plug in the channel

below the element.

The sclid plug was determined metallographically to consist of Fe-U alloy
of near-eutectic composition. Its source was the melt-through area above, from
which Fe-U alloy, formed near the surface of the slugs, penetrated and destroyed

the cladding.
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Figure III-1. Fuel Element From Channel R-24
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The cladding breaks above the melt-through area were typical of a ductile
material, and cladding pieces from this area were readily bent with the hot cell
manipulators. There was no evidence of Fe-U diffusion in this area; the failure

is attributed to swelling of the fuel from thermal cycling.

Part of the spongy plug was immersed in alcohol in which it partially dis-
solved, indicating a substantial sodium content. The insoluble residue appeared
to be primarily carbon. The porosity of the plugging material to sodium flow is
clearly demonstrated by the fact that the channel drained when sodium was re-

moved from the reactor. ' -

It cannot be assumed that either the location or physical character of the
plugging material at the time of fuel element failure was necessarily the same

as that observed in the hot cell.

2. SupplementarLExperimental Results

In addition to the hot cell examination of element R- 24, metallographic
and chemical analyses of small sections of fuel element were made for evidence
of carburization, nitriding and Fe-U diffusion. Experiments on Fe-U diffusion’
couples were also conducted with unirradiated material, and the microstructurev

was found to be similar to that of specimens taken from the broken elements.

A thermal cycling test was also conducted on unirradiated uranium. Two
capsules, similar in geometry to an SRE fuel rod, were thermally cycled be-
tween 900 and 1300°F, crossing the a-f3 phase transformation temperature of
1220°F, with a frequency of about 4 cph. The cladding burst within 24 hr.

Measurements on individual slugs removed from the reactor showed sub-
stantial increases in diameter. One such slug is indicated in Figure III-2. The
surface is severely cracked, giving it a bark-like appearance. Diameter meas-
urements on this slug ranged up to 0.95 in.; the original value was 0.75 in. The
distorted slugs were severely out of round; in one case the wire wrap was deeply
embedded in the clad slug. The highly localized nature of the high temperature
regions in the fuel channels is demonstrated by the slug shown in Figure III-3,

one end of which is in good condition.

Bend tests on sections of cladding taken from regions distant from eutec-
tic failure areas showed good ductility. Specimens found to contain uranium were

brittle, particularly those of near-eutectic composition. The eutectic alloy has
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virtually no ductility. Specimens taken from the burst-cladding area of the ele-

ment from R-24 showed good ductility, indicating no alloying had occurred.

' Several specimens of cladding were examined chemically and metallo-
graphically for evidence of carburization and nitriding. The results were nega-
tive for all specimens except those taken from an area of failure; such speci-
mens were found to contain as much as 0.3% carbon, about four times the carbon

content of the original material.

Four undamaged elements, removed from the reactor after run 14, were
examined in detail. Cladding and fuel slugs from these elements were com-

pletely normal.

3. Effects of High Temperature Runs

In runs 12 and 13 the reactor outlet temperature was increased from the
nominal operating value of 960°F to about 1000°F. For a period of 55 min dur-
ing run 12 the outlet temperature was raised to 1065°F.: . There is gbod evidence

that these runs did not contribute in any way to the damage incurred during run l14.

It was known that unalloyed uranium would swell in the SRE irradiation
environment, and several selected elements were periodically checked for swell-
ing by measuring the outside diameter of the fuel rods with a micrometer. Sev-
eral of these were measured before the start of run’12 and showed a diameter
increase of a few mils. They were measured a.éa’in at the end of run 12, and no
further diameter increases were found. It was on this basis that the higher reac-

tor outlet temperature was again approved for run 13.

Followingcriun 13 preparations were made to measure the elements again,
but the first element washed (from R-56) was severely damaged in the wash cell.
Recent metallographic examinations of cladding specimens from this element,
taken from an area where the cladding had ruptured in the wash cell, showed no
evidence of uranium reaction with the cladding. Following run 14 the rods of
four undamaged elements were measured, and no dimensional changes were
noted. These tests demonstrate quite conclusively that the high-temperature

runs did not contribute to the fuel cladding failures.
4. Mode of Element Failure

The evidence clearly points to two .modes of cladding failure, (a) thermal

cycling through the uranium a-B transformation temperature which caused the
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fuel to expand until the cladding burst, and (b) diffusion of uranium into the 304
stainless steel cladding to form low-melting alloys. Both types of failure were
‘caused by the presence of plugging material in the coolant passages of the fuel

elements.

The outlet channel temperature data, analyzed in detail after publication
of the first report, reveal two significant facts: (a) the flow of coolant in the
channels which contained broken elements was at least 30% of nominal full flow,

—and (b) the outlet temperatures of some of the partially plugged channels cycled
through a range of about 50°F.

The fuel channel outlet thermocouple readings can be used to determine
sodium flow rate in each channel. Partial plugging of the channel is reflected
in a high outlet temperature. Using the thermocouple information_in this man-
ner, it was established that the minimum flow (in the most severely plugged
channel) was never less than about 30% of nominal full flow. The validity of the
thermocouple data was then checked by comparing the sum of flows through all
channels, as calculated from thermocouple readi.ngs; with the total flow through
the reactor. Three such cbmparisons, for three different occasions in run 14,
agreed within 3% in each case. The possibility that the flow rate in several
plugged channels was less than about one-third of nominal full flow is thus very
small. With one-third of nominal flow through the channel at the power levels
of run 14 (less than 2 Mw for most of the run), the design temperature limits for
the fuel element could not be exceeded unless the plugs interfered locally with
heat transfer. To reach the fuel temperatures observed, it was necessary for

a plug to have occupied the region of failure at the time of failure.

Physical characteristics of the plugs in the fuel channels during reactor
operation could be determined only in a very general way. The basic material
of which the plugs were formed was probably particulate carbon; in additionlong-
chain hydrocarbons were almost certainly present at the start of run 14 and some
probably persisted in this form throughout the run. The material was somewhat
permeable to sodium flow as indicated by the observations of the blockage in
channel R-24.

The plugs must have been large in order to reduce flow in a given channel
to one-third of nominal flow. The relationship of flow to plug geometry in achan-

nel is indicated in Figure III-4. As shown in the figure, a very short plug (thin
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Figure III-4. Mass Flow Reduction in SRE Fuel Channel Due to
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plate) would have to occupy about 95% of the flow area around the fuel rods to
reduce _f].ow to one-third; if the plug were as long as the channel, it would have

to occupy about 75% of the flow area to reduce flow to one-third. The calcula-
tions leading to Figure III-4 assumed no plug porosity. With some flow through
the plug, the plug would have to occupy a still larger fraction of the channel to
restrict flow a given amount. The few observations of the spongy plugging mate-
rial, in channel R-24 and on top of the core, together with the data of Figure III-4,
would indicate that the plugs were probably long (a few feet) and occupied most

of the flow cross sectional area.

Temperatures reached in the blocked region of some of the elements are
indicated by data from the element in R-55. OnJuly 22, 1959 with the reactor
power level at about 4 Mw, the outlet temperature for this channel was about
850'F; indicating about 50% of nominal full flow, In-fuel thermocouple No. 10,
located 15 in. from the top of the element, was reading 1200°F at this time.
Thermocouple No. 9, 27 in. from the top of the element, was reading 1465°F.
The upper end of the region of cladding failure was about 1 ft below thermocdt;;)-le
No. 9 and in a region of higher neutron flux. A linear extrapolation of the tem-"
perature data would yield a value of 1730°F at this point. Thermocouples 9 and
10 were located on the slug centerline, and surface temperatures were some-
what lower; however, even at the reactor midplane in the central channel, the
temperature drop from center to surface of the fuel slug is less than 100°F at
4 Mw. The length of the region of failure for this element is not known, but if
similar to the element from R-24, it extended for a length of about 2 ft. At any
rate, it is clear that still higher temperatures were reached in the region of

failure, and it is likely that sodium boiling occurred in that region.

The concept of sodium boiling in channel R-55 while flow was 50% of
nominal full flow throws some light on the nature of the plugs in the channels.
Figure III-4 would indicate that, with 50% flow, from 60 to 90% of the sodium
flow area was blocked. If some of the flow was through the plug, which Figure
1II-4 neglects, the plug occupied a still larger fraction of the flow area. To
reach temperatures above the 1465°F indicated by thermocouple No.9, a sub-
stantial degree of insulation of fuel rods from the flowing sodium was required.
Such insulation could not be obtained with a plug containing substantial amouynts
of liquid sodium, and it is difficult to escape the conclusion that the plug con-

tained gas bubbles. The gas could have been helium or hydrogen but sodium
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vapor seems a likely contributor. Vapor, once formed in a small section of the

plug, would tend to propagate throughout the plug volume.

With the limited evidence at hand, the conclusion is reached that the plugs
(a) occupied most of the cross sectional flow area, (b) were relatively long, and

(c) contained a substantial volume fraction of gas.

A careful review of the chart from run 14 showed that all of the channels
in which fuel failures occurred had shown fluctuations in outlet channel tempera-
tures. The record of temperatures from channel R-24 for a typical 24-hr period
is shown in Figure III-5. Fluctuation in outlet channel temperatures also oc-
curred for a few hours in some channels in which the fuel elements did not fail.
The element from R-25, in which temperature fluctuations occurred for only part
of the run, suffered the least damage of the thirteen damaged elements. The
temperature history for R-25 over a 24-hr period is shown in Figuré III-6 Some

indication of the relation between fuel temperatures at some regions of the ele-

ment and the outlet channel temperatures can be gained from the data for R-55"
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Figure III-5. Outlet Temperature for Channel R-24
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Figure III-6. Outlet Temperature for Channel R-25

shown in Figures III-7 and ITI-8. As indicated by the figures, the fuel tempera-
ture was cycling over a range of about 150°F while outlet channel temperature

variation was about 50°F.
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Figure III-7. Outlet Temperature for Channel R-55

Examination of the temperature charts from previous runs showed only
one other period in which outlet channel temperatures fluctuated. This was dur-

ing the early part of run 8, which was preceded by a tetralin leak.
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Figure III-8. In-fuel Temperature for Element in R-55

Cycling of the channel outlet-temperatures demonstrates a corresponding
variation in flow. With the type of plug described in previous paragraphs, the
variation in flow can readily be ascribed to boiling of sodium within the plug.
Similar oscillations have been observed in an experimental sodium boiling-con-

densing apparatus at Atomics International and with a similar period.
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The local boiling postulate is supported by evidence that boiling tempera-

tures could have been reached and by the observance of outlet temperature oscil-

lation. The boiling model also provides a logical explanation of reactivity changes

which occurred during run 14, as discussed in Section IV-D. Whatever the mech-

anism, it is clear that thermal cycling occurred and withk :ufficient severity to

cause cladding failure by expansion of the fuel.

The sequence of events leading to fuel element failures is thus believed

to be as follows:

a)

b)

c)

d)

e)

Tetralin slowly leaked into the primary sodium via a freeze seal

on the main primary pump. The tetralin leaked into 1000°F sodium
for a period of about 5 days. The reactor was shut down to repair
the pump, the tetralin continuing to leak into 350°F sodium for an

additional 9 days.

Nitrogen was admitted to the system to purge the sodium of tetralin
and some of its decomposition products. Seventeen fuel elements

were removed from the core for this operatlion. These were viewed

in the handling machine and appeared to be in good condition.

The pump and fuel elements were reinstalled and run 14 started at
low power. Carbon and other tetralin decomposition products, as
well as quantities of oxide, were still present in the cofe, though

undetected. Partial plugging of several fuel channels is evident

from the spread in fuel channel outlet temperatures.

The partial plugs in the channels were located ;r:andomly in the core
and in the channels. It is possible that some of the elements were
plugged before the run started. A few of those which had been re-
moved and re-inserted between runs 13 and 14 plugged shortly after

re-insertion.

In addition to excluding coolant locally, the plugs resulted in fluctua-
tions in coolant flow. The fluctuation in flow produced severe ther-
mal cycling of the fuel. The thermal cycling caused the fuel slugs
to expand to such an extent that the cladding tubes were ruptured.
The severity of the fuel distortion forces the conclusion that the fuel
was cycled through the uranium a-f3 phase transformation tempera-

ture (1220°F). In at least one area (the '"burst'' area of the element
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from R-24) the temperatures were not sufficiently high to promote

accelerated Fe-U diffusion.

f} The plug‘gin'g interfered locilly with heat transfer to such an extent
that very high (above 1400°F) temperatures were reached in several

places even at low power, and Fe-U alloys were formed and melted.

The Fe-U alloying and thermal cycling are probably inter-related. It is quite
possible that the cycling and distortion occurred first, further restricting coolant
flow, increasing local temperatures, and improving contact between fuel slugs
and cladding. Much of the background for the above general picture was obtained
from examination of the element from R-24. It is considered that adequate infor-

mation is in hand for understanding what happened and for preventing a recurrence.

B. REACTOR COOLANT CONTAMINATION
1. Contaminants in SRE Sodium

Impurities potentially present in SRE sodium, which could contribute to
metallurgical changes in structural members are carbon, hydrogen, nitrogen,*
and oxygen. Carbon is present primarily as a result of thermal decomposition
of tetralin and possibly from dissolution of graphite from ruptured moderator
cans. Hydrogen is also a decomposition product of tetralin. ‘Nitrogen was intro-
duced during the attempt to remove the tetralin by stripping. Some oxygen was
introduced along with this nitrogen, but in-leakage of air during shutdown opera-
tions was also a major contributor of both elements. Fission products (in the
system since the fuel elements were damaged) are not present in amounts suffi-
cient to cause ahy significant metallurgical changes in the structural materials

in the system.

It is estimated from plugging temperature data that the primary sodium
was saturated with oxygen upon circulation of sodium during the critical experi-
ments. The cold trap was operated until the system oxygen content was reduced

to an acceptable operating level of approximately 20 ppm, in February 1961.

a. Effect of Carbon on 304 Stainless Steel

Two types of carburization, grain boundary and volume, have been ob-
served in 304 stainless steel exposed to carbon-saturated sodium at elevated

temperature.9 It has been found that grain boundary carburization has negligible
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effects on mechanical properties. The brittle case formed by volume carburiza-
tion can produce two characteristic effects on mechanical properties, depending

on the ratio of case depth to section thickness.

Relatively thin carburized layers cause weakening of the section when
plastically strained. This appears to result from cracking of the case and con-
sequent reduction in cross-sectional area. Under fatigue and stress-rupture
testing of smooth and notched specimens, however, the cracks seem to have no

tendency to propagate in the ductile base material.

Carburized specimens with relatively high ratios of case depth to sec-
tion thickness exhibit higher strength and lower ductility than uncarburized mate-
rial. The ratio of case depth to section thickness which appears to be a conserv-
ative limit for ductile behavior under plastic strain is approximately 10%. On
this basis the 0.010-in. -thick fuel jackets could tolerate 0.001-in. del;th of car-

burization.

i Studies of the carburization of 304 stainless steel in sodium9 have pro-
vided information necessary to calculate the surface carbon content of a carbu-._
rized specimen, which can then be related to the carbon content of the sodium.
Each of the foilowing combinations of data can be used for the calculation of sur-

face carbon content:

1) Mean carbon content of the full specimen thickness, time, and

temperature of exposure.

2) Depth of volume carburization metallographically detectable,

time and temperature of exposure,
3) Surface hardness of carburized specimen.

4) Hardness vs distance from surface, time, and temperature of

exposure.

Each of these combinations was used to obtain the surface carbon con-
tent of a sample of the SRE hot-trap inlet pipe, removed from the system after
run l4. This component was operated at 1200°F for 450 hr. From these results
an estimate of the effective carbon content of the sodium was made. The four
methods yielded results in the range 20 to 25 ppm for the effective carbon con-

centration in the sodium.
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A sample of the hanger rod from the fuel element in R-24, cut from a
" section which was submerged in the sodium, was also subjected to hardness
measurement traverse. From these data an estimate of 20 to 25 PPmM was made
for the carbon content of the sodium. This element was in the reactor during
the period covering runs 9 through 14. The system is known to have contained

particulate carbon throughout this period.

The following table shows time at temperature which produces 0.001 in.
of volume carburization of 304 stainless steel for various concentrations of car-
bon in sodium. These data are based on capsule tests in which no thermal gradi-

ent existed.

TABLE IHI-1
HOURS TO CARBURIZE TO 0.001 IN.*

Temperature Carbon in Sodium

(°F) 22 ppm 40 ppm Saturated

1200 30 8 6

1150 50 13 11
1100 90 24 20
1000 295 78 69
9007 1180 311 290
gooT 5680 1490 1390

*To convert time for any case depth, multiply by the square of
ratio of desired case depth to 0.001 in,
tExtrapolation of diffusion data.

The carburizing potential of the SRE sodium remains in doubt as visual
evidence of solid carbonaceous material in the sodium indicates the possibility of
achieving saturation. To avoid possible extensive carburization of 304 stainless
steel fuel cladding during operation with sodium at high carbon concentration,
maximum operating temperature will initially be limited to 800°F at the sodium-
cladding interface. This limitation will be modified after metallurgical examina-
tion of thin tabs exposed in the upper sodium pool. With the restrictions designed
to protect the fuel cladding, there is no problem with excessive carburization of

the intermediate heat exchangers or other parts of the primary system.
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b. Effect of Nitrogen on Stainless Steel

Addition of ritrogen to austenitic stainless steel promotes susceptibil-
ity-to cracking when exposed to relatively weak corrosive environments. No ef-
fect would be expected during operation of the SRE since a noncorrosive environ-
ment exists., During or following steam cleaning of a stainless steel component,
such as a fuel element, corrosion would probably occur providing, of course,

that nitrogen had diffused into the material.

Although traces of nitrogen may still remain in the sodium in the SRE
primary system, no evidence of nitriding was obtained from metallurgical exam-
ination of a sample from the hanger rod of the fuel element in position R-31.
Analysis of tabs of stainless steel suspended in the sodium pool over the core
provides a means of detecting any nitriding that may occur during future opera-

tion of the reactor.

c. Effect of Hydrogen on Zirconium

The effect of increasing hydrogen content on-the mechanical propertiés
of zirconium is to decrease the ductility and fatigue life at room temperature. '
Above 250°F, the tensile properties are unaffected6’10 and the ductility and
fatigue lifeu are altered but little. Examination of the zirconium sheath of
moderator assemblies and duni_my fuel elements removed from the SRE was per-
formed6 to determine the extent of hydrogen absorption and the resultant effects

on the mechanical properties of the material.

The general condition of the zirconium, as determined by visual ob-
servation of the moderator-can skins, appears to have been unchanged by 4500 hr
of SRE operation. Breaks in the skin (see Section II) in the vicinity of the head
welds on failed cans, resulted from tensile forces produced by swelling of the
graphite. The swelling was due to interaction between the graphite and sodium.

‘The cans stretched about 1 in. before failing.

Bend tests of zirconium cladding from two dummy fuel elements gave
the first indication that the SRE zirconium was brittle at room temperature. The
better ductility of the zirconium from the bottoms of tize cans, which contained
considerably less hydrogen than zirconium from other regions of the cans, in-
dicates that the major part of the embrittlement was due to the pickup of hydrogen

during SRE exposure.

NAA-SR-4488 (suppl)
III-16



Hydrogen is one of the gases which is absorbed in large quantities dur-
ing manufacture of graphite. When the temperature of the graphite is increased,
these gases are slowly released. Approximately 30% of the total gas absorbed
initially in the SRE graphite was hydrogen, which is rapidly gettered by the zir-
conium. If all the hydrogen absorbed in the graphite in a moderator can were
released and gettered by the zirconium, the hydrogen content of the zirconium
would be approximately 400 ppm, assuming uniform distribution along the length
of the can. A relatively uniform distribution of hydrogen, except at the very bot-
tom, was found6 in the zirconium of the dummy‘ fuel element cans. Since not all
of the gases contained in the graphite would be released at reactor temperaturés,
the hydrogen content of the SRE zirconium would be expected to be less than
400 ppm. The measured hydrogen content, approaching 1000 ppm at the tops of
the moderator cans, indicates that another source of hydrogen was present in the
SRE core. The zirconium from the dummy element can which was in-the core
during power run 14 contained about three times more hydrogen than the dummy

element can removed from the core after power.run 11.

Tensile testing of unirradiated zirconium containing 1000 ppm hydroé_en
showed that between room temperature and 250°F, the ductility of the hydrided
zirconium was less than that of '"as-received'' material containing about 40 ppm.
Above 250°F,
similar to that of 40-ppm material. Thus, the tensile properties of the SRE zir-

the ductility of the zirconium containing 1000 ppm hydrogen was

conium remaining in the core should be similar to '"as-received' zirconium at

reactor operating temperatures.

Bend testing of the SRE zirconium was the only simple means of deter-
mining its ductility outside of a hot cell. Because of the high radiation level of
the material, it was possible to work only with very small specimens. Room-
temperature bend tests of the parent zirconium, containing about 1000 ppm of
hydrogen, showed almost a complete loss of ductility. The transition from brittle
to ductile behavior for SRE zirconium was in the 175° to 200°F temperature range,
and is most likely due to the hydride going into solution in the zirconium as a re-.
sult of increasing temperature., In the reactor the zirconium temperature will

always be above 250°F.

SRE moderator-can welds behave in a brittle manner below 350°F in a

bend test. Above this temperature, the ductility improves but, even at 500°F,
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some of the welds were found to be more brittle than unexposed zirconium welds
at room temperature. No well defined brittle-ductile transition temperature

was found for the weid material. This is undoubtedly the result of variations in
weld thickness, imperfections within the weld, variations in grain size, and dif-
ferences in hydrogen content. The better ductility of the weld material near the

bottom of the cans is due to the low hydrogen content found in this region.

One possible source of future difficulties with moderator cans is a
difference in volume change during hydriding between weld and parent materials.
The weld areas appeared, in one test, to hydride less and, as a result, to ex-
pand less than the parent metal. The cans remaining in the core may therefore
be buckled slightly or overstressed in the vicinity of welded areas. Creep and
diffusion of hydrogen would relieve such stresses; higher operating temperatures
would promote such relief,. but must be limited until the carbon level in the cool-

ant is reduced.
d. Zirconium Grain Growth

No general grain growth was observed in zirconium which was expc;_sed
to 1000°F sodium during reactor operation. Six specimens, two each from the
top, middle, and bottom of can R-24, showed a normal zirconium structure with
grain sizes of 0.01 to 0.02 mm in diameter. _The same result was iound for
material from the scallop area. Some grain growth of the zirconium was ob-
served in the vicinity of the damaged region of the fuel element in moderator
can R-24, which shows that its temperature was substantially above normal for

some part of its exposure in the SRE.

e. Effect of Nitrogen on Zirconium

The room temperature mechanical properties of zirconium are affected
by nitriding, but at elevated temperatures the effects dec:f:ease.10 Any effects of
small additions of nitrogen are probably completely masked by the effects of hy-
drogen. A Kjeldahl analysis of a sample of moderator sheath material indicated
little, if any, increase in nitrogen content over the original material. Results of
vacuum fusion analys :s were inconclusive as nitrogen content is obtained by dif-

ference, an inherently imprecise method.

The results of the zirconium examinations are summarized as follows:
1) General appearance of the zirconium surfaces exposed to the

sodium was unchangedJ during reactor exposure.
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2) Bend testing of the SRE irradiated zirconium determined that
_ ductility, at normal reactor operating temperatures, is not

adversely affected by high hydrogen content.

3) At normal SRE operating temperatures, no change occurred in

the grain size of the moderator-can zirconium.

4) Moderator-can sheet ruptures resulted from a swelling of the

graphite upon penetration by sodium.

- - 5) High operating temperatures {above 900°F) would probably be

beneficial to the zirconium.

Based on the results of this investigation, the SRE zirconium remain-
ing in the core after approximately 4500 hr of reactor operation is deemed satis-

factory for continued operation under reactor design conditions. -

2. Estimate of Tetralin Leakage

It was estimated that from 1 to 10 gal of tetralin had leaked into the pri-
mary sodium system prior to run 14. An additional estimate can now be made’
with the analyses for hydrogen absorbed in the moderator can zirconium. As- '
suming complete decomposition of all the tetralin to carbon and hydrogen, ab-
sorption by zirconium of all the hydrogen released, and assuming that all the
hydrogen came from the tetralin and none from the graphite, a figure of approx-
imately 4 gal of tetralin was obtained. This value is in agreement with the pre-
vious estimate, but is quite uncertain because there were several other sources
of hydrogen, particularly outgassing of the graphite logs, which could contribute
more than half of the observed hydi"ide. ‘It is also possible that sodium hydride

was removed in the cold trap.

C. RADIOLOGICAL CONSIDERATIONS

In the parent report, the section dealing with radiological aspects of SRE
operation was concerned with sources of activity, correlation of release of activ-
ity with events occurring in the reactor, and the effects of these releases on the
environment. This report discusses the distribution and management of the fis-
sion products during the recovery operations., During the recovery effort the
objectives were:

1) To limit personnel exposure to an average dosage rate of 1.25 rem/

quarter (5 rem/yr).
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2) To limit the stack gas release to less than MPC.

3) To confine unpackaged radioactive contamination to the SRE reactor

room.
4) To assess effectiveness of the sodium in retaining the fission fragments.

5) To assess latent problems which might develop as a consequence of the

contamination of sodium by fission products and uranium.

Throughout the recovery effort the radiation exposure to each individual was
limited to less than 5 rem/yr. It was occasionally necessary to permit the weekly
exposure for some key individuals to reach 600 mrem per week, in which case the
individual was not exposed to radiation during the following week. Such exposures
required a special permit, and only 30 such permits were issued. For the 150

persons directly involved in the work, the average exposure was 2 rem/yr.

" Constant monitoring for airborne contamination in the reactor room was con-
tinued during the recovery effort. The highest level recorded was 3 x lo-spc/cmz',

which occurred on 5/21/60 at 2400 during core inspection activities. Operatio'ns

-9

"were suspended for one hour, by which time the level had returned to 10” y.c/cm3

-9

At no other time did the level exceed the tolerance level of 10~ /.Lc/cm3. No re-

lease above MPC was detected by the stack monitor during 1960,

The genera'l contami‘na.tibn levels on the walls, floors, tools, etc. in the
reactor room ranged from 100 to 1500 d/m/100 cm2 of beta and gamma a.ct1v1ty
Occasional high counts of 150,000 d/m/100 cm2 were exper1enced and 1mmed1a.te1y
cleaned up. There were several instances where minor contamination of the as-
phalt blacktop occurred just outside of the SRE access door. These were promptly
cleaned up and no further spread occurred.

With the exception of the inert gases Xe133 and Krss, all of the fission frag-

ments remained in the sodium, or were absorbed by the carbon or by the sodium-
wetted metal surfaces. Fission fragment data from the sodium samples show
considerable scatter due to trace quantities of particulate carbon. It has been
shown that at least the garmma emitters are being effectively removed from the
sodium by the cold traps (Section III). Typical values showing the decrease of
gross fission-product activity in sodium with time are: 8/6/60, 0.2 pc/g and-

10/23/60, 0.04 pc/g.
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Samples of SRE sodium were sent to Argonne National Laboratory for fluoro-
scopic analysis; these analyses showed a uranium concentration of 0.2 + 0.1 ppm.
This concentration is lower than that specified for the EBR-II sodium specifica-

tion and will cause no future operational difficulties.

Examination of sample sections of SRE primary piping has shown some ab-

sorption and possibly adsorption of certain fission products. The principal con-

tributors and their typical concentrations (normalized to 1/1/61) are: (1) Srgo,

0.78 ;.Lc/cmz; (2) Cel44, 0.6 ;.Lc/cmz; and (3) Cs137

shown by etching techniques that 99% of these isotopes are contained in the first

, 0.02 pc/ cmz. It has been

0.1 mil of depth. It is not known at the present time whether they have diffused
into the stainless steel or are retained in surface micro-fissures. It is also not
yet known how effective the cold trapping and hot trapping of the sodium will be
in removing this surface contamination. Because of the contaminafion, welders
working on the primary system are required to wear self-contained breathing

apparatus.

Continued routine monitoring of soil, vegetation, water, and air revealed no

increase in background radiation levels.

D. REACTOR PHYSICS

1. Introduc tion‘_

In the parent report, several possible sources of reactivity change were
discussed as to magnitudes and possible rates of insertion. Some of the quanti-
ties reported were in error and were corrected in an errata sheet (see Appendix).
Those points which were left unanswered in the interim report are considered
and their present status set forth. In particular, a considerable amount of effort
has gone into the analysis of the power excursion which resulted ina 7.5-sec

reactor period.

2. Correction of Errors

One of the most significant errors in the interim report was the statement
that the power at the peak of the excursion reached 24 Mw. A re-evaluation of
reactor instrument records showed that the peak power reached was about 14 Mw.
The 24-Mw value was obtained by a linear extrapolation of the log N recorder
chart from power levels of about 2 Mw, and linear extrapolation is not valid. All

other values of reactor power given in the parent report are correct to within
about 10%.
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A second correction is to the value of the reactivity that is introduced
when a fuel channel is voided of sodium. A recalculation of this quantity gave

A p = +0.03% for a typicalfuel channel (Appendix).

3. Reactivity Gain During Run 13

During run 13 a slow increase in reactivity of about 0.3% took place over
a period of about 6 hr. Two possible causes of the increase are postulated. The
first is an increase in average moderator temperature, the second is collection

of gas between moderator cans.

During run 13 the entire moderator coolant supply was bypass flow around
the moderator pedestals at the grid plate. These small passages were partially
blocked by contaminants in the coolant, as was indicated by an increase in mod-
erator coolant outlet temperature. An average increase of about 180°F_in mod-
erator temperé.ture would produce the 0.3% change in reactivity. The presence
of a negative pressure coefficient during run 14 indicates the possible presence
 of bubbles in the core. Displacement of the sodium from around the central mod-
erator assembly would produce a reactivity increase of about 0.2%. Either or

both of these mechanisms may have contributed to the observed reactivity change.

A careful review of reactor operating history revealed a probable corre-
lation between tetralin leaks and increased reactivity. Leaks occurred before
runs 4 and 8 and during run 13. In each case a few tenths of a percent increase
in reactivity appeared immediately after the leak. The increase slowly disap-
peared, over a period of several months. The anomaly in reactivity duringrunl3

.thus appears to be due to the tetralin leak, but the mechanism is uncertain.

4. Reactivity Loss During Run 14~

During the first four days of run 14 there was a gradual loss in reactivity
of about 1.2%. It was stated that the only reasonable explanation of this loss was
the flooding of moderator cans with sodium. During the recovery operations it
was learned that the moderator cans associated with core channels R-10 andR-42
had in fact failed and that the graphite contained in them was saturated with sodium.

It is believed that this is a satisfactory explanation for the above loss in reactivity.

An alternate explanation for a part of this i-eactivity loss was that the dam-
aged fuel elements had parted and the bottom pafts fallen out of the core. No evi-

dence has been found that the bottom parts of broken fuel elements fell. In fa.'.ct,
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the nature of the plugging that was observed in R-24 suggests that most of the

damaged fuel was securely-wedged in the process channels.

5. Explanation’of Reactivity Changes Prior toand Duringthe Power Excursion

A study was made of the reactor behavior over a period of 1 hr prior to
the excursion which occurred on July 13, 1959. The details of this study are

given in Reference 8. The results and conclusions are summarized in the follow-
ing paragraphs:

The solution of the reactor kinetics equation shows that all but three of
the changes in power level that occurred during the time interval considered are
explainable in terms of reactivities introduced by control rod motion and by fuel

and moderator temperature changes. The three exceptions are:
a) The negative excursion that occurred at 1807 hours. _

b) The gradual increase in power from 3.0 to 4.5 Mw between approxi-

mately 1821 and 1824 hours.

¢) The positive excursion with 7.5-sec period that occurred at about
1825 hours. '

The reactor kinetics calculations showed that the unexplained reactivity

changes involved in these three exceptional instances had approximately the fol-

lowing characten_st:lcs.

a) Negative excursion: = -0.06% step followed by a recovery of most

of this reactivity loss within the next few minutes.
b) Slow rise: = +0.04% in a 3-min ramp.
c) Positive excursion: = +0.3% in a 5 to 10-sec ramp.

Using these reactivity changes in the calculatio